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ABSTRACT

This research presents a non-destructive modification of multi-walled carbon nanotube
(MWCNT) and fabrication of MWCNT reinforced unsaturated polyester resin (UPR)
nanocomposite. In this work, pre-dispersion of MWCNTSs was performed in the tetra
hydro furan (THF) solvent. In addition, pre-dispersion and post- dispersion time was
optimized as 1.5 hour and 2 hour, respectively. The pre-dispersed MWCNT reinforced
UPR (THF-MWCNT-UPR) nanocomposite exhibited better properties as compared to
directly dispersed MWCNT reinforced UPR (MWCNT-UPR) nanocomposite. The
optimum amount of MWCNT was evaluated through mechanical properties of
nanocomposites contained 0.05 to 0.5 wt% MWCNT. The experimental tensile modulus
(TM) of 0.3 wt% MWCNT reinforced 0.3CNT-UPR nanocomposite linearly fitted with
Halpin —Tsai equation. Therefore, 0.3 wt% MWCNT was suggested as the optimum
quantity. The nondefect modification of MWCNT was carried out with hyper branched
polyester (HBP) and shellac (SL) functional polymers. The structural and thermal
properties of 10 wt% HBP and SL coated HBCNT and SLCNT was noticeably
improved as compared to pristine MWCNT. Moreover, 10 wt% HBP and SL coated
HBCNT and SLCNT nanotubes remarkably reduced the curing temperature of
nanosuspensions. Therefore, 10 wt% was considered as the optimum amount of HBP
and SL to modify MWCNT. Optimum HBP coated MWCNT incorporated
(OHBPCNT-UPR) nanocomposite became stiff. Conversely, optimum SL coated
MWCNT incorporated (OSLCNT-UPR) nanocomposite became tough as compared to
MWCNT reinforced nanocomposite. Different ratios of HBCNT and hydroxyl (OH)
functionalized MWCNT (OHCNT) were incorporated in UPR to fabricate hybrid
(HBOHCNT-UPR) nanocomposites. The ratio of HBCNT and OHCNT was optimized
as 2:1 through the curing behavior of hybrid nanosuspensions. The comparative study
was carried out among non-covalent and covalent functionalized as well as hybrid
MWCNT reinforced UPR nanocomposites. Hybrid MWCNT incorporated
nanosuspension exhibited the lowest curing temperature as compared to non-covalent
and covalent functionalized MWCNT incorporated nanosuspensions. The hybrid
nanocomposite exhibited the highest stiffness among nanocomposites which was
individually fabricated with- HBCNT and OHCNT. The mixture of non-covalent
functionalized and covalent functionalized MWCNT jointly reinforced the properties of
UPR. From this research 5 journal and 3 conference papers has been published.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Polyesters (PEs) are one of the most versatile synthetic copolymers. They are
hetero chain macromolecules that possess carboxylate ester groups as an integral
component of their polymer backbones. PEs are extensively used as fibres, plastics,
composites and for coatings applications as well (Goodman and Rhys, 1965; Goodman,
1968; Morgan, 1965; Wen et al., 2011; Albdiry and Yousif, 2013).

Unsaturated polyester resins (UPRs) are more readily processable than metals
and ceramics. They are widely used as thermosetting resins in various sectors. Usually,
UPRs are solidified with cross-linking agents to produce cross-linked UPRs, which
have limited structural reliability for engineering applications. Therefore, they are
frequently reinforced with macro, micro and nanofillers to boost up their desired
properties. Successful incorporation of fillers in UPR composite has enabled new
combinations of mechanical, electrical, magnetic, optical, chemical and surface
properties. As a result, they are found in wide applications in the arena of construction,
marine, automotive, aerospace, packaging, electronics, information, pharmaceuticals,
biomedical, energy, sports goods and personal care sectors (Genhua et al., 2004; Gojny
et al., 2005; Marco et al. 2011; Wen et al., 2011; Albdiry and Yousif, 2013).

At the beginning, blending of different polymers was conducted to fabricate
composite materials for unique properties. However, blending lead to marginal
improvement in properties which were not suitable as engineering materials. Therefore
to improve the strength and stiffness of polymer materials different kinds of organic and
inorganic silicate, carbon and metal compound were blended as filler with polymer
matrix (Barrau et al. 2003). Moreover to achieve desired mechanical and other

properties, it was necessary to load high amount of filler which increase cost and



processing become difficult. Therefore, currently nanofillers are very popular to get
high mechanical as well as other properties at lower concentration of filler. The
nanofiller reinforced polymer matrix is known as polymer nanocomposite (Bellayer et
al., 2005).

Polymer nanocomposite is a new arena of composite materials, which is
receiving significant attention both in academia and industry. The nano filler can
provide ultra-large interfacial area per volume between the nano-element and polymer
matrix. As a result, the reinforced composites exhibited superior toughness without
giving up stiffness or optical clarity. It also possesses greater thermal and oxidative
stability, better barrier, mechanical properties and self-extinguishing behavior as unique
properties. Carbon nanotubes (CNTs) are emerged as the most promising nanofiller for
polymer nanocomposites because of their outstanding properties compared to other
fillers. The fantastic properties of individual CNT make an ideal reinforcing agent in the
arena of polymer nanocomposites (lijima, 1991; Kayatin and Davis, 2009; Spitalsky et
al., 2010).

Besides, CNT is geometrically distinctive due to its structure as well as surface
area which provides vast opportunity for interaction with any continuous phase (Gojny
et al., 2004). Moreover, a small amount of CNTs with sound dispersion in polymer
matrix exhibits abundant enhancement of different properties (Kota et al., 2007).
Therefore, incorporation of carbon nanotubes (CNTS) is an attractive alternative filler to

reinforce polymer matrix.

However, CNT reinforced nanocomposite properties are dependent on the
degree of dispersion, interfacial adhesion with matrix in the composite system (Singh et
al. 2013). The curing process of filler incorporated UPR is delayed due to free radical
scavenging nature of carbon nano materials (Monti et al., 20011). Additionally several
phenomena limit the promising application of CNT in nano composite technology. For
instance, the main drawbacks of CNT are dispersion and compatibility with polymer
matrices, their morphology and Van der Waal’s forces are aggregated them into bundles
as like as ropes which are stabilized by numerous n—= interactions (Gryshchuk et al.,

2006). Moreover, not only potential energy but also the aspect ratio and flexibilities of



CNTs are responsible for their entanglements as a consequence difficult to separate into
individual nanotube (Breton et al., 2004; Quanxiang et al., 2014). Therefore they are

restricted to homogeneous dispersion in polymer matrix.

Extensive effort has been applied to break the nanotube bundles for using
individual nanotube as potential reinforcing filler. For this reason, destructive and
nondestructive modification techniques are employed to overcome these drawbacks.
Nondestructive technique such as non-covalent functionalization attracts attention to
modify the nanotube side wall without any defect which can be carried out by physical
and chemical methods (Chen et al., 2001; Britz and Khlobystov, 2006; Nanda Gopal
Sahoo et al., 2010). Physical method involves shear mixing of CNTSs in matrix. These
have been carried out at room temperature with different non hydrogen bonding Lewis
base solvents to take away the nanotube surface interaction (Ausman et al. 2000; Lau et
al., 2005; Liu and Choi, 2012).

Chemical methods are carried out by action of surfactants, surface modification
and polymer wrapping technology (Barber et al. 2003; Myung et al. 2012, Kim et al.,
2012). This modification can be carried out with synthetic and natural polymers which
contain functional end groups (Xu et al., 2004; Singh et al., 2004; Pan et al., 2009;
Soradech et al., 2013).

Multi functional hyper branched polyesters are emerged as incredible Dendron
for functionalization of CNT. Hyper branched polymers are highly branched
macromolecules with three-dimensional dendritic architecture. Because of their high
solubility, and abundance of functional groups, hyper branched polymers have potential
applications in wide range of fields from drug delivery to material coatings (Bifeng Pan
et al., 2009; Caminade and Majoral, 2010; Siqueira Jr et al., 2012). Besides the large
number of reactive end-groups of hyperbranched polymer capable for rapid cross-
linking, therefore, they are potential to design thermosetting network (Gao and Yan
2004; Voit 2005; Carlmark et al., 2009).

Wide ranges of naturally occurring polymers derived from renewable resources

are available for various material applications. They are potentially used in coatings,



gels, foams, films, thermoplastics and thermoset resins (Long Yu et al., 2006). Shellac
is one of the thermosetting resin of animal origin secreted by the lac insect Kerria lacca
. The resin is secreted as a covering for the insect larvae. It is a hard, tough, amorphous
resin, which is nontoxic and produces films of good water resistance and exceptional
gloss. Shellac is generally believed to be a physical mixture of two resins secreted
simultaneously by the lac insect (Kerria lacca). These resins are composed of a number
of aliphatic polyhydroxy acids present in the form of lactones, lactides and inter-esters.
The major components of shellac include aleuritic acid, shellolic acid and jalaric acid.
Besides, it contains waxiness, pigments and other water-soluble substances.
Nonetheless, it has macromolecular like properties due to its extreme hydrogen bonding
(Hagenmaier and Baker, 1993). It has been used as thermoplastics, adhesives, sealants,
insulating materials, and coating materials in various fields such as industrial materials,
medicine, and food ingredients due to its various unique properties such as
thermoplasticity, oil resistibility, cohesiveness, and insulating ability along with its
nonpoisonous nature. Shellac has been extensively used for water, gas, lipid and
microbial spoilage protection to extend the shelf-life of products in food and agro
industries (Hagenmaier and Baker, 1993; McGuire and Hagenmaier, 1996; Phan The et
al., 2008; Valencia-Chamorro et al., 2009). It has also been used for the moisture
protection of drugs, controlled drug delivery system and enteric coating for drugs and
probiotics in the pharmaceutical industry (Limmatvapirat et al., 2004; Stummer et al.,
2010; Soradech et al., 2013).

These studies reveal that shellac is a potential functional coating material.
Researchers have used shellac to coat nanoparticles. In the case of coating application it
serves desired purposes due to availability and easy processability, from this point of

view it has been considering to coat MWCNT.

Among various CNTs, multi-walled carbon nanotubes (MWCNTS) are
frequently incorporated with varieties of polymers as an important reinforcement to find
superior properties of the resulting materials (Logakis et al., 2011; Hemmati et al.,
2008; Ritter et al., 2010; Mina et al., 2010; Mina et al., 2014). However, there have been
limited investigations on MWCNT reinforced UPR composites because of stated
drawbacks (Battisti et al., 2009; Seyhan et al., 2007).



1.2

PROBLEM STATEMENT

The background study reveals that UPR is a popular thermosetting resin.

Several types of research have done to overcome the drawbacks of UPR. Numerous

researchers incorporated different types of filler to reinforce this matrix. To date,

nanofillers are more attractive as compared to macro and micro fillers. Among

nanofillers CNT attract attention to reinforce polymer matrix. However, in the case of

CNT there are some limitations which discourage for fabrication of CNT- reinforced

polymer nanocomposites. The specific problems are stated below:

X/
o

The mechanical properties of commercially available unsaturated polyester resin
(UPR) are relatively weak. Due to these poor properties, UPR cannot be fully
exploited in industrial applications. Therefore, carbon nanotubes are used as
nanofillers to reinforce the UPR matrix for fabrication of nanocomposites.
However, the potential reinforcing efficiency of these nanofillers is not achieved
due to their inhomogeneous dispersion in the matrix if they are directly
incorporated without modification. Generally, better dispersion of CNTSs in
polymer matrix reportedly results in improved mechanical and thermal
properties of the polymer nanocomposites.

There are no controls on the concentration of carbon nanotubes (CNT) and
dispersion time for fabrication of CNT- reinforced polymer nanocomposites.
Usually, lower content of CNT is dispersed more easily than higher
concentration. However, the addition of lower content of CNT which does not
provide desired mechanical properties in one hand and the addition of higher
content gives rise to aggregate formation on the other, enabling poor
dispersibility and hence resulting in the poor mechanical performance of the
nanocomposites. As a result, optimization of CNT concentration and dispersion
time in UPR is essential for the enhancement of mechanical properties.

Shellac used as a coating material which contains carboxylic and hydroxyl

functional groups. These functional groups can functionalize the nanomaterials



through adhering to the surface. However there are no attempts have been found
to functionalize multi-walled carbon nanotube with shellac.

¢+ Carbon based nanofillers delay the curing process of the unsaturated polyester
resin due to scavenging behavior. This delay involves energy loss for fabrication
of nanocomposites. To overcome this problem, modification of CNTs is
necessary to investigate the effect of CNT modification on curing process.

s CNT dispersion is affected by van der Waals force which exists among CNTs
and helps them to form CNT bundles. Different techniques are followed to
reduce the van der Waals force and to improve sound dispersion in the matrix.
The defect functionalization, as well as covalent functionalization of CNT is
very common to improve the dispersion quality. However, defective CNT is not
appropriate to improve mechanical and other properties of CNT- based UPR

nanocomposites.

1.3 OBJECTIVES

In the light of the aforesaid problems, this work has been undertaken to improve
the dispersion of Multi-walled CNTs (MWCNTS) in UPR matrix by means of a method
of solvent pre-dispersion. In this case, noncovalent functionalization of MWCNT has
been performed with synthetic and natural functional polymers. The specific objectives

of this work are:

(i) To improve dispersion of MWCNT in UPR matrix by using tetrahydrofuran
(THF) as low-boiling point Lewis base solvent as a pre-dispersing agent.
(if) To evaluate optimum sonication time and concentration of MWCNT for

fabrication of MWCNT reinforced UPR nanocomposite.

(ili) To perform non-covalent functionalization of MWCNT with synthetic
hyperbranched polyester (HBP) and natural shellac (SL) functional polymers and

to evaluate the optimum concentration of those functional polymers.



1.4  SCOPE OF STUDY

(1) Dispersion of MWCNT at 0.5-1.5 hr sonication in Tetrahydrofuran (THF)
as low-boiling point Lewis base solvent. Dispersion of MWCNT in UPR
with mechanical stirring and ultra sonication technique at time 1-2 hr.

(i)  Optimization of different loaded MWCNTSs (0.05-0.5 wt%). The optimum
amount of MWCNT was evaluated by the application Halpin—Tsai model
in observed mechanical properties of nanofiller loaded nanocomposites.

(ili)  Non defect as well as Non covalent functionalization of MWCNT is
performed with hyper branched polyester (HBP) and shellac (SL)
functional polymers. Different amount (5-15 wt %) of these polymers
were coated on the surface of MWCNT and then optimization of these

polymers are performed.

1.5 SIGNIFICANCE OF STUDY

Solvent pre-dispersion method produces well dispersed MWCNT reinforced
UPR nanocomposites. The properties of pre-dispersed MWCNT reinforced
nanocomposites are greater compared to direct dispersed MWCNT reinforced
nanocomposites. The thermal properties of noncovalent functionalized MWCNT are
significantly improved as compared to pristine MWCNT. The curing performance, as
well as structural properties of modified MWCNT incorporated nanocomposites, is also
remarkably improved as compared to pristine MWCNT reinforced nanocomposite. HBP
coated MWCNT increases the stiffness of nanocomposite whereas shellac cc

MWCNT enhances the toughness of nanocomposite.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter describes in detail on Carbon nano tube (CNT) reinforced polymer
nanocomposites. Special emphasis is given on thermosetting polymer resins which were
reinforced with different types of CNTs. In addition it briefly describes physics and
chemistry of CNT. Moreover different dispersion methods of CNT have been reviewed
here, special emphasis are given on ultra sonication as physical method, solvent and non
covalent functionalization as chemical dispersion method. Reviews have been carried
out on synthetic polymer and natural polymer as CNT coating materials. Finally multi
walled carbon nanotube (MWCNT) reinforced different polymer nanocomposites

thermo-mechanical properties, morphologies are represented in this literature.

2.2 UNSATURATED POLYESTER RESIN

Unsaturated polyester resins (UPRs) are short chain polyester containing
polymerizable double bonds which are formed through condensation polymerization of
saturated or unsaturated acids or acid anhydrides with difunctional alcohols or oxides.
Generally UPR molecular weight range from 1,200-3,000 g/mol (Chanda and Roy,
1998). They are readily soluble in reactive styrene monomer because of their low
crystallinity (Mona Malik et al., 2000).The styrene monomer serves as thinning agent
for easy handling of viscose UPR, in addition to perform as a cross-linking agent
between unsaturation sites on adjacent oligoimer chains. Therefore commercial resins
contain styrene as high as 40% by weight. The organic peroxide or curing catalyst is
added prior to the curing process. The Crosslinking reaction of UPR consists of a
copolymerization of the vinyl monomer with the double bond of unsaturated polyester.
During curing, a three-dimensional network is formed. Unsaturated polyester resins

belong to the group of thermoset resins (Fink, 2005).



The difference between unsaturated polyester (UP) and unsaturated polyester
resin (UPR) are as UP is the polyester as they emerge from the condensation vessel. It is
rarely sold as such, because they are brittle at room temperature and difficult to handle.
Whereas polyester is freshly synthesized in a plant, it is mixed with the vinyl monomer
in the molten state. Thus materials those are viscous at room temperature, with an
amount of styrene content. Such a mixture of unsaturated polyester with the vinyl

monomer is referred to as an UPR.

At the manufacturing point of view, UPR is beneficial due to rapid crosslinking
and cost effective. In addition, the thermal properties of UPR show better high-
temperature performance as compared to epoxy resins. The continuous working
temperature for an epoxy resin is typically 150°C or less whereas UPR shows heat
deflection temperature as high as 205°C making it a better choice for high- temperature
applications. Furthermore, the mechanical properties of UPR are generally not as
encouraging as those of epoxy resins (Mallick, 1993). Additionally, the high cross-link
density of UPR thermoset resins is generally hard and brittle as well as restraining their
potential for load bearing applications. Therefore, the mechanical properties of UPR can
be improved with filler as a composite material. Several researchers were incorporated
different types of inorganic, organic and nanofiller to fabricate polyester composites
(Mallick, 1993).

Generally, UPR is molded as compression and casting process. In addition,
complex geometries can be molded by using resin transfer molding (RTM) which are
allowed to cure before removal (Fried, 1995). In the state of molding, UPR is usually
applied as a glass fiber (GF) reinforced composite (GFC). The high strength to weight
ratio of GFC, microwave transparency, and corrosion resistance has led to use in many
air transport applications (Chanda and Roy, 1998). The most familiar polyester
composite goes by the trade name Fiberglas® (Owens Corning). Fiberglas® is a GFC
material which became popular into 1940s and is widely used in the automotive,
marine, construction, and aerospace industries. Fiberglas® found its way as an
alternative to heavy porcelain shower stalls and bathtubs but made a memorable impact
in the construction of automotive parts when in 1953 Chevrolet produced the first
Corvette with a Fiberglas® body (Fried 1995; Leffingwell and Newhardt, 2002). The

9



consumption of UPR is double as compare to other thermoset resins which is stand as
ranking 3" among the thermoset polymers (Rodriguez et al., 2003).

2.3 UNSATURATED POLYESTER NANO COMPOSITES

In recent years, the development of nanocomposites has become an attractive
new subject in materials science. They are consisted of two phases as like as traditional
polymer composites which are fabricated by filler and matrix. A considerable number of
researchers are demonstrating that nanoscopic dispersion of platelet-like structure in a
polymer matrix results in remarkable enhancements in the strength, dimensional
stability as well as resistance solvent, UV, flame and reduction in permeability to gases
(Yu et al., 2000; Peigney et al., 2001; Li and Chou, 2003). Most notably, these
properties improvement resulting from the fabrication of nanocomposite is taken place
at extremely low concentration of nanofiller as compare to conventional filler material
in a matrix. This “nano-size” yields a unique dependence on material properties and
high surface areas which does not found in traditional composite systems (Thostenson
et al., 2005). The enormously large surface area is available for interactions with a
polymeric matrix coupled with high aspect ratio are mainly responsible for the observed
enhancements. (Pinnavaia and Beall, 2000; Giannelis. 1995; Alexandre and Dubois,
2000; Byung-Wan Jo et al., 2008). For instance stiffness and fracture toughness of
carbon nanotube-reinforced epoxy-composites was enhanced at low concentration of
nanotube due to high aspect ratios and large interfacial surface area of multi-walled
carbon (Gojny et al., 2004).

Recent studies reveal that UPR has been reinforced with different nano fillers to
improve their properties (Oleksy and Galina, 2013; Albdiry and Yousif, 2013; Chirayil
et al., 2014). The Wear resistance of UPR was improved by fabrication of hallo site
nanotube reinforced nanocomposite. Surface morphology revealed a uniform dispersion
of that nanotube in the UPR matrix (Albdiry and Yousif, 2013). Silsesquioxanes
(POSS) modified bentonite improved the thermo-mechanical properties of UPR resin
which provides unique properties including improved flame resistance and thermal
stability of composite material (Oleksy and Galina, 2013; Yei et al., 2004). Plant based

nano fibrils were incorporated in UPR matrix by simple mechanical stirring. The nano

10



fibril reinforced nanocomposite exhibited excellent mechanical properties due to high
aspect ratio as well as formation of network structure with matrix. In addition, the
interaction was developed between filler surface and matrix through strong hydrogen
bonding. As a result, the glass transition temperature (T4) of UPR matrix was noticeably
increased (Chirayil et al., 2014). Fabrication of UPR nanocomposite using different type
of nanofiller depends on the processing technique. For instance, UPR and layered
silicate nanocomposite - properties were significantly dependent on the fabrication
technique in spite of existing there chemical reactions and physical interactions. X-ray
scattering and thermo-mechanical analyses revealed that the crosslinking density and
glass transition temperature were depending on the mixing time. In conclusion styrene
molecules as a crosslinking agent were dispersed homogeneously inside and outside of
that silicate layers with adequate mixing time. Therefore, the degree of crosslinking of
that nanocomposite became almost similar to the neat crosslink UPR (Suh et al., 2000;
Kornamann et al., 1998).

24  CARBON NANOTUBE AS REINFORCING AGENT

Generally nanoparticles are considered as high potential fillers to improve
different properties of polymer matrices. According to the applied type of filler,
nanoparticles can influence the electrical and thermal conductivity of the final
nanocomposite (Oberlin and Endo, 1976). Carbon nanotubes (CNTSs) are the interesting
candidates with potential unique properties. They demonstrated an extraordinarily high
stiffness and strength , a diameter dependent specific surface area up to 1300 m?/g and
an aspect ratio in the range of several thousands (Yu et al., 2000; Peigney et al.,
2001;Li and Chou, 2003). According to their graphitic structure, CNTs possess a high
thermo-mechanical and electrical properties which can be either semiconducting or
metal-like. These properties attract researchers as highly desirable reinforcing

candidates to improve the properties of polymers.

The outstanding specific surface area of CNTs is larger than conventional
reinforcement fibres. This distinctive feature leads to special challenges for proper
dispersion, adequate interfacial bonding and CNT-structure-property relationship as

well as nano-micro- mechanical mechanisms. In addition the surface area of nanotubes

11



can act as desirable interface for stress transfer. The specific surface area of CNTSs is
dependent on the diameter and the number of sidewalls. The strong attractive forces
between the CNTs lead themselves to extreme agglomeration. SWCNT provides the
maximum specific surface area (Peigney et al., 2001). In order to minimize the specific
surface area CNTs are aggregated and bonded as aligned bundles which are known as
nano-ropes. These ropes, consisting of ten to hundreds of individual tubes, are difficult
to separate and infiltrate with matrix. Figure 2.1 represents the graphene sheet (a),
single walled carbon nanotube (b), double walled carbon nanotube (c) and multi walled

carbon nanotube (d)

Figure 2.1: Grapheen Sheet (a), Single Walled Carbon Nanotube (b), Double Walled
Carbon Nano Tube (c), Multi Walled Carbon Nano Tube (d)

On the contrary, MWCNTSs have the lower aspect ratio as compare to SWCNTSs.

MWCNTSs have a greater diameter and consisting of several concentric walls, which
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provide smaller surface area as compare to SCNTs. Therefore, MWCNTSs exhibit a
much better dispersibility, but they provide smaller interface for stress transfer.
Furthermore, the stress transfer between the concentric walls takes place via interlayer

shearing to be transferred by van der Waals forces (Gojny et al., 2005).

Various methods are established to disperse nanotubes in polymer resins, such
as stirring and sonication, have been reported as well known techniques in the literature.
Most of these methods are either limited in capacity or not powerful enough to separate
the agglomerates into individual nanotubes. One common technique to distribute CNTs
in resin is the sonication technique (Gojny et al., 2005).

Development of interfacial adhesion between the CNTs and the matrix is
essential. Sufficient stress transfer from the matrix to the nanotubes is required in order
to efficiently utilize the potential of CNTs as structural reinforcement. The interfacial
adhesion between the CNTs and the matrix can be improved by functionalizing of CNT-
surface (Gojny et al., 2005).

A comprehensive knowledge is necessary about the quality of the CNTs to
improve noticeable mechanical and physical properties of composite (Gojny et al.,
2003; Allaoui et al.,, 2003). The nanotubes acquire variations of mechanical and
physical properties according to the production methods, for instance chemical vapor
deposition (CVD), electric arc-discharge method, laser ablation and other catalytic
processes. There are many factors which influence those properties are defect-density
and distribution (degree of graphitization), the curvature, the aspect ratio, the length and
diameter distributions, the density and the purity. Moreover, one will find numerous
variations in CNT length and diameter and a distribution of different chiralities in one
batch as well. Bai et al. was fabricated nanocomposite with CVD-grown MWCNTSs
which was exhibited an increased elastic modulus, whereas the fracture strain was
reduced due to the presence of agglomerates, leading to local defects enhancing early
failure. Additionally a certain dependence of the mechanical behavior on the aggregate
size could be found (Bai and Allaoui, 2003).
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Finally, according to the research findings, currently CNT has been reinforced
both thermoplastic and thermoset polymer matrices (Qian et al., 2000; Cooper et al.,
2002; Safadi et al., 2002; Mina et al., 2014). Several researchers have been used CNT to
reinforce polyester, epoxy, poly (methylmethacrylate) (PMMA), poly (vinyl alcohol),
polypropylene, Polyethylene and poly (lactic) acid and so forth (Park et al., 2002;
Biercuk et al., 2002; Cadek et al., 2004).

25 THERMAL ANALYSIS OF POLYMER NANOCOMPOSITES

The thermogravimetric analysis (TGA) reveals thermal stabilities of a material.
The TGA and the derivative of thermogravimetric (DTG) thermograms of the
MWCNTSs are manifested dual weight losses in the DTG curve. The first DTG peak,
appeared at lower temperature due to the degradation of the less stable amorphous
carbon and the second weight loss peak appearing at higher temperature is attributable
to the CNTs themselves stated elsewhere (Perez et al., 2009) . Additionally, Perez and
coworkers have stated the thermal stability of CNTs-filled rubbers nanocomposites as a
function of MWCNT content. The thermogram of MWCNT-styrene-butadiene rubber
composite showed a single drop in the weight loss curve with the increasing
temperature. Incorporation of nanotubes in the polymer matrix raises the onset of
degradation as well as its maximum rate. The MWOCNT- nitrilebutadiene rubber
composites revealed dual drops in the weight loss curve. Moreover, the corresponding
DTG thermograms showed two degradation peaks at low concentration of MWCNT.
However, when the MWCNT content was increased only one degradation peak was
detected in the thermograms of MWCNT- nitrilebutadiene nanocomposites (Perez et al.,
2009).Therefore, MWCNT filler is capable to suppress thermal degradation of the
elastomers may be attributed to barrier effects. For instance in case of clay fillers the
pyrolysis rate declined due to the decrease of the polymer global mobility. It has shown
that polymer chains confined in the mesoporous structures show greater thermal
stabilities indeed (Perez et al., 2007).Thermogravimetric analysis of MWCNT
incorporated polyvinyl butyral (PVB) composite a multi-stage decomposition was
demonstrated, the decomposition temperature of this composite shifted toward a higher
temperature as compared to matrix due to steric hindrance imposed on the thermal

motion of the matrix chain segments (Alhazov and Zussman, 2012).
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Differential scanning calorimetric (DSC) thermogram of polyurethane block
polymers revealed dual melting endotherms. At low temperature ascribe due to
dissociation of the urethane-soft segment hydrogen bonds whereas at high temperature
endotherm is related to the breakup of inter-urethane hydrogen bonds and
microcrystalline hard segments (Seymour and Cooper, 1973). Polyesters showed single,
as well as multiple melting peaks. The multiple peaks originate in semi-crystalline
polymers is due to several reasons. The study on the multiple melting peaks in
Poly(ethylene succinate) (PES) have reported that the high temperature melting peak is
primarily due to the melting of the re-crystallized crystals formed during the heating
scan (Al-Raheil and Qudah, 1995; Qui et al., 2003). On the other hand low temperature
melting peak is due to the melting of original crystals which forms during the initial
crystallization process (Ichikawa et al.,, 2000; Gan et al., 2002).Similarly poly
(butylenes succinate)(PBS) exhibits multiple melting peaks at lower and higher
temperature (Yasuniwa and Satou, 2002). The appearance of a single melting peak in
the thermograms of crystallized polyesters suggested melting of one type of crystal
which is regarded as stable crystals (Rohindra et al., 2012).

Crystal formation includes nucleation and crystal growth. On the other hand, it
is well established that nanometer-sized filler such as clay platelets are effective
nucleating agents, different effects have been reported on the linear growth rate and the
overall crystallization rate in nylon 1012 - clay nanocomposite (Wu et al., 2002). Di
Maio and coauthors have studied the filler concentration effect on the crystallization of
Poly caprolacton( PCL)-clay nanocomposites and mentioned that the dispersed clay
platelets act as nucleating agents in the PCL matrix. Moreover they found a reduction of
the melting temperature with the increase of clay content, demonstrating a reduced
degree of crystals perfection and degree of crystallinity. This was attributed to the
confinement of chains and segments in the presence of clay, hindering the segmental
rearrangement during crystallization and restricting the formation of perfect crystals in
the polymer matrix (Di Maio et al., 2004). In the case of montmorillonite clay
reinforced polyethylene terpthalate (PET) nanocomposite, the glass transition
temperature of composites decreased as compare to matrix due to plasticization effect of

nanofiller, conversely at high concentration of filler glass transition temperature
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increased again stated elsewhere (Ke and Yongping, 2005). Therefore, differential
scanning calorimetry (DSC) provides information concerning intercalation. The many
interactions the intercalated chains of the polymer form with the matrix greatly reduce
their rotational and translational mobility. The situation is similar to that in a reticulated
polymer, where restrictions on its mobility increase its glass transition temperature (Tg).
A similar increase is anticipated to occur in a nanocomposite due to the elevation of the
energy threshold needed for the transition. This effect is readily detected by DSC
(Pavlidou and Papaspyrides, 2008).

26 DENDRITIC POLYMERS AND CARBON NANOTUBES

Functionalization of carbon nanotubes with dendrimers or dendrons can be
either covalent or non covalent interaction. This type of functionalized CNT has led to
use in various fields, such as biosensors and biology (Tomalia et al., 1985).

Dendritic polymers including dendrimers and hyper branched polymers (HBPS)
are recognized as a fourth major class of macromolecular architecture. They are highly
branched globular; according to their degree of structural control dendritic polymers are
categories as (i) random hyper branched polymers, (ii) dendrigraft polymers and (iii)
dendrimers (Fr’echet et al., 2001).

Hyper branched polymer (HBP) is a highly branched macromolecule with a
large number of functional groups which can be prepared through a one-step
polymerization process (Gao and Yan, 2004; Scholl et al., 2009). The structre of HBP is
presented in Figure 2.2. The interest in HBP is growing rapidly due to their distinctive
physical and chemical properties. They are potentially used in the arena of material
coating, polymer additives, drug delivery, nanotechnology and supramolecular science
(Daohong Zhang et al., 2011; Guo et al., 2009). HBP which contain unsaturation and
epoxy groups has been successfully used in UV-cured flame retardant coatings and as
additive for toughening and reinforcing thermosetting resin respectively (Huang and
Shi,2007; Zhang et al., 2011). In addition, via free-radical copolymerization of HBP
has also been applied as intermediate in the preparation of functionalized macro porous

polymers (Daviset al., 1996). Moreover, huge number of end-groups in hyper branched
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polymer has a great capacity for rapid crosslinking even at moderate molecular weights
(Voit, 2005).
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Figure 2. 2: Chemical structure of hyperbranched polymer (HBP)

Dendrigraft polymers may be regarded as semi-controlled branched polymer
architectures intermediate in terms of structure control between dendrimers and hyper

branched polymers (Teertstra and Gauthier, 2004).

Typically dendrimers is a special type of highly uniform, three dimensional,
mono disperse polymer with a tree-like globular structure and consist a large number of
functional groups. It consists of three distinct areas: the poly functional central core
(dendrimer) or focal point (dendron), which represents the center of symmetry, various
well-defined radial-symmetrical layers of repeating units known as generations. The
end-standing groups are termed as peripheral or terminal groups as well (Matthias
Seiler, 2006). They are synthesized by step-by-step, usually radially from a central core.
Each level of branching units creates a new generation. They are different from all other
types of polymers, because they are synthesized such a manner which control their
whole architecture, a nano metric size, and a high level of mono disparity. Most of the
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properties of dendrimers are related to the nature of their numerous terminal groups that
might be varied according to the desired properties. A Dendron is a dendritic wedge,

having one functional group at the core, and several functional terminal groups.

Several researchers reported that dendritic wedges are covalently or non-
covalently attached with CNTs to induce dispersion quality (Hirsch and Vostrowsky,
2001; Davis et al., 2003). Particularly fullerodendron was attached on the side wall of
CNT through non covalent interaction which has been induced the dispersion of CNT in
solvent reported elsewhere (Takaguchi et al., 2005). Optical absorption spectroscopy
and scanning electron microscopy (SEM) measurements provide evidence for well-
dispersed CNTSs via formation of fullerodendron-functionalized SWNTs. Additionally,
in order to favor non-covalent interactions, hydrophobic functions such as conjugated
aromatic groups appear as the most suitable. Generally poly(amidoamine) (PAMAM)
dendron bearing anthracene as core and a generation 3 PAMAM dendrimer bearing
naphthalene diimide terminal groups were able to strongly interact with CNTs
(Sandanayaka et al., 2006; Valentini et al., 2006; Caminade and Majoral, 2010).

Therefore limited number of HBPs was used for wrapping the CNT. In addition,
there is no literature available about 2-2-bis (methylol) propionic acid, generation 2 as
hyper branched polyester (HBP) was used as MWCNT coating polymer. Moreover
HBP coated MWCNT reinforced UPR nanocomposite did not fabricate elsewhere.

2.7 SHELLAC ASPOLYMER COATING MATERIALS

There are numerous reasons for coating on materials. Usually coating is applied
on materials to improve their mechanical stability and reduce abrasion of materials
during manufacturing, shipping and storage (Okhamafe et al., 1986; Fell et al., 1979)
Additionally materials are coated to protect them from light or humidity (Swarbrick et
al., 1972). Moreover polymeric coatings can be applied on solid materials for decorative
purposes to provide gloss (Porter and Felton, 2010). Furthermore it has become a
routine process in the production of solid materials.
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For each desired application a variety of different coating materials with
specially made physicochemical properties is available. Most commonly used polymers
are poly-acrylates, cellulose esters and ethers (Signorino et al., 2005; Edgar, 2005;
Kokubo et al., 1997). Polyacrylates are synthetic polymers which are obtained by
emulsion polymerization (Mast et al., 1945). Whereas cellulose derivatives are semi
synthetic polymers gained either by esterification or etherification of natural cellulose.
Degree of substitution and types of substituent represents the properties of the final
polymer. Besides these coating polymers, there are few other materials used for coating

applications. One of them is shellac.

28 MWCNT REINFORCED POLYMER NANOCOMPOSITES

The expansion of CNT/polymer nanocomposites opens new perspectives for
multi-functional materials, such as conductive polymers with improved mechanical
performance and with a perspective of damage sensing and “‘life’’-monitoring. In order
to efficiently utilize the potential of CNTs to improve the mechanical performance of
polymers, one has to be aware of aggravated challenges when comparing with

conventional micro-scaled filler particles.

In recent times, the use of multi-walled carbon nanotube (MWCNT) as the filler
in the polymer matrix is attractive due to its outstanding properties. Those properties
have generated scientific and technical interest in the development of nanotube-
reinforced polymer nanocomposites. Carbon nanotubes reinforced polymer
nanocomposites were fabricated using different purification and dispersion processes
(Gojny et al., 2003; Sandler et al., 1999). A small amount of MWCNT can significantly
improve the material properties. For instance a certain amount of MWCNT notably
increased the tensile strength and modulus of rubber epoxy matrix stated by Allaoui et
al., (2002) (Allaoui et al., 2002). Likewise Montazeri et al., (2010) were noticeably
improved the tensile strength and tensile modulus of MWCNT incorporated Epoxy

nanocomposite by using only 0.5 wt% of MWCNT (Montazeri et al., 2010).

However, at the beginning of nanocomposite fabrication, the pure MWCNT did

not reinforce the matrix due to lack of proper interaction between them; consequently
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mechanical properties decreased significantly which has been reported by Lau and Shi
as well (Lau and Shi, 2002). Likewise Yeh et al.,(2006) investigated the effect of
MWCNT aspect ratio (I/d) on the mechanical properties of nanocomposite. They
showed that the mechanical properties of nanocomposite with the higher aspect ratio

(I/d) were better than the ones with the lower aspect ratio (Yeh et al., 2006).

In order to utilize nanotubes in multi-functional material systems, it is crucial to
develop processing techniques that are amenable to scale-up for high volume, high rate
production. Beside numerous researchers have been published different model

equations to evaluate the optimum content of nano fillers in the polymer matrix.

Several models were proposed to evaluate the mechanical properties of the
composites as a function of the volume fraction of the reinforcement. Most of these
models were considered a homogeneous dispersion of the nanotubes in the matrix.
However, it is frequently difficult to get a homogenous dispersion of CNT (Cox, 1952;
Ogasawara et al., 2004). Therefore, Cox considered an orientation factor to take account
of the randomness of the discontinuous fibers in composites (Cox 1952). Likewise, Bai
used the orientation factor in the rule of mixture to find the randomly oriented CNTs in
polymer matrix (Bai, 2003). Additionally, the in-plane randomly-oriented discontinuous
fiber lamina model used for multi-walled carbon nanotube-phenylethynyl terminated
polyimide composites (Ogasawara et al., 2004). The in-plane randomly oriented
discontinuous fiber lamina model, and the Halpin—Tsai equation have also been used the
experimental data (Gojny et al., 2004; Breton et al., 2004). The modified Cox model
was used to study the mechanical properties of carbon nanofiber reinforced poly(methyl
methacrylate) nano composites (Zeng et al., 2004). The Mori-Tanaka method was
applied to calculate the modulus of nanocomposites which was fabricated with epoxy
matrix and silicate clay particles. The model predictions were in well agreement with
experimental results and the Halpin—Tsai equation were used to fit the experimental
results (Luo and Daniel, 2003; Fornes and Paul, 2003). The modified Halpin-Tsai
equation were suggested by Fornes and Paul to evaluate the optimum amount of nano
clay in nylon 6-clay nanocomposites (Fornes and Paul, 2003). Yeh et al., (2006) have
studied the mechanical behavior of MWCNT incorporated phenolic-based

nanocomposites which were fabricated with different contents of MWNTSs.The
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modified Halpin—Tsai equation with orientation factor was fitted the experimental data
successfully for evaluation of the optimum amount of MWCNT in the
nanocomposite(Yeh et al., 2006). Montazeri et al.,(2010) were used orientation factor to
modify Halpin-Tsai equation for optimization of MWCNT content in MWCNT-epoxy
nanocomposites (Montazeri et al.,2010; Ayatollahi et al., 2011). In addition, they
considered orientation factors, the effect of the filler aspect ratio into their expression.
Moreover, they took into account the effect of nanotube discontinuity in composite
sample. Montazeri and his co-researchers evaluated the mechanical properties of
optimum amount of MWCNT reinforced epoxy nanocomposites system by using
modified Halpin-Tsai equation. They incorporated different amount of MWCNT in that
matrix by sonication technique. Halpin—Tasi equation was used to evaluate the optimum
amount of MWCNT by using tensile modulus and tensile strength of those MWNT-
epoxy nanocomposites and a good correlation between experimental data and the
modified Halpin—-Tsai theory was established (Montazeri et al., 2010). Therefore,
modified Halpin-Tsai model can asses the optimum amount of randomly oriented
nanoreinforcements in nanocomposites for getting maximum mechanical properties (Tali
et al., 2008).

Avyatollahi et al., (2011) reported the effects of multi-walled carbon nanotubes
(MWCNTS) concentration on the mechanical properties of epoxy/MWCNT nano-
composites. They were emphasized on fracture toughness under bending and shear
loading conditions. They found that the presence of MWCNTSs had a greater effect on
fracture toughness of nano-composites under shear loading compared with normal
loading. The fracture mechanisms were studied with several scanning electron
microscopy (SEM) pictures of fracture surfaces. They found a noticeable correlation
between the characteristics of fracture surface and the mechanical behaviors. Generally
the mechanical properties of polymers are supposed to be improved by incorporation of
CNTs. The mechanical properties of the pure epoxy and the nano-composites are
exhibited as higher filler loading resulted in higher Young’s modulus of nano-
composite. The modulus was increased with increasing the amount of MWCNT has
been reported elsewhere as well (Montazeri et al., 2010; Yeh et al.,, 2006). They
employed Halpin—Tsai theory to compare the results obtained for the Young’s modulus

with theoretical estimations (Mallick, 2008). According to this theory, the maximum
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obtainable tensile modulus for a composite with a perfect distribution and impregnation

with polymer is given by following equation,

I
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Where E. is the tensile modulus of the composite, I Is the length of MWCNTS, d is the
average outer diameter of nanotube, Enr is the tensile modulus of the nanotubes, E, is
the tensile modulus of the matrix and Vs is the volume content of MWCNTSs. The
tensile modulus of nano-composites calculated using Esg. (2.1) and (2.2). The
calculated tensile modulus is in good agreement with the experimental value only at low
concentration of MWCNTS which advocates a sound dispersion and interfacial strength
between filler and matrix (Song and Youn, 2005; Bal, 2010). This theory assumes a

uniform dispersion of the filler in the matrix and a flawless bonding.

Whereas with increasing the MWCNTSs content, the difference between the
theoretically predicted and experimentally obtained modulus increased, due to
agglomeration of MWCNT within the nano-composite (Gojny, 2004). In addition, the
mechanical properties of nanocomposite were decreased due to presence of voids which
were generated during mixing of filler-matrix with the hardener. Furthermore, at higher
concentration of MWCNTSs the viscosity of the mixture increases; as a consequence
degassing of suspension becomes more difficult. Similar correlation between the
dispersion status and the mechanical properties stated elsewhere (Fraczek and
Blazewicz, 2009). Besides the elongation at break of nano-composites decreases
relative to that of pure matrix, indicating a ductile to brittle trend in nano-composite
with increasing the filler content. The similar finding has been reported in case of

multiwalled carbon nanotube (MWCNT)/polycarbonate nanocomposites. It is notable
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that different flaws like voids and impurities can also reduce the elongation at break
were stated elsewhere (Satapathy et al., 2007; Ayatollahi et al., 2011).

A scalable calendaring approach with intense shear mixing was employed for
manufacturing of cost effective nanocomposite as well as to achieve well dispersion of
MWCNT in epoxy matrix. Electron microscopy was utilized to study the micro and
nanoscale structure during the manufacturing process and optimize the processing
conditions for producing highly-dispersed nanocomposites. In the light of this
observation, MWCNT- Epoxy nano composites were processed with different amount
of reinforcement and the thermo-mechanical properties were evaluated. The nano scale
structure of those nanocomposites was demonstrated to evaluate the effect of shear
mixing on dispersion. The nanocomposites fabricated by this process exhibited
significantly enhanced fracture toughness at low nanotube concentrations. The fracture
surfaces of nanotube-reinforced composites showed enhanced surface roughness as well
as nanotube pullout. Agglomerated carbon nanotubes appeared to interact more
effectively with the crack front and resulted in slightly higher overall fracture
toughness. The high aspect ratios of the CNT in the processed composites facilitated the
formation of a conductive percolating network at concentrations below 0.1% by weight.
The thermal conductivity increased linearly with nanotube concentration to a maximum

increase of 60% at 5 wt. % carbon nanotubes (Thostenson and Chou, 2006).
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CHAPTER 3

MATERIALS AND EXPERIMENTAL METHODS

3.1 INTRODUCTION

In this research, multi walled carbon nanotube (MWCNT) was used to produce
reinforced unsaturated polyester resin  (UPR) nanocomposite (CNT-UPR
nanocomposite). In addition non-covalent functionalized MWCNT was prepared as a
means of well dispersion in matrix and to improve the property of nanocomposites as
well. Different analysis including thermo-mechanical properties of nanocomposites was
performed to understand the nanocomposite behavior and identifies the possible ways in

which performance might be improved.

This chapter describes in brief the materials, CNT treatment methods and

characterization techniques, nanocomposite processing and testing methods.

3.2 MATERIALS

Orthopthalic unsaturated polyester resin (Polymal) (UPR) was used as matrix
materials. Tetra-hydro furan (THF) solvent was used as pre-dispersion media. Methyl
ethyl keton peroxide (MEKP) was used as curing initiator. Multi-walled carbon
nanotubes (MWCNTSs) and hydroxyl functionalized MWCNT (OHCNT) was used as

reinforcing nanofiller.

Hyper branched polyester (HBP)(2-2-bis (methylol) propionic acid) generation
2 was used as functional polymer to non covalent functionalization of MWCNT. In
addition the natural polymer shellac (SL) was used as coating material for non covalent

functionalization of MWCNT. Figure 3.1shows the commercial grade shellac solution
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in THF solvent. Additionally the specification and origin of these materials are

represented in Table 3.1.

Table 3. 1: Materials name, specification and origin of materials

Name Properties Manufacturer Country of
Origin
Unsaturated s Viscosity 700- Luxchem Malaysia
Polyester Resin 800mPa.S at 25°C Polymer
s Volatile content is Industries
30-35%, Snd.Bhd.
s Gel time is 8—15
min.
Multi walled ¢ Produced by Timesnano China
Carbon nanotubes moving-bed
catalysis technique
¢ Diameter <8nm,
length between
10-30 um
¢+ Carbon purity of
95%
Curing ¢ Colorless liquid Sigma Aldrich USA
agent(Peroxides)
s molecular  weight
HBP 1749.79g/mol Sigma Aldrich USA.
% contained 16
hydroxy! groups
% Solid
Shellac % Polish grade Bangladesh
% Light chocolate
color
% Order less
Tetrahydrofuran Merk Germany
and Acetone
Mold releasing Paste and Cream John Burn & Co. England
agent (B'’ham) Ltd

3.3 METHODS
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Figure 3.1 illustrates the overall methodology flow chart. The pre-dispersion of
MWCNT was carried out in THF solvent at different sonication time using Elma 37kHz
sonicator (made in German), having device power capacity of 320 W. THF pre-
dispersed MWCNT (THF-MWCNT) was dispersed in UPR at different time using same
sonicator. Different concentration (0.05-0.5wt%) of pre-dispersed MWCNT were
incorporated in UPR matrix and optimization was performed through different analysis.
Optimum amount of MWCNTSs was modified with different concentration (5-15 wt%
with respect to MWCNT weight) of hyper branched polymer (HBP) and shellac (SL).
HBP and SL coated MWCNT were subjected for different analysis to evaluate the
optimum amount of HBP and SL. HBP and SL modified MWCNT were incorporated in
UPR to fabricate nanocomposites. Different ratio of HBP coated MWCNT and OH
functionalized MWCNT blend together then incorporated in UPR to fabricate hybrid

nanocomposites.

Pre-Dispersion Sonication Time 0.05-0.5 wt%
0,
0.5hr-1.5hr MWCNT 5-15 wt% HBP
S““icf'ﬁf’“ Time I\'l\’VClTIT.Qulzmtil)-' MWCNT Nanucolmp?sites
Optimization Optimization Modification Fabrication

5-15 wt% SL

Nanosuspensions
Nanocomposites
Characterization

Post Dispersion Sonication Time

y
1hr- 2hr A

. Hybrid Nanocomposites
Fabrication

HBCNT: OHCNT
1:152:1;1:2

Figure 3.1: Overall methodology flow chart

3.3.1 Pre-Dispersion and Post Dispersion Time Optimization

MWCNT pre-dispersed suspensions were prepared in tetra hydro furan (THF)
solvent. The ratio of MWCNTSs and THF was 1:25. These suspensions were stirred by a
magnetic stirrer for 15 minutes, followed by the sonication in an ultra-sound bath for

0.5, 1 and 1.5h as pre-dispersion time. The optimum pre-dispersion time was estimated
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through physical sediment observation of nanosuspensions and scanning electron
micrographs of MWCNT. Figure 3.2 (A) and (B) represents the pre-dispersion and post

dispersion process flow chart respectively.

MWCNT : THF

125 15 min SONICATION AT CHARACTERIZCATION

: — —_— _— OF THFMWCNT
STIRRING 1/2h, 1h and 1.5h .
SUSPENSIONS SUSPENSIONS
(A)
(0.5 wt%) —
15 min SONICATION AT
THFMWCNT/UPR | sy — —]
STIRRING 1h, 1.5h and 2h EVAPORATION
SUSPENSIONS
CASTING l
CHERACTERIZATION | o WITH == | COOLING
HARDENER

}

Physical Observation

Rheology
Surface morphology

Mechanical Properties

(B)

Figure 3.2: Pre-Dispersion (A) and Post Dispersion (B) Sonication Process Flow Chart

After that, pre-dispersed MWCNT (THF-MWCNT) was mixed with unsaturated
polyester resin (UPR). There were three suspensions prepared, in addition to each
suspension was contained 0.5wt% MWCNT with respect to UPR, these suspensions
were stirred for 15 min and subsequently sonicated for 1h, 1.5h 2 h as post dispersion
time. The MWCNT/UPR suspensions which contained THF as solvent were heated at
around 5 minute to the boiling temperature (66°C) of THF. The warm suspensions were
placed in a cold water bath to cool them at room temperature. MEKP (1 wt %) was
added to these suspensions as initiator and gently stirred for 3 minutes, then placed in

vacuum to remove the bubbles. Finally, the bubble free mixture was poured on the
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specimen mold and cured at room temperature. The post dispersion time was optimized

by characterization of nano suspensions and nanocomposites.

Beside the nanocomposites of MWCNT and UPR were also prepared without

THF solvent by the same technique as described earlier.

Thus the samples were subjected for comparative analysis was neat UPR,
MWCNT reinforced UPR nanocomposite (MWCNT-UPR) and THF pre-dispersed
MWCNT reinforced UPR nanocomposite (THF—MWCNT-UPR).

3.3.2 MWCNT Quantity Optimization

There were five sorts of MWCNT reinforced UPR nanocomposites fabricated
with 0.05, 0.1, 0.2, 0.3, and 0.5wt% MWCNT. Pre and post dispersion was carried out
according to the estimated optimum sonication time. The solvent evaporation, cooling

and curing was conducted as like previous technique.

Therefore, the prepared samples were subjected to various measurements are
neat UPR, 0.05CNT-UPR, 0.1CNT-UPR, 0.2CNT-UPR, 0.3CNT-UPR, 0.5CNT-UPR
nanocomposites which were fabricated with 0.05, 0.1, 0.2, 0.3, 0.5 wt% MWCNT
respectively. The optimum amount of MWCNT reinforced UPR (OPCNT-UPR)
nanocomposites was illustrated from these specimens. The experimental flow chart is

represented in Figure 3.3.
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Figure 3.3: Composite Fabrication Process Flow Chart

3.3.3 MWCNT Coating Process

(i) Hyper Branched Polyester (HBP) Coating on MWCNT

HBP coated MWCNTs (HBCNT) was prepared by solution technique. The HBP
concentrations were 5, 10 and 15wt% with respect to the weight of MWCNT. At first
HBP was dissolved in THF solvent and prepared 0.002gm/ml dilute solution. Secondly,
oven dried MWCNT was pre-dispersed in THF solvent, the ratio of MWCNT and THF
was maintained as 1: 10. The suspension was sonicated for 1.5h in an ice cube filled
ultrasound bath. Then pre-dispersed MWCNT suspension was added with HBP

solution. The suspension of MWCNT and HBP solution was stirred by magnetic stirrer
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at around 1500 rpm for 15 minute. In addition it was sonicated for another 1.5 hour for
homogeneous dispersion of MWCNT in solution. Finally THF solvent was eliminated
by evaporation at 66°C to get HBCNT which was dried in vacuum oven at 100°C.
According to these process three types of HBP coated HBCNT1, HBCNT2 and
HBCNT3 nanotubes were prepared which contain 5, 10 and 15wt% HBP respectively.
These nanotubes were subjected for destructive and non destructive analysis to evaluate
the optimum amount of HBP coated on OPHBCNT nanotube.

(i) Shellac Coating on MWCNT

Shellac was coated on the surface of MWCNT to prepare SLCNT nanotube. The
solid shellac was dissolved in THF solvent and prepared 0.002gm/ml dilute solution.
Different  concentrations of shellac were maintained with respect to the weight of
MWCNT. According to the previous technique, oven dried MWCNT was pre-dispersed
in THF solvent. Then pre-dispersed MWCNT suspension was added with that shellac
solution. The suspension of MWCNT and shellac solution was stirred and sonicated as
said by earlier section. THF was taken out by evaporation. Finally SLCNT was dried in
vacuum oven at 100°C. In accordance with this process 5, 10 and 15 wt% shellac was
used in SLCNT1, SLCNT2 and SLCNT3 nanotube correspondingly. The SLCNT were
subjected for destructive and non destructive analysis to assess the optimum amount of
Shellac coated on OPSLCNT nanotube. The following flow chart in Figure 3.4
represents the coating process of HBP and shellac on MWCNT.

Pre-Dispersed
MWCT

Non-Covalent

MWCNT/Polymer icati Solvent
— o . | SONICAON | oy, mmp | functionalized

suspension Evaporation
MWCNT

Polymer 1
solution

Characterization

Figure 3. 4: MWCNT Coating process flow chart

30



3.3.4 Fabrication of Coated MWCNT Reinforced UPR nanocomposites

About 0.3wt% OPHBCNT and OPSLCNT nanotubes were independently
dispersed in UPR. The suspension was vigorously stirred by homogenizer and followed
sonication in ice cube filled ultrasound bath for 2 hr. About 1 wt% MEKP as initiator
was added to these suspensions and gently stirred for 3 minute, then placed in vacuum
to remove the bubbles. The bubble free suspension was poured in the specimen mold
and cured at room temperature. Thus, the prepared samples subjected to analysis were
UPR, OPCNT-UPR, OPHBCNT-UPR as well as OPSLCNT-UPR.

34 CHARACTERIZATION

3.4.1 Evaluation of Anti -Scavenging behavior of Modified MWCNT

In this work curing temperature of nanosuspension illustrates the scavenging
behavior of different MWCNTSs. Pristine and modified MWCNT incorporated UPR
nanosuspensions were dynamically cured using differential scanning calorimetry (DSC)
which was carried out at around 30-250°C with the heating rate of 10°C/min in the
nitrogen atmosphere. A curing exotherm appeared at different temperature in the DSC
thermograms with respect to different nanosuspension. The curing exotherm of neat
UPR appears at the lowest temperature whereas pristine MWCNT incorporated UPR
suspension exhibits curing temperature at the highest temperature due to scavenger
behavior of pristine MWCNT. However, the curing exotherm of coated MWCNTS
incorporated UPR nanosuspensions appear between the neat UPR and MWCNT-UPR
nanosuspensions due to anti scavenger behavior of coated MWCNT. These exothermic

pick temperatures illustrated the behavior of modified MWCNT as an anti-scavenger.

3.4.2 Viscosity

Viscosity measurement was carried out in the Faculty of Chemical and Nanural
Resources Engineering, University of Malaysia Pahang. It was conducted according to
ASTM D2983 using a Brookfield DV-1II ULTRA, rotary viscometer. The standard
capacity of sample holder is 9 ml and the container was mountain in water jacketed
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block to maintain room temperature. The cylindrical spindle-31 was then rotated with
different rpm ranges from 0.1 to 5.9, showing an individual share rate for each rpm, and

the viscosity corresponding to share rate was recorded as mPa-s unit.
3.4.3 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed in Faculty of
Industrial Science and Technology, University of Malaysia Pahang, which detects the
functional groups as well as bonding natures in the materials. The measurements were
conducted by a Nicolet 6700 FT-IR spectrometer, Thermo Scientific, Germany, using

standard KBr pellet technique in the range of 4000—500cm ™ wave number.
3.4.4 X-ray Diffractometry

X-ray diffraction (XRD) analysis was carried out in the Faculty of Industrial
Science and Technology, University of Malaysia Pahang. The XRD data were collected
by using a Rigaku Mini Flex I1, Japan, operated at 30 kV, at 15mA and equipped with
computer software to analyze the data. The specimens were step-wise scanned over the
operational range of scattering angle (20) from 3 to 40°, with a step of 0.02°, using
CuK, radiation of wavelength A=1.541A. The data were recorded in terms of the

diffracted X-ray intensities (I) versus 20. The degree of crystallinity ( y,) was

calculated using the equation (Zhang et al., 2011).

Xxrp (%) = m
Where, Ic and I are the integrated intensities of crystal and amorphous parts of the
samples, respectively. The crystallographic spacing (d) was calculated by following
Bragg’s equation [Suh et al., 2000].

A=2dSinf— ——— ——— —— — — — (3.2)

The average size of the crystallites, D, was determined with the full width at half-
maximum (FWHM) of XRD peak by using the following Scherer’s equation [Inagaki et
al., 2010]:

B 0.91
~ 5Cos6

______________ [3.3]
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Where, 6 is the FWHM (in radians) and 6 is the diffraction angle. The & value was
determined by curve fitting after subtracting the amorphous background. The Gaussian
curve was fitted at the top of the peak for determining 6 and the position using an

appropriate program.

3.4.5 Field Emission Scanning Electron Microscopy (FESEM)

Composites’ non-fractured and fractured surfaces were investigated by using a
(JOEL, JSM-7800F, Japan) field emission scanning electron microscope of Central
laboratory , Universiti Malaysia Pahang. Samples were mounted on aluminium stubs
with a carbon tape followed by a sputter coating with platinum to make them
conductive prior to the field-emission scanning electron microscopy (FESEM).

3.4.6 Tensile Testing of Composites

Tensile testing was conducted according to ASTM 638-08, using a Shimadzu
(Model: AG-1) Universal tensile testing machine fitted with a 5 kKN load cell and
operated at a cross-head speed of 1mm/min by keeping 65 mm gauge length was
employed. Five samples of each category were tested for tensile strength (TS), tensile
modulus (TM) and percentage of elongation-at-break (EB) measurements. This tesing
was performed in the Faculty of Chemical and Nanural Resources Engineering,

University of Malaysia Pahang.

3.4.7 Impact Testing

The impact testing was carried out according to the EN 1SO 179 by a Ray-Ran
Pendulum Charpy Impact System. The impact velocity was 3.5 m/s with the hammer
weight of 0.163 kg. Dimensions of the samples were 80 mm x 8mm x 3.5 mm; five
replicates were evaluated for each type of samples to obtain impact strength (IS). This
tesing was performed in the Faculty of Chemical and Nanural Resources Engineering,
University of Malaysia Pahang.
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3.4.8 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was conducted to determine the thermal
transitions in the material, using a TA/Q1000 apparatus under nitrogen atmosphere and

ramp method with a heating rate of 10°C min™.

During this analysis, the curing exotherm of nanosuspension was assessed in the
temperature range of 30-250°C. Whereas the nanocomposites thermal transitions were
evaluated in the temperature range of 30-400°C. This testing was performed in the
Faculty of Chemical and Nanural Resources Engineering, University of Malaysia
Pahang.

3.4.9 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) conducted in the Faculty of Chemical and
Natural Resources Engineering, University of Malaysia Pahang. It was performed by a
TGA Q500 V6.4, Germany in a platinum crucible, ramping from room temperature to
700°C at 10°C/min in the Nitrogen atmosphere. The decomposition temperature has
evaluated at 50% weight loss of materials and residue content was determined at the
final stage of heating. Finally thermal stabilities of the materials were determined L

weight loss by this ramping method.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 INTRODUCTION

The results and discussions are divided in to five sections. These sections
illustrate optimization of MWCNT pre-dispersion and post dispersion time and effect of
pre-dispersion on nanocomposite properties, optimization of MWCNT concentration in
UPR matrix, modification of MWCNT with synthetic hyper branched polyester (HBP)
and shellac (SL) as natural functional polymers, optimization of those polymers
concentration, characteristics of non covalent functionalized MWCNT reinforced
nanocomposites, and characteristics of hybrid MWCNT reinforced nanocomposites.
The final section illustrates the comparative analysis among non-covalent functionalized
MWCNT reinforced UPR nanocomposite, covalent functionalized MWCNT reinforced
UPR nanocomposite and mixture of non-covalent and covalent functionalized MWCNT
reinforced UPR hybrid nanocomposite.

42 OPTIMIZATION OF PRE-DISPERSION AND POST DISPERSION
TIME OF MWCNT IN SOLVENT AND MATRIX

4.2.1 Evaluation of Sonication Time for MWCNT Pre-dispersion

Figure 4.1 represents the physical observation of pre-dispersed MWCNT which
was dispersed in low boiling point Lewis base (THF) solvent with different sonication
time. The suspensions were observed after 18 hours. There were distinguishable
MWCNT sediment observed in 0.5 hour and 1hour sonicated suspensions whereas 1.5
hour sonicated suspension was remained as homogeneous. Therefore, it is suggested
that 1.5 hour sonication time is effective for pre-dispersion of MWCNT in low boiling

point Lewis base solvent.
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(b)

Figure 4.1: Photographs of (a) 0.5hr, (b) 1hr and (c) 1.5hr sonicated THF- MWCNT

pre-dispersed suspensions

Figure 4.2 illustrates the micrographs of pristine MWCNT and pre-dispersed
THF-MWCNT. The pristine MWCNT was existed as like as compact lump whereas the
THF-MWCNT exist as small broken lump. In addition after 1.5 hour sonication they
became free from entanglement. Many MWCNTs were separated as individual
MWCNT from the compact bundles. This observation can be considered that 1.5 hour

as an optimum sonication time for pre-dispersion of MWCNT.

Broken THF-MWCNT Lump

£
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" THF-MWCNT

Figure 4.2: FESEM of MWCNT and THF-MWCNT
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4.2.2 Evaluation of Sonication Time for Post dispersion of THF- MWCNT in
UPR matrix: Effect of Pre-dispersion Technique on Nanocomposites
Properties

() Physical observation of MWCNT sediment

Figure 4.3 illustrates the physical observation of MWCNT sediment in UPR
matrix. Vial (a), (b) and (c) were sonicated for 1 hr, 1.5hr and 2 hr respectively, they
contained THF-MWCNT in UPR. Vial (d) contained MWCNT-UPR suspension where
MWCNT did not pre dispersed which was sonicated for 2hr as well.

In addition pictures (a)-(c) represent the effect of post-dispersion sonication time
on dispersion of THF-MWCNT in nano suspensions. These samples were preserved at
room temperature as well as convenient environment without hampering their
sedimentation. The observation was carried out until 72 hours. MWCNTs were
sediment at the bottom of vial (a) and (b) during that time. On the other hand there was
no visible sediment in vial (c). Therefore 2 hr sonication can be considered as the most
favorable time for post dispersion of THF-MWCNT.

Figure 4.3: Photographs of (a) 1hr, (b) 1.5hr, and (c) 2hr sonicated MWCNT sediment
in THF- MWCNT-UPR nanosuspension and (d) 2hr sonicated MWCNT-UPR nano

suspensions
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Furthermore, vial (c) and (d) represent the effect of pre-dispersion. The
sedimentation of MWCNTS started after 18 hr in vial (d). Therefore observation notices
that pre-dispersion technique is effective for homogeneous dispersion of MWCNT in
UPR matrix.

(i) Rheology of Nano suspensions at different sonication times

Figure 4.4(a) illustrates the effect of sonication time on the shear thinning
behavior of nano suspensions. They exhibited non linear viscosity change at low shear
rate as well as they behave like complex fluid. At low shear rate (0.034S™) 2 hour
sonicated THF-MWCNT-UPR nano suspension exhibits 43491 mPaS as the highest
viscosity, whereas 1 hr sonicated THF-MWCNT-UPR nano suspension exhibits the
lowest viscosity 3798 mPaS. This result may be a notice of 2 hr sonication is the best
time for dispersion of MWCNTSs in UPR matrix.

Figure 4.4(b) shows the effect of pre-dispersion on the viscosity of nano
suspensions. This graph represents the viscosity as a function of shear rate for UPR,
MWCNT-UPR and pre-dispersed THF-MWCNT—-UPR nano suspensions where the
nano suspensions were sonicated for 2 hour. The viscosity of neat UPR was less
dependent on shear rate which exhibited almost linear variation in the range of 0-1.7S1.
The small change in viscosity at low shear rate was due to other ingredients which need
for curing. This result implies that the liquid UPR reveals a Newtonian fluid. In case of
Newtonian fluid viscosity is independent from the stress state and the shear rate
(Abdalla et al., 2007).
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Figure 4.4: Shear thinning behavior of (a) THF-MWCNT-UPR nanosuspensions
dispersed at different sonication time (b) UPR, MWCNT-UPR and THF-MWCNT-UPR

nanosuspension

In contrast, the viscosity change is observed for nanocomposite suspensions with

respect to shear rate is seemingly non-linear. So they behave like a complex fluid, the
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fluid which shows non-linear viscosity behavior with shear rate is known as complex
fluid. They are binary mixtures which have coexistence between two phases. Since at
low shear rate less than 0.6S™ the viscosity decreases quickly, they show shear thinning
behavior at low shear rate, and such a behavior is absent in neat UPR. The low shear
rate up to 0.6 S is useful to differentiate the viscosity difference of neat resin and
composites' suspensions. Both composites’ suspensions demonstrate higher viscosities

than the neat resin at low shear rate.

Moreover, the THF-MWCNT-UPR reveals a greater viscosity than
MWCNT-UPR at low shear rate. This result may be an indication of a better dispersion
of pre-dispersed MWCNTS in UPR matrix or a stronger interaction between resin and
nanotubes. Similar results have been observed for carbon based nanoparticles which
homogeneously dispersed in polyester resins (Kim et al., 2006). In another article, the
higher viscosity of nanocomposites than neat resin has been reportedly attributed to
strong interfacial interactions among MWCNT and UPR molecules as well as the
formation of percolated structure by the carbon nanotubes (Abdalla et al., 2007). Their
observations supported a strong interaction and well percolation between MWCTNs and
resin molecules. It has also been reported that the percolated structure breaks down as
the shear rate increases, resulting in decrease viscosities that are similar at high shear
rates for all systems (Abdalla et al. 2007). Comparing the results of other reports and
our findings, it is suggested that pre-dispersed MWCNT is well dispersed in UPR
matrix; moreover UPR molecules were likely to wrap MWCNTs through uniform

distribution and prevent them from the formation of agglomerates.
(iti)  Plain surface morphology of nanocomposites

Figure 4.5 represents the plain surface morphology of (a) 1hr (b) 1.5 hr (c) 2 hr
sonicated THF-MWCNT reinforced UPR nanocomposites (THF-MWCNT-UPR). The
micrograph (d) represents the plain surface of MWCNT-UPR nanocomposite where the

sonication time was as similar to (c)

In addition, micrographs (a), (b) and (c) illustrate the effect of sonication time
for the dispersion of THF-MWCNT in nanocomposites. Twisted MWCNT and
remarkable visible cracks are mentioned by dotted circle in the plain surface micrograph
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(a). These types of surface morphology are sign of improper dispersion of MWCNT in
UPR at that sonication time. Likewise, the micrograph (b) is 1.5 hr sonicated
nanocomposite exhibits irregular dispersion. However the micrograph (c) of 2 hr
sonicated THF-MWCNT-UPR nanocomposite represents homogeneously MWCNT
dispersed plain surface. Therefore 2 hr sonication can be suggested as the optimum post
dispersion time of MWCNT in UPR matrix.

Furthermore, the micrographs (c) and (d) represent the effect of pre-dispersion

on the plain surface morphology of nanocomposites.
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Figure 4.5: Plain surface of (a) 1lhr, (b) 1.5hr, and (c) 2hr sonicated THF-MWCNT-
UPR nanocomposites and (d) 2hr sonicated MWCNT-UPR nanocomposite

The MWCNT-UPR nanocomposite surface shows irregular dispersion of MWCNT
with larger openings or voids, whereas THF-MWCNT-UPR surface comprises

homogeneously dispersed MWCNT.
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Agglomerates and homogeneous dispersion are indicated by dotted circles. The
surface of THF-MWCNT-UPR in micrograph (c) shows quite well dispersion of
nanotubes, whereas aggregates of MWOCNTs are visible in the surface of
MWCNT-UPR micrograph (d). THF-MWCNT-UPR nanocomposite surface exhibits
individual nanotubes, being separated and embedded in the polymer matrix. In contrast,
the clusters of nanotubes existed in the MWCNT—-UPR nanocomposite system may be
due to Van der Waals force among the MWCNTSs is basically responsible for poor
wetting of MWCNT by matrix (Hsu-Chiang Kuan et al. 2005).

These observations suggested that by means of pre-dispersion MWCNTS were
homogeneously dispersed in UPR matrix, indicating a good distribution of nanotubes.
The most striking observation in THF-MWCNT-UPR micrograph there were no cracks
developed in the polymer-filler system, additionally the matrix was stacked to the
surface of MWCNT. The micrograph (c) reveals that MWCNTSs were sound wetted by
resin which is an agreement of good wettability of pre-dispersed filler, also supported

by viscosity analysis.

(iv)  Mechanical properties of nanocomposites

Figure 4.6 (a) and (b) represent the plots for TS, TM, IS and EB as a function of
sonication time. The corresponding values of TS, TM, EB% and IS for 1 hr sonicated
THF-MWCNT-UPR nanocomposite are 30.16 MPa, 1.359 GPa, 8.97% and 3.79
kd/m? and those for 1.5 hr sonicated THF- MWCNT-UPR are 33.6MPa, 1.421GPa,
8.83% and 3.9 kJ/m” respectively.

Thus, the corresponding TS, TM, and IS of 1.5hr sonicated THF-MWCNT-UPR
nanocomposite was increased by an amount of 11.45, 4.5, 3%, whereas the EB was
decreased by 1.5%. Likewise the values of TS, TM, EB% and IS for 2 hr sonicated THF-
MWCNT-UPR nanocomposite are 35.13 MPa, 15 GPa, 8.93% and 4.6
kJ/m? correspondingly. Therefore, corresponding TS, TM, IS were increased by 16.5, 10,
21% as compare to 1 hr sonicated THF-MWCNT-UPR nanocomposite. Finally, after
2hr sonication suggested that most of the CNTs were disentangled as well as
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homogeneously dispersed and soundly interacted with UPR matrix. These facts are
illustrated repeatedly in surface morphology as well as in mechanical properties.
Therefore, these results make obvious that 2hr is a good sonication time to improve the

mechanical properties of nanocomposites.
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Figure 4.6: Tensile strength and tensile modulus (a), Elongation at break and impact

strength (b) of THF-MWCNT-UPR nanocomposites as a function of sonication time

Figure 4.7 represents the effect of carbon nano tube pre-dispersion on the
mechanical properties of nanocomposite. Figure 4.7(a) shoes the TS, TM and Figure
7(b) illustrates the IS and EB of UPR, MWCNT-UPR and THF-MWCNT-UPR
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nanocomposites. The TS and TM of THF-MWCNT-UPR was increased 22.30% and
20.30% respectively compare to neat UPR whereas the TS and TM of MWCNT-UPR
was increased 9.71% and 12% respectively. In addition the highest elongation at break
and impact strength of THF-MWCNT-UPR nanocomposite suggests twisted MWCNT
could exist in this nanocomposite, due to slip of the twisted nanotubes bundles EB was
increased (Thess et al., 1996; Chaeichian et al., 2013).

The enhancement of mechanical properties of the THF-MWCNT-UPR
nanocomposite over MWCNT—UPR nanocomposite and UPR are due to the good
dispersion of MWNTSs in the resin matrix as well as sound intercalation between filler
and matrix. Whereas the dispersion was conducted in absence of THF, the MWCNTSs
undergo partial agglomeration which reduced the effectiveness of reinforcement. Such a
phenomenon was disclosed by other researchers (Wang et al., 2012). The
agglomerations of MWCNTS obviously narrow their active interfacial area and confine
their performance. Therefore pre-dispersion in presence of THF reduces the MWCNTSs
agglomeration. In fact, the extraction of individual nanotube from MWCNTSs bundles
paves the way of affording both large surface area and strong interfacial interactions
between the polymer and nanofiller inter phase, as declared elsewhere (Wang et al.,
2012). These inherent advantages lead to efficient stress transfer between the MWCNTS
and the UPR, as a result enhanced mechanical performances of nanocomposite.
Moreover, higher elongations of nanocomposites indicate that MWCNTs are

complimentary to more plastic deformation in the nanocomposites.
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Figure 4.7: (a) Tensile strength and tensile modulus (b) Elongation at break and impact
strength of UPR, MWCNT-UPR and THF-MWCNT-UPR nanocomposites

(v)  Fracture morphology of nanocomposites

Figure 4.8 shows the fracture surface micrographs of THF-MWCNT-UPR and
MWCNT-UPR nanocomposites. The micrographs a, b and c represent the effect of
nanosuspension sonication time on the fracture morphology of THF-MWCNT-UPR
nanocomposites. It is obvious that several nanotubes were pulled out when the

composites were fabricated after 1 hour and 1.5 hour sonication. On the other hand
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there were many fracture tips visible on the surface of THF-MWCNT-UPR
nanocomposite which was prepared after 2 hour sonication. It seems that well

dispersion and interaction between carbon nanotubes and UPR have existed in this
nanocomposite.
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Figure 4.8: Fracture Micrographs of (a) 1hr, (b) 1.5hr, and (c) 2hr sonicated THF-
MWCNT-UPR nanocomposites and (d) MWCNT-UPR nanocomposite

In addition, micrographs ¢ and d of Figure 4.8 illustrate the effect of pre-
dispersion on the fracture morphologies of THF-MWCNT-UPR and MWCNT-UPR
nanocomposites respectively. Several bright tips of MWCNTSs remain in the matrix and
some of them pulled out during stretching of THF-MWCNT-UPR nanocomposite.
There was no visible crack in the surface of THF-MWCNT-UPR nanocomposite, also
support a better adhesion between pre-dispersed MWNTSs and UPR molecules. On the
contrary, small crack propagation region and agglomeration were noticeable on the
surface of MWCNT-UPR nanocomposite. Thus, the pre-dispersion along with
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sonication reveal a good avenue for good dispersion of MWCNTS in resin matrix. Not
only that but also the increased interfacial area of nanotubes in composites can lead to
the change of segmental morphology and influence the mechanical properties of

nanocomposite as reported elsewhere (Desai and Haque, 2005; Kim et al., 2006 ).

Therefore, it can be suggested that appropriate dispersion time can be effective
to wet the filler as well as increase the interaction between CNT and matrix. The pulling
out of nanotubes was affected the mechanical properties of nanocomposites illustrated

earlier.

Finally, sedimentation of MWCNT in THF and FESEM were noticed that 1.5 hr
was the best as well as optimum sonication time for pre-dispersion of MWCNT in low
boiling Lewis base (THF) solvent. Additionally, the dispersion quality of MWCNT in
UPR was observed with sedimentation, rheology of nano suspensions, mechanical
properties and surface morphologies of nanocomposites with different sonication times.
These observations suggested that effective dispersion and potential interaction between
MWCNT and UPR were obtained after 2 hr sonication of THF-MWCNT-UPR
nanosuspension. Therefore, 2 hr can be considered as the optimum post dispersion
sonication time. Moreover, pre-dispersed MWCNT reinforced nanocomposite was
exhibited better properties than nanocomposite fabricated straight dispersion at the same
sonication time. The distinguishable pre-dispersion effects have been predicted by
comparing those properties at 2 hr sonicated THF-MWCNT-UPR and MWCNT-UPR

nanocomposites. These sonication times have been employed for successive study.
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43 EVALUATION OF OPTIMUM MWCNT QUANTITY

This section illustrates the optimum percentage of MWCNT, where different
percentages of MWCNT had pre-dispersed in a Lewis base (THF) solvent at the
optimum pre-dispersion sonication time. In addition, the pre-dispersed MWCNTSs had
dispersed in UPR at the optimum post-dispersion time. The MWCNT optimization
processes were carried out through physical observation, rheology of nanosuspension,
and tensile modulus of composites was fitted with Halpin —Tsai model equation. The
qualitative dispersion was observed through surface morphology of different
nanocomposites. XRD profiles of different CNT-UPR nanocomposites were studied to
predict the optimum amount of MWCNT in OPCNT-UPR nanocomposite. The curing
behavior of MWCNT filled UPR and the thermal properties were studied by using DSC
and TGA thermograms of CNT-UPR nanocomposites.

4.3.1 Physical Observation of MWCNT Sediment in UPR with Different
Concentration of MWCNT

The optical image of Figure 4.9 represents the sedimentation of MWCNT under
the vial of 0.1CNT-UPR, 0.3CNT-UPR and 0.5CNT-UPR nanosuspensions. A relative
dispersion quality was observed after 5 days settling time. It is obvious that there was
no sediment in the vials of 0.1CNT-UPR and 0.3CNT-UPR suspensions. Whereas,
MWCNT started to settle after 5 days in the vial of 0.5CNT-UPR suspension.
Therefore, homogenety of MWCNTSs in 0.1CNT-UPR and 0.3CNT-UPR indicated the
qualitative dispersion as well as the sound interaction between MWCNT and UPR. It
can be suggested that 0.3 wt% MWCNT did not form any visual aggregates after that
holding period conversely, 0.5wt% MWCNT relatively may be re- aggregated after 5
days.
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Figure 4.9: Photographs of MWCNT Sediment in CNT-UPR nanosuspensions
contained 0.1, 0.3 and 0.5 wt% MWCNT

4.3.2 Rheology of CNT-UPR Nanosuspensions at Different Content of MWCNT

Figure 4.10 states the rheology of neat UPR, 0.1CNT-UPR, 0.3CNT-UPR and
0.5CNT-UPR nanosuspensions, where the viscosity change is a function of shear rate.
The viscosity of neat UPR is less dependent on the shear rate, showing almost a linear
variation in the range of 0-1.7S™ .This result implies that UPR reveals a Newtonian
fluid.

On the other hand, the change in viscosity of nanosuspensions with respect to
shear rate is apparently non-linear. So they behave like a complex fluid, because they
exhibit shear thinning behavior at low shear rate, and such a behavior is absent in neat
UPR. The low shear rate up to 0.6 S™ is significant to distinguish the viscosity
difference of neat resin and nanosuspensions. The nanosuspensions were demonstrated
higher viscosities than the neat resin at low shear rate. Moreover, 0.3CNT-UPR
nanocomposite suspension reveals around 38000 mPas as the highest viscosity
compares to other CNT—UPR nanosuspensions at that shear rate. This result may be a
signature of a good dispersion, as well as the better interaction of MWCNTs and UPR

matrix. The similar results demonstrated for carbon-based nanoparticles dispersed in
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polyester resins, where the authors claimed a homogeneous dispersion of nanoparticles
(Kim et al., 2006). In addition, the elevated viscosity of nanosuspensions than neat resin
has been apparently attributed to strong interfacial interactions among MWCNT and
UPR molecules in addition to the formation of percolation by the carbon nanotubes,
reported elsewhere (Abdalla et al., 2007). Therefore, previous observations support a
strong interaction of 0.3 wt% MWCNTs with UPR molecules and formation of sound
percolation by MWCNTs in UPR. It has also been reported that the percolated structure
breaks down as the shear rate increases, therefore the viscosity of all nanosuspensions
was decreased at high shear rate (Abdalla et al., 2007). Comparing this result to other
reports, it is suggested that 0.3 wt% MWCNT was well dispersed in UPR matrix
through uniform distribution and prevented them from the formation of agglomerates
(Kim et al., 2006; Abdalla et al., 2007). It has consisted with the plain surface
morphology of 0.3CNT-UPR nanocomposite.
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Figure 4.10: Viscosity of CNT-UPR nano suspensions as a function of shear rate
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4.3.3 Mechanical Properties

(i) Tensile modulus

The relationship between the degree of MWCNTSs dispersion and the mechanical
properties of nanocomposites are discussed in this section. The experimental and
calculated tensile moduli are plotted in Figure 4.11 as a function of MWCNT content.
The mechanical properties of polymers are generally improved by the addition of CNTSs.
In addition modulus of the nanocomposite was increased with increasing the content of

nanofiller has been stated elsewhere (Tai et al., 2004; Montazeri et al., 2010; Ayatollahi
etal., 2011).
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Figure 4.11: Tensile modulus of composites as a function of MWCNT content fitted
with modified Halpin -Tsai equation

In this study, modified Halpin—Tsai equation has used to fit the experimental
data (Halpin and Tsai, 1969; Halpin et al., 1976).
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Ecnr 1

comp = 7 _—o Lupr, V= EUL (4.1)
1 —vydcnr ZCNT 4 ¢
Eypr

Where, C = (I/d) is aspect ratio as a constant shape factor of MWCNT filler, I,
d length and outer diameter of MWCNT respectively. Eupr, Ecnt, Ecomp are the
modulus of matrix, MWCNT and composites in that order, 9.y is the volume fraction
of MWCNT which can be calculated with the density of UPR (pypr) , density of
MWCNT ( pcyr ) and the weight fraction of MWCNT (Wenr ) s

PuprWent
Senr = (4.2)
Nt Pent — PentWent + puprWent

The numerical values of these properties are given by Times nano and present in
Table 4. 1. Moreover, the measured values of Enat, Vent, and densities (pyprand penr )
of MWCNT and UPR are provided in this table as well.

The Halpin—Tsai equation was originally used for composites with
unidirectional reinforcement. Cox found a parameter (o) known as orientation factor, to
recount for the randomness of the discontinuous fibers (Cox, 1952). If the fiber length is
greater than the specimen thickness, the fibers are assumed randomly oriented in two
dimensions then orientation factor o = 1/3 is used for calculation of tensile modulus of
the composite material. If the fiber length is excessively smaller than the thickness of
the sample, the fibers are assumed randomly oriented in three dimensions; and the
parameter o= 1/6 is used. In this study, the effective lengths of MWCNTs are less than
25 um long, which is shorter than the thickness of specimens; therefore, three-
dimensional MWCNTSs distribution is assumed for MWCNT-UPR nanocomposites. The
orientation factor o = 1/6 is chosen to modify the Halpin—Tsai equation (4.1) as below
(Yehetal., 2006; Tai et al., 2008; Ayatollahi et al., 2011)
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aEcnr 1

1 + CyﬁCNT EUPR
= — = 4.3
comp = T g CUPR, 14 aEECNT C (4.3)
UPR

Figure 4.11 illustrates linear fits of Equation 4.3 for the nanocomposites which
contained 0.05 to 0.3 wt% MWCNT. The linearly fitted TM suggested that these
amounts of MWCNT dispersed uniformly in the matrix as well as formed flawless
interaction between MWCNTs and UPR (Song and Youn et al., 2005). Therefore, the
experimental tensile modulus at 0.3 wt% is highest as well as close to the calculated
TM. However, the experimental tensile modulus is non-linear when the MWCNT
concentration greater than 0.3 wt%. The TM of 0.5 CNT-UPR nanocomposite was
decreased and the difference between calculated and experimental tensile modulus at
0.5 wt% MWCN was increased due to inhomogeneous dispersion, brutally tangled as
well as aggregation of MWCNT at this concentration stated elsewhere (Gojny, 2004;
Yeh et al., 2006; Ayatollahi et al., 2011) . Thus, it is concluded that the modified
Halpin—Tsai equation can fit effectively the experimental results of tensile modulus.
The plot also indicates that the optimum amount of MWCNT reinforcements in CNT-

UPR nanocomposites for getting maximum mechanical properties is 0.3 wt% in this

study.
Table 4. 1: Parameters for Halpin Tsai Equations (4.1) and (4.2)
Parameters of MWCNT and UPR
MWCNT UPR

Lent Dent Eent Pent Wont  Vent (%) Eypr  Pupr

(um) (nm) (TPa) (g/cc)  (wt (GPa) (g/cc)
%)
0.05 0.033
0.1 0.066

1 (Montazeri et 0.2 0.132 1.248 153
24.5 6.36 2.3
al., 2010) 0.3 0.199

0.5 0.330
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(i)  Tensile strength and Elongation at break of nanocomposites

Figure 4.12 shows the effect of MWCNT content on the TS and EB of
nanocomposites. The mechanical properties of nanocomposites were significantly
improved in the range of 0.05 to 0.3 wt% of MWCNT. The TS of 0.3 wt% MWCNT
incorporated nanocomposite revealed 40 MPa as the highest value among those
nanocomposites. On the other hand, the EB of nanocomposites were decreased when
the nanocomposites contained 0.05 to 0.3 wt% of MWCNT. Additionally, the lowest
elongation at break (4.35%) was exhibited by the nanocomposite which contained 0.3
wt% MWCNT.

Finally, calculated and experimental values of TM in Figure 4.11 are suggested
that 0.3 wt% MWCNT is the optimum quantity for fabrication of OPCNT-UPR
nanocomposite. This suggestion is advocated by TS and EB of Figure 4.12. In addition
it is suggested that UPR was wetted 0.3wt% MWOCNT appropriately, therefore in
0.3CNT-UPR nanocomposite filler-matrix, a strong interface was developed, which
played a significant role to reinforce the nanocomposite (Hull and Clyne, 1996).
Moreover, poorly dispersed MWCNTSs were twisted like a rope, as a result load transfer
took place between adjacent MWCNT rather than filler and matrix, therefore, EB
increased due to slip of the twisted nanotubes bundles (Thess et al., 1996).The
successive effect of CNT concentration and dispersion on those mechanical properties

can be illustrated by surface morphologies of nanocomposites.
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Figure 4.12: Tensile strength and Elongation at break of nanocomposites as a function
of MWCNT content

4.3.4 Surface Morphology of Nanocomposites at Different Content of MWCNT

(i) Plain surface morphology

Figure 4.13 illustrates the plain surface morphology of Neat UPR (a), 0.1CNT-
UPR (b), 0.3CNT-UPR (c), and 0.5CNT-UPR (d) nanocomposites. UPR surface
exhibits visible wide crack and voids. Whereas the 0.LCNT-UPR plain surface shows
narrow crack that was bridged by MWCNT. Besides, well-dispersed MWCNTSs are
visible on the plain surface of 0.3CNT-UPR nanocomposite. It is noticeable that crack
was disappeared from this plain surface. However, the agglomerated MWCNT and
widest crack near the aggregates are obvious on the plain surface of 0.5CNT-UPR
nanocomposite. It is suggested that well dispersion and interaction between filler and
matrix in 0.3CNT-UPR nanocomposite were shielded to build up the crack (Desai and
Haque, 2005).
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Dis persed

Figure 4.13: Plain surface micrographs of UPR (a), 0.1CNT-UPR (b), 0.3CNT-UPR
(c), and 0.5CNT-UPR (d) nanocomposites

(i)  Fracture surface morphology

Figure 4.14 states the fracture morphologies of Neat UPR (a), 0.1CNT-UPR (b),
0.3CNT-UPR (c), and 0.5CNT-UPR (d) nanocomposites. The morphologies are
distinguished by remarkable crack, failure of crack propagation, broken tips and CNT
pull out on the surfaces UPR, 0.1CNT-UPR, 0.3CNT-UPR, and 0.5CNT-UPR
respectively.

It seems that inadequate amount of MWCNT in 0.1CNT-UPR nanocomposite
had failed to shield the crack initiation. In addition, the amount of MWCNT was not
enough to shear the load of UPR, therefore, energy was dissipated by breaking most of
the MWCNT, consequently crack was enlarged (Zhang et al., 2007). Moreover, a huge
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number of broken tips of MWCNT are uniformly spread in the fractures surface of
0.3CNT-UPR nanocomposite.
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Figure 4.14: Fracture surfaces of neat UPR (a), 0.1CNT-UPR (b), 0.3CNT-UPR (c)
and 0.5CNT-UPR (d) nanocomposites

Furthermore, the crack widening was shielded by several number of non-
fractured MWCNT. It appears that 0.3 wt% MWCNT was sound dispersed and energy
was dissipated equally as much as possible. Not only that, crack propagation of
nanocomposite was declined with increasing the MWCNT platelets concentration in the
0.3CNT-UPR nanocomposites system. On the other hand, a knit like MWCNTSs spread
on the fracture surface of 0.5CNT-UPR nanocomposite. The Crack was deshielded in
this surface. It materializes that aggregated MWCNT did not properly interact with
UPR; therefore, CNTs were pulled out from the matrix during load transfer from matrix
to filler in nanocomposite (Gryshchuk et al., 2006; Yueping et al., 2007).
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Finally, it is an evident that, 0.3 wt% MWCNTSs was well dispersed in the matrix
as a consequence significantly declined crack initiation and form crack bridge in
0.3CNT-UPR nanocomposite. Therefore, it was withstanding high energy, able to shear
load which obvious for the highest tensile strength, tensile modulus and the lowest

elongation at break.

4.3.5 Structural Analysis of Nanocomposites as a Function of MWCNT

Concentration

(1) X-ray Diffraction at different content of MWCNT

Figure 4.15 represents the XRD profiles of UPR and 0.1CNT-UPR, 0.3CNT-
UPR and 0.5CNT-UPR nanocomposites. The UPR shows a broad peak at 26 = 23.43°.
The peak appearance is diffused as like a semi-crystal material. In addition, the
corresponding peaks of 0.1CNT-UPR, 0.3CNT-UPR and 0.5CNT-UPR nanocomposites
are at 20.87°, 18.91° and 20.13° respectively. These scattering angles attribute that
MWCNT was contributed to removing the amorphousness of UPR as well as improve
molecular arrangement in the nanocomposite system. Additionally, 0.3CNT-UPR
nanocomposite exhibited a peak at the lowest scattering angle which suggested that 0.3
wt% MWCNT was efficiently performed as a nucleating agent. Moreover, a decrease in
peak width and an increase in peak intensity for nanocomposites is also observed. The
following discussion illustrates the effect of MWCNT content on peak width,

crystallinity, lattice spacing and crystal size.
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Figure 4.15: X-Ray scattering peaks of UPR and CNT-UPR nanocomposites

(i)  Correlation between the full width at half maximum and MWCNT content

Table 4.2 represents the full width at half maximum (FWHM) or 426 of XRD
peaks, crystallinity index (xxgrp%), lattice spacing and crystal size of CNT-UPR

nanocomposites as a function of MWCNT content.

The FWHM is expressed useful information of chain distortion, filler alignment
as well as molecular dislocation in UPR and CNT-UPR nanocomposites (Vashista and
Paul, 2012). It was declined with increasing the MWOCNT content. The widest
diffraction peak notices more molecular disorder in UPR (Jeong et al., 2003).0n the
other hand, relatively narrow as well as lower FWHM of nanocomposites advocated
that MWCNT reduced the density of point defect in UPR. Furthermore, it corresponds
to the degree of alignment of MWCNT. The FWHM of 5.2° as the lowest value for
0.3CNT-UPR nanocomposite notices that MWCNT was well aligned along UPR
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molecules. On the other hand, FWHM of 0.5CNT-UPR nanocomposite was 7.19° as the

highest value which was increased due to miss alignment of MWCNT with UPR
(Minfang and Winey, 2007).

Table 4.2: FWHM, percentage of crystallinity, lattice spacing and crystal size as a
function of MWCNT content

MWCNT 20 FWHM Crystallinity Lattice Crystal size
(wt %) (6)(°) (%) xxgp ~ spacing(dA)  (D)(A)
0 23.43 9.44 14 3.73 8.4
0.1 20.87 6.14 17 4.20 12.96
0.3 18.91 5.2 24 4.61 15.26
0.5 20.13 7.19 21 4.33 11.1

Besides, the degree of crystallinity (xxrp) Was calculated by using the equation
(4.3) (Zhang et al., 2011).

I¢

Xxrp (%) =

Where, Ic and I, are the integrated intensities of crystal and amorphous parts of the

samples.

The estimated degrees of crystallinity of neat UPR, 0.1CNT-UPR, 0.3CNT-UPR
and 0.5CNT-UPR nanocomposites are 14, 17, 24 and 21% respectively. The
crystallinity of nanocomposites was increased due to the incorporation of MWCNT in
UPR matrix. Additionally, the maximum crystallinity found in 0.3CNT-UPR
nanocomposite. It seems that 0.3 wt% MWCNT properly dispersed and performed as a
sound nucleating agent, similar nucleation effect of carbon nanotubes stated elsewhere
(Lingyu Li et al., 2009; Avalos-Belmontes et al., 2012).

(ili)  Lattice parameters as a function of MWCNT content

The crystallographic spacing (d) calculated with following Bragg’s equation
(Suhet al., 2000).
A=2dSinf——————————— — (4.4)
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The average size of the crystallites, D, determined by the full width at half-
maximum (FWHM) of XRD peak by using the following Scherer’s equation (Inagaki et
al., 2010):

B 0.91
~ 8Cos@

Where, 6 is the FWHM (in radians) and 6 is the diffraction angle. The & value was

______________ [4.5]

determined by curve fitting after subtracting the amorphous background. The Gaussian
curve was fitted at the top of the peak for determining 6 and the position using an

appropriate program.

The calculated lattice spacing (d) and crystal size (D) of UPR and CNT-UPR
nanocomposites represent in Table 4.2. Both parameters had improved when 0.1, 0.3
and 0.5 wt% MWCNT incorporated in UPR matrix. The peak position shifted towards
the lower scattering angle, therefore, the order of lattice constant is 0.3CNT-
UPR>0.5CNT-UPR> 0.1CNT-UPR> UPR. In addition, increased lattice parameter may
be attributed to the intercalation of nanoparticles into the matrix, providing a lattice
distortion in UPR crystals. The 0.3CNT-UPR nanocomposite shows the highest lattice
constant which leads to interfacial adhesion between filler and matrix. Therefore, it
infers that 0.3 wt% MWCNT well dispersed in UPR matrix; the similar result obtained
for carbon black reinforced epoxy resin (Sheng et al., 2004; Abdel-Aal et al., 2008).
Furthermore, MWCNT content and peak width influenced crystal size which presents in
Table 4. 2. The diffraction peak width decreased indicating the crystallite size of UPR
increases. Therefore, due to the presence of MWCNTs more UPR molecules took part
in crystallization. As a consequence, the order of crystal size is 0.3CNT-UPR>0.1CNT-
UPR>0.5CNT-UPR>UPR.

4.3.6. Thermal Analysis of Nanocomposites as Function of MWCNT

Concentration

(i) Effect of CNT concentration on curing temperature of nanosuspensions

The DSC thermogram in Figure 4.16 represents the curing behavior of UPR and

CNT-UPR nanosuspensions. The curing process of UPR takes place by the free radical
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mechanism. The strong exothermic peak of UPR thermogram is due to the
copolymerization of UPR and styrene, whereas the peak like shoulder at high

temperature is due to homopolymerization of UPR.

Additionally, the curing process of UPR is highly exothermic and it is poor
thermal conductive. Moreover, the heat capacity of UPR is fair, as a consequence
growing up the temperature in the curing process of UPR matrix (Rouison et al., 2004).
Therefore, at elevated temperature UPR molecular coils acquired sufficient amount of
thermal energy to overcome their hindrance and fascinate them to intramolecular
polymerization, therefore, the shoulder like exotherm at high temperature in DSC
thermogram appeared (Martin, 2007; Kosar and Gomzi, 2010; Monti et al., 2011).
Furthermore, the thermograms of nanocomposite suspensions illustrate the existence of
heat sinking filler in UPR matrix. The heat generated during curing process absorbed by
MWCNT; as a result, Intra polymerization of UPR molecules prevents (Kubota, 1975;
Avellaet al., 1985).

The activation energy was calculated according to ASTM E-698-99 from
equation [4.4] using the information of Figure 4.16 (Dodiuk et al., 2005).

dlogp

d(%)

E, = 2.19R

e (A8)

Where E, is the activation energy (kJ/mol), R=8.314 (J/mol), B is the heating rate
(K/min), and T is the peak temperature (°K).

The computed values present in Table 4.3. In addition, the activation energy of
nanosuspensions frequently increased with increasing MWCNT content. It suggests that
the free radical scavenging activity of MWCNT take part into increase the activation
energy of nanocomposites. Additionally, this observation agrees to delay the curing
reaction at a high concentration of MWCNT (Martinez and Galano, 2010; Monti et al.,
2011).

62



Table 4.3: Curing temperature and activation energy of neat resin and CNT-UPR
nanosuspension at different concentrations of MWCNT.

Samples Curing Temperature (°C) Ea(kJ/mol)
UPR 93 16.4
0.1CNT-UPR 102 16.7
0.3CNT-UPR 109 17.05
0.5CNT-UPR 125 17.7

Finally, the DSC thermograms of liquid suspension mentioned that heat of
reaction depend on the MWCNT content, moreover the exothermic peaks of suspension
shift toward higher temperature when MWCNT content increased as shown in Figure
4.16.
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Figure 4.16: Curing exotherm of UPR and CNT-UPR nanosuspensions
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(i)  Thermal transitions of neat UPR and CNT-UPR nanocomposites

Figure 4.17 illustrates the DSC thermograms of neat UPR, 0.1CNT-UPR,
0.3CNT-UPR and 0.5CNT-UPR nanocomposites. The information about intercalation
of matrix and filler notice in these thermograms which influence both glass (T4) and
melting (T,) transition of nanocomposites. The double peaks at high temperature (Tmi,
Tm2) attribute to melting temperatures of nanocomposites. The transition temperatures
were significantly enhanced by incorporation of the different amount of MWCNT in
UPR as presented in Table 4.4. The wide melting peak at T, IS due to original crystal
growth in UPR whereas, the sharp melting peak at Tn, is the recrystallization
temperature of CNT-UPR nanocomposites (David Rohindra et al., 2012).

Exo g
"\1— 0.5CNT-UPR
]
K 0.3CNT-UPR
1
]
g 1
: 0.1CNT-UPR
é \1_
ot 1
o .
I |
I
: UPR
W
T :
g v
Endo
Lisssasaaa lasssasaas lissssaaaa Lassssssas lassssaaaa lesssaaaaa lisssasaas

50 100 150 200 250 300 350 400

Temperature (°C)

Figure 4.17: DSC thermograms of neat UPR, 0.1CNT-UPR, 0.3CNT-UPR and
0.5CNT-UPR nanocomposites
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Lower glass transition and the recrystallization temperature of nanocomposites are due
to lack of crystal perfection. Whereas high glass transition and melting temperature are
due to segmental motion are stated elsewhere (Avella et al., 1985). Likewise 0.3CNT-
UPR nanocomposite exhibited the highest glass transition and recrystallization
temperature. It seems that 0.3 wt% MWCNT evenly dispersed in that nanocomposite,
which effectively intercalated with UPR as well as performed as a nucleating agent
(Pavlidou and Papaspyrides, 2008; Goffin et al., 2010).

(il)  Thermogravimetric analysis of nanocomposites

The thermogravimetric curves of UPR and CNT-UPR nanocomposites present
in Figure 4.18. Matrix and nanocomposites disintegrated in some stages, related
observation stated elsewhere (Seymour and Cooper, 1973; Dodiuk et al., 2005).
Thermal decomposition of UPR took place at around 313°C and came to an end at
around 446°C. In contrast, CNT-UPR nanocomposites’ degradation began relatively at
higher temperature than UPR matrix. The TGA traces of both UPR and nanocomposites
appeared to fall at 150°C, because they associated with the discharge of volatile
components such as residual solvent, polystyrene, Intra cross linked UPR which
formed in nanocomposites due to scavenging effect of MWCNT (Cao and Lee, 2003;
Marti'nez and Galano, 2010). The degradation of cross-linked resin has ascribed to the
dissociation of C—C chain bonds and release of styrene at the site of dissociation
(Manfredi et al., 2006; Inagaki et al., 2010).

While degradation temperature (T4) can obtain from TGA traces, it is a common
practice to consider the T4 at 50% weight loss of a sample as a sign of structural
destabilization (Desai and Haque, 2005). Therefore, T4 values assessed for UPR,
0.1CNT-UPR, 0.3CNT-UPR and 0.5CNT-UPR from TGA curves and introduce in
Table 4.4.
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Table 4.4: The Tg4, and T, values obtained from DSC thermograms of UPR and CNT-

UPR nanocomposites together with their Tq, as evaluated from 50% weight loss from

TGA thermograms.
Samples T4(°C) Tm (°C) Tq (°C)
Tml Tm2
UPR 62 370 378
0.1CNT-UPR 67 372 375 381
0.3CNT-UPR 68 375 380 395
0.5CNT-UPR 66 371 377 383
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Figure 4.18: TGA thermograms of UPR and CNT-UPR nanocomposites
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The DTG curves in Figure 4.19 illustrate the decomposition stages of UPR and
CNT-UPR nanocomposites. Decomposition stages mentioned with dotted rectangle and
circle. The shoulder like decomposition stage at around 200-245°C refers as the
degradation temperature of unreacted styrene, polyester resin (Manfredi et al., 2006).
The strong decomposition with splitting peaks at around 300—450°C referred as second
stage decomposition of UPR and nanocomposites. In this temperature range,
nanocomposites disintegrated at a higher temperature which is quite different from
UPR.

It is most likely due to the interaction between MWCNT and UPR, as revealed
by structural analysis, mechanical properties and fracture morphology. Besides, the
splitting peak temperature of 0.3CNT-UPR nanocomposite was at around 410°C as the
highest decomposition temperature among the nanocomposites. It recommends that in
the case of 0.3CNT-UPR nanocomposite, either formation of bonding or strong
interface between MWCNT and UPR which strictly shielded the UPR chains motion.
The residue content at 600°C shows a significant difference between the UPR and
nanocomposites, perhaps due to the MWCNT loading in resin (Martinez and Galano,
2010).
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Figure 4.19: DTG thermograms of UPR and CNT-UPR nanocomposites

44 CHARACTERIZATION of HBP = COATED MWCNT  and
NANOCOMPOSITES

4.4.1 Optimization of HBP Concentration
(i) Structural analysis of HBCNT as a function of HBP concentration

Figure 4.20 represents the X-ray diffraction profile of MWCNT, HBCNT1,
HBCNT2 and HBCNT3. In the pattern of pristine MWCNT, a well-defined peak at
around 26 = 25.71° with a full- width-at-half-maximum (FWHM) of 2.92° corresponds
to the plane of hexagonal graphite-like structure of MWCNT (Nouralishahi et al., 2014).
On the other hand, the corresponding diffraction peaks of HBCNT1, HBCNT2 and
HBCNT3 are at around 25.80°, 25.96° and 25.85°. In addition, the FWHM of these
HBCNT nanotubes are 2.87°, 2.80° and 3° respectively. From these results, the average
crystallite size (D) for pristine MWCNT, HBP coated MWCNTSs has been estimated
(Liu et al., 2014). Average D values for pristine MWCNT, and 5, 10 and 15 wt% HBP
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coated CNT are estimated around 2.30nm, 2.7nm, 2.86 and 2.6 nm, respectively. These
results strongly suggest that the surfaces of MWCNTSs are coated by HBP, thereby
increased the D values of HBCNT nanotubes. The relative high peak intensity of
HBCNT?2 reveals that 10 wt% HBP is an adequate to non-covalent functionalization of
MWCNT.

Intensity (a.u)

Scattering angle, 26 (°)

Figure 4.20: XRD profiles of MWCNT, HBCNT1, HBCNT2 and HBCNT3
(i)  DSC Analysis of HBCNT as a function of HBP concentration

Figure 4.21 represents the DSC thermograms of pristine MWCNT and HBP
coated MWCNT. The MWCNT exhibits only one endothermic peak at around 103°C as
glass transition (Tg), whereas, HBP coated MWCNTSs showed distinguishable glass
transition and melting transition at a higher temperature. The corresponding glass
transition temperature peaks of HBCNT1, HBCNT2 and HBCNT3 appeared at around
108°C, 135°C, 118°C respectively. Additionally HBCNT2 exhibited the highest glass
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transition temperature. It suggests that molecular motion was confined as well as
plasticization effect was reduced as a result glass transition temperature was increased
(Matthias Seiler, 2006; Pavlidou and Papaspyrides, 2008). Therefore, 10 wt% HBP is
sufficient amount for potential non-covalent functionalization of MWCNT. Besides, the
melting temperature of HBCNT suggested that HBP was melted on the surface of
MWCNT. It is noticeable that there was no melting transition of pristine MWCNT
within this operating temperature. Therefore, this observation revealed the presence of
HBP on the surface of MWCNT.
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Figure 4.21: DSC thermograms of MWCNT, HBPCNT1, HBPCNT2 and HBPCNT3

(ili)  Thermogravimetric Analysis of HBCNT as a function of HBP
Concentration
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Figure 4.22 represents the thermogravimetric behavior of pristine MWCNT,
HBCNT1, HBCNT2 and HBCNT3. Initially pristine MWCNT was slowly lost around

11% weight from 30°C to 386°C temperature. However, the weight was sharply falling

after 386°C to 695°C. At the end of heating it contained 24.5% residue. Likewise,
HBCNTSs were weight lost around 7% from 30°C to 240°C. The HBCNTL1 thermogram

represents 85% residue at the ranges of 240-280°C. The weight was slowly lost around
10 % from 280 to 700°C and finally, it contained 75% residue. Likewise, HBCNT2 was
contained 90% residue at the range of 240-275°C. The weight steadily lost after 275°C
and contained 83% residue. WWhereas HBCNT3 sharply weight lost 39% from 280 to
695°C and at the end of heating, it contained 54% residue.
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Figure 4.22: TGA thermograms of MWCNT and HBCNT
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Figure 4.23: DTG thermograms of MWCNT and HBCNT

Therefore, TGA and DTG thermograms extensively clarify that HBP adhered on
the surface of pristine MWCNT. In addition, the concentrations of HBP influence to
remove the flaw of MWCNT. The thermal stability, residue content and decomposition

stages notice that 10 wt% HBP is the optimum percentage to coat MWCNT.

(iv)  Curing Behavior of HBCNT-UPR nanosuspensions

Figure 4.24 illustrates the curing exotherms of HBCNT-UPR1, HBCNT-UPR2
and HBCNT-UPR3 nanosuspensions. They revealed curing nature of HBCNT
incorporated UPR matrix. Typically UPR is cured with styrene in the presence of
peroxide through free radical copolymerization (Rouison et al., 2004). The
nanosuspensions exhibited a distinguishable curing exotherm at a particular
temperature. The corresponding curing temperatures of HBCNT-UPR1, HBCNT-UPR2
and HBCNT-UPRS3 present in Table 4.5. In addition, HBCNT-UPR2 suspension cured
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at 92°C as the lowest temperature whereas MWCNT incorporated UPR suspension
cured at 109°C. Moreover, MWCNT-UPR nanosuspension exhibited 17.05 kJ/mol as
the highest activation energy. The activation energy of HBCNTSs is tabulated in Table
4.5.

Table 4.5: Curing temperatures and activation energies of HBCNT-UPR
nanosuspensions

Samples Curing Temperature (°C) Ea (kJ/mol)
HBCNT-UPR1 99 16.60
HBCNT-UPR2 92 16.30
HBCNT-UPR3 97 16.52
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Figure 4.24: Curing thermograms of HBCNT-UPR1, HBCNT-UPR2 and HBCNT-
UPR3
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Therefore, curing temperature of HBCNT-UPR nanosuspension is a function of
HBP concentration. The activation energy depends on the curing temperature as well.
HBCNT-UPR2 nanosuspension revealed the lowest activation energy at 92°C; therefore
10 wt% HBP coated MWCNT performed as the best anti scavenger during curing of
HBCNT-UPR2 nanosuspension (Martinez and Galano, 2010; Dodiuk et al., 2005).
Additionally, the degree of dissociation in functional group of HBP molecule dependent
on the HBP concentration which is a driving force to adsorb on the surface of
CNT(Dorsa Parviz et al., 2012). The scheme of anti scavenger MWCNT presents in
Figure 4.25.

In summary, structural and thermal analysis concur that HBP coated MWCNT
exhibits better properties as compared to pristine MWCNT. However, these properties
depend on the concentration of HBP. Among three concentrations of HBP 10 wt% has
considered as the optimum amount of HBP to coat MWCNT. Later 10 wt% HBP coated
MWCNT would be incorporated as OPHBCNT in UPR. Finally, OPHBCNT-UPR

nanocomposite would be prepared for subsequent analysis.

Figure 4.25: Schematic HBP coated MWCNT Anti scavenger
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4.4.2 Comparative Characterization of UPR, CNT-UPR and HBCNT-UPR

Nanocomposite

(i) Chemical interaction of HBP /MWCNT and between HBP coated MWCNT

and UPR

The FTIR spectra of MWCNT, OPHBCNT, OPCNT-UPR and OPHBCNT-UPR

nanocomposites are demonstrated in Figure 4.26. In addition, Table 4.6 represents the

characteristic peaks and vibrational mode of these materials.

Table 4. 6: The characteristic FTIR peaks of MWCNT, OPHBCNT, OPCNT-UPR and

OPHBCNT-UPR nanocomposites.

Samples Wave number (cm™) Vibrational mode(s)
MWCNT 3436
Free O-H stretching and bending
1633
OPHBCNT 3434 O-H stretching
1722 C=0 stretching
1638 C-C stretching
1458-1280 C-H stretching
OPCNT-UPR 3695-3467 H-bonded O-H stretching
1724 C=0 stretching of carboxylic group
1584-1453 -C=C- stretching in benzene
1265-1066 -C-0O stretching in carboxylic group
OPHBCNT-UPR 3664 O-H stretching
1756 C=0 stretching
1292 C-O stretching
941 O-H bending

The main features of MWCNT spectrum exhibit free O—H stretching at 3436

cm™ and bending at 1633 cm™, which is assigned to O—H groups of adsorbed moisture

(Sebastian Oswald et al., 2007). Evidently, the majority of the O—H vibrations originate
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from moisture in the sample rather than from the functional groups attached to the
surface of the MWCNTSs. The sharp peak at around 1633 cm™ is due to the C-C
stretching of aromatic ring. In OPHBCNT spectrum, the peak at 3434 cm™ is due to the
formation of hydrogen bond between HBP and MWCNT. The peak at 1722 cm™ is
related to C=0 stretching in ester. Furthermore, the C—C stretching is shifted to 1638
cm™, expressing the n-n interaction of HBP and MWCNT. Besides, multiple peaks at
around 1458 to 1280 cm™ are due to C—H stretching, rocking of alkane etc., which

reveal the presence of HBP on MWCNT surface.
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Figure 4.26: FTIR spectra of MWCNT, HBCNT, OPCNT-UPR, OPHBCNT-UPR

Besides, the OPCNT- UPR nanocomposite spectrum expresses the interaction
between the surface O-H group of MWCNT and >C=0 / C-O groups of UPR. The
peaks appear at 3467-3695 cm™ revels O-H stretching as a result of formation of H-
bond (Alam et al., 2012; Desai and Haque, 2005). In addition, >C=0 and C-O

76



functional groups peak shifted t01724 cm™ and 1066-1265 cm™ respectively, which
mean the formation of hydrogen bond interaction between MWCNT and UPR.

On the other hand, OPHBCNT-UPR spectrum shows the absorption peak at
3664cm™ which reveals that hydrogen bond exist in this nanocomposite. The
corresponding stretching peaks of C=0 and C-O are appeared at 1756cm™ and 1292cm™
which notice that C=0 and C-O in esters performed interaction with UPR in the
nanocomposite. Likewise, the O-H bending peak in HBCNT-UPR appears at 941cm™
reveals the O-H of carboxylic groups in UPR interact with HBPCNT. The schematic
interaction among HBP, MWCNT and UPR is illustrated in Figure 4.27.

Finally, the FTIR analysis confirmed the existence of HBP on the surface of
MWCNT, furthermore, the HBP coated MWCNT participated in strong interaction with
UPR matrix.
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Figure 4.27: Schematic interaction of HBP, MWCNT and UPR

(i)  Plain surface morphology of OPCNT-UPR and OPHBCNT-UPR

nanocomposites

Figure 4.28 represents the plain surface morphology of MWCNT-UPR and
HBCNT-UPR nanocomposites. It is obvious that HBCNTs are noticeably embedded
and homogeneously dispersed into UPR matrix, whereas pristine MWCNTSs in
MWCNT-UPR are loosely and randomly stacked. Therefore, it is recommended that
wettability of UPR is relatively higher to HBPCNT as compare to pristine MWCNT.
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Figure 4.28: Plain surface morphology of (A) OPCNT-UPR and (B) OPHBCNT-UPR

nanocomposites

(ili)  Mechanical properties of neat UPR, OPCNT-UPR and OPHBCNT-UPR

nanocomposites

The TS and TM of neat UPR, OPCNT-UPR and OPHBCNT-UPR
nanocomposites are presented in Figure 4.29. The corresponding TS values of these
samples are around 28.72+1.20, 40+1.31 and 48.5+1.63 MPa and TM are 1247+122,
1698+190 and 2156.5+101 MPa. Thus, the TS and TM of OPHBCNT-UPR

nanocomposite increased by an amount of 21.5% and 27% as compared to OPCNT-
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UPR nanocomposite respectively. Additionally, the TS and TM of OPHBCNT-UPR
nanocomposite increased by 68% and 73.73% correspondingly as compared to the neat

resin.
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Figure 4.29: TS and TM of UPR, OPCNT-UPR and OPHBCNT-UPR nanocomposites

The plots of IS and EB for different samples are shown in Figure 4.30. The
values of IS and EB% for UPR are 3.58+0.37 kJ/m® and 4.6+0.25% and those for
OPCNT-UPR are 4.70+0.29 kJ/m? and 4.36+0.14%, as well as for OPHBCNT-UPR are
3.33+37 kJ/m? and 4+0.23% respectively. Therefore, the 1S and EB% of OPHBCNT-
UPR were decreased by an amount of 29% and 8.25% as compare to OPCNT-UPR
respectively. Likewise, IS and EB of OPHBCNT-UPR nanocomposite decreased by an

amount of 7 % and 13.04% as compared to neat UPR.
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Figure 4.30: IS and EB of UPR, OPCNT-UPR and OPHBCNT-UPR nanocomposites

These properties reveal that HBCNT increases the stiffness of the neat resin. In
addition, these results clearly demonstrate a good reinforcement effect of HBP coated
MWCNT on the mechanical properties of the nanocomposite.

(iv)  Fracture morphology of OPHBCNT-UPR nanocomposite

The fracture morphology of OPCNT-UPR (A) and OPHBCNT—UPR (B) are
demonstrated in Figure 4.31. Surface crack, entangled MWCNT pull out, broken
MWCNT, bridge of MWCNT have marked by arrows and dotted circles. There are no
visible fractures found in OPHBCNT-UPR nanocomposite micrograph, huge fracture
tips are visible on that surface. In addition, HBCNT not only unbroken but also shielded
the crack propagation through bridging. These results also support a better adhesion
between HBCNTs and UPR molecules. Thus, HBP coating on MWCNT surface

revealed a good avenue for sound dispersion and well interaction with matrix.
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Figure 4.31: Fracture surface of OPCNT-UPR (A) and OPHBCNT-UPR (B)

nanocomposites

Conversely, noticeable fracture is found on the surface of OPCNT-UPR. Several
nanotubes were pulled out during stretching of that nanocomposite. Therefore, HBCNT
can lead to modify the segmental morphology of nanocomposite and influence the
mechanical properties as reported elsewhere (Kim et al., 2006; Desai and Haque, 2005).
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(V) Comparative XRD Analysis of neat resin, OPCNT-UPR and OPHBCNT-
UPR Nanocomposites

Figure 4.32 represents the XRD profiles of neat UPR, OPCNT-UPR and
OPHBCNT-UPR nanocomposites and Table 4.7 illustrates the lattice parameter and
crystalinity of these samples. The peak position of OPHBCNT incorporated UPR
nanocomposite is shifted to a lower scattering angle at 17.63°, which reveals a lattice
constant of 4.93 A. On the other hand, the corresponding scattering angles of neat UPR
and OPCNT-UPR are appeared at 23.43° and 18.91° which corresponds to partial
crystalline and amorphous natures. The average lattice spacing of UPR and OPCNT-
UPR was estimated around 3.7 A and 4.61A respectively. Therefore increase in lattice
parameter of OPHBCNT-UPR nanocomposite as compare to OPCNT-UPR may be
ascribed to the better intercalation between HBCNT nano tubes and matrix, providing a
lattice distortion in UPR crystals. Moreover from these observations, it can be conferred
that the HBCNTSs are distributed well in UPR matrix, leading to an increase in the
interfacial adhesion among HBCNT filler and matrix, which is consistent with the
previously reported result for carbon black reinforced epoxy/resin (Abdel-Aal et al.
2008). Furthermore, a decrease in peak width and increase in peak intensity of

OPHBCNT-UPR nanocomposite is also observed. The estimated degrees of
crystallinity (g, ), for OPHBCNT-UPR nanocomposite is 27%. In practical, decrease
in peak width notice that the crystal size of the nanocomposite increases and more

population of UPR molecules were taken part in crystallization due to HBP
functionalization of MWCNT.

Table 4.7: Comparative FWHM, lattice spacing and crystal size, percentage of
crystallinity of OPHBCNT-UPR nanocomposite

Samples 20 FWHM dA DA ) x (%)
UPR 23.43 9.44 3.7 8.4 14
OPCNT-UPR 18.91 5.20 4.61 1526 1514 24
OPHBCNT-UPR  17.63 4.75 4.93 16.68 27
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Figure 4.32: XRD profiles of UPR, OPCNT-UPR and OPHBCNT-UPR

(vi)  Thermal transition of OPHBCNT-UPR Nanocomposites

Figure 4.33 depicts the DSC thermograms of neat UPR, OPCNT-UPR and
OPHBCNT-UPR nanocomposite. The endothermic peak at the lower temperature
region for all samples, ascribe to the glass transition temperature (Tg); recommend
thermal motion of polymer chain molecules. The exothermic transition in OPHBCNT-
UPR thermogram represents crystallization exotherm (T.). In addition, the endothermic
transition at the higher temperatures is related to the melting temperature (T,,) of UPR
and nanocomposites as well. Table 4.8 represents the characteristic temperature of those
transitions. Instead of one endothermic peak as shown by UPR matrix, both

nanocomposites exhibit a split melting endotherm into two peaks (T and Tma).
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The presence of double melting endotherms in nanocomposites, indicate the
formation of bond between MWCNT and UPR. The sharp peak at T is a precursor to
identifying the binding energy between nanotubes and UPR molecules. The peak
appearance of DSC thermogram and FTIR spectra, suggesting the formation of the
bond between the HBP coated MWCNT and UPR molecule.
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Figure 4.33: DSC thermograms of UPR, OPCNT-UPR and OPHBCNT-UPR

nanocomposites

Table 4. 8: Characteristic transition temperature OPHBCNT-UPR nanocomposite in
DSC and TGA thermograms

Samples T, (°C)  T.(°C) Tm1(°C) Tm2(°C) Tq
UPR 62 - 370 - 378
OPCNT-UPR 68 - 375 380 395
OPHBCNT-UPR 62 88 376 381 399
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Evidently, in spite of plasticization effect as well as the flexibility of HBCNT,
the nanocrystalline regions of OPHBCNT-UPR nanocomposite become relatively well
ordered, as a result the T, exotherm is appeared as well as enhanced the sharpness of
recrystallization temperature (Allaoui and Bounia 2009; Seymour and Cooper 1973).
The nucleating effect of the well dispersed HBCNTSs has considered in the crystallinity
of nanocomposite. Such a crystallization and enhancement of crystallinity in UPR by
introducing carbon black has been pronounced in a recently published article (Alam et
al., 2014).

(vii)  Thermogravimetric Analysis of OPHBCNT-UPR nanocomposite

The thermogravimetric curves of UPR and OPCNT-UPR and OPHBCNT-UPR
nanocomposites are presented in Figure 4.34. The materials were disintegrated in some
stages. Thermal decomposition of UPR took place at around 313°C and came to an end
at around 446°C. In contrast, OPCNT-UPR and OPHBCNT-UPR nanocomposites’
degradation began at relatively higher temperature than UPR matrix (Cao and Lee,
2003; Marti'nez and Galano, 2010).The degradation of cross-linked resin has been
ascribed by the dissociation of C—C chain bonds and release of styrene at the site of
dissociation (Abdalla et al., 2007; Manfredi et al., 2006).
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Figure 4.34: TGA thermograms of UPR, OPCNT-UPR and OPHBCNT-UPR
nanocomposites

While, degradation temperature (T4) can be obtained from TGA traces, the T4 at
50% weight loss of a sample as a sign of structural deterioration. Therefore, T4 values
assessed for UPR, OPCNT-UPR and OPHBCNT-UPR from TGA curves are introduced
in Table 4.8. The residue content at 600°C shows a significant difference between the

OPCNT-UPR and HBCNT-UPR nanocomposites perhaps due to HBP coated MWCNT
loading in resin (Kubota, 1975).

The DTG thermograms in Figure 4.35 illustrate the decomposition stages of
UPR and OPCNT-UPR and OPHBCNT-UPR nanocomposites. The decomposition
stages are mentioned by dotted rectangle and circle.
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Figure 4.35: DTG thermograms of UPR, OPCNT-UPR and OPHBCNT-UPR

nanocomposites

The shoulder like first stage peak of UPR and OPCNT-UPR are appeared at around
200-245°C which referred as the degradation temperature of unreacted styrene,
polyester resin (Manfredi et al., 2006). The second stage split decomposition of them is
demonstrated at around 300-400°C. In this temperature range, degradation of
OPCNT-UPR nanocomposite was quite different from UPR where OPCNT-UPR
nanocomposite was disintegrated at higher temperature than that of UPR. The third
decomposition stage of them is at around 500-550°C which perhaps due to C-C chain
session. On the other hand OPHBCNT-UPR nanocomposite was decomposed only one

stage at around 400°C.

This decomposition is most likely due to the good interaction between HBCNT

and UPR, as revealed by FTIR and mechanical properties of that nanocomposite. It is
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considered that in the case of OPHBCNT-UPR nanocomposite, either formation of
bonding or strong interface between HBCNT and UPR, which acts as single phase
component. As a result, OPHBCNT-UPR nanocomposite decomposed only single

stage.

45. CHARACTERIZATION OF SHELLAC COATED MWCNT AND
SHELLAC COATED MWCNT REINFORCED NANOCOMPOSITES

4.5.1 Optimization of Shellac Concentration

(1) Structural analysis of shellac coated MWCNT

Figure 4.36 represents the X-ray diffraction profiles of MWCNT, SLCNT]1,
SLCNT2 and SLCNT3. MWCNT profile shows a well defined peak at around 20 =
25.71° with FWHM of 2.92° which corresponds to the plane of hexagonal graphite-like
structure of MWCNT (Nouralishahi et al., 2014). Similarly the scattering peaks of
SLCNT1, SLCNT2 and SLCNT3 are appeared at around 25.82° 25.72°, 25.79°
respectively. In addition the corresponding FWHM of these nanotubes are 2.07°, 2.72°,
2.70°. From these observation, the crystallite size (D) of pristine MWCNT, shellac
coated MWCNTS have been estimated by Scherer’s equation (Liu et al., 2014).
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Figure 4.36: XRD profiles of MWCNT and Shellac coated MWCNT (SLCNT)

The crystal size of pristine MWCNT, SLCNTZ1, SLCNT2 and SLCNT3 were estimated
about 2.30 nm, 2.07nm, 2.72nm, and 2.7nm correspondingly. These results suggest that
surface of MWCNTSs were coated by shellac, thereby increasing the crystal size. The
peak intensity of SLCNT2 revealed as the highest at 25.74° as compared to that of
MWCNT, SLCNT1 and SLCNT3. Therefore MWCNTSs were well aligned in SLCNT2.
Finally this observation recommends that 10 wt% shellac can be considered a

satisfactory amount for non-covalent functionalization of MWCNT.
(i)  DSC analysis of shellac coated MWCNT

Figure 4.37 represents the DSC thermograms of MWCNT and shellac coated
MWCNT. The MWCNT exhibits only endothermic peak at around 103°C as glass
transition (Tg). Likewise, shellac coated MWCNTSs show glass transition endotherm at
different temperature. The corresponding glass transition temperature of SLCNTZ,
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SLCNT2 and SLCNTS3 are appeared at about 109°C, 112°C and 93°C. It is significant
that there were no melting endotherms appeared on the thermograms of shellac coated
CNT which notice shellac was uniformly coated on the surface of MWCNT. However
at high concentration of shellac the Ty value of SLCNT3 decreased remarkably, it
means 15 wt% was an excess amount predominant on the glass transition. Therefore,
high concentration of shellac performed as plasticizer. Due to plasticizing effect of shellac
which reduce the intermolecular forces as well as rigidity of SLCNT structure and
increase the mobility of polymer chain as a result decrease glass transition temperature
of SLCNT3 to 93°C (Pavlidou and. Papaspyrides, 2008). Only SLCNT2 nanotubes
exhibit glass transition at the highest temperature. It seems that molecular motion of
shellac was confined as well as nucleation effect was influenced at that shellac
concentration. (Pavlidou and. Papaspyrides, 2008; Matthias Seiler, 2006). Therefore 10
wt% shellac was the adequate amount for potential coating and non-covalent

functionalization of pristine MWCNT.
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Figure 4.37: DSC Thermograms of MWCNT and Shellac coated MWCNT
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(il)  Thermogravimetric analysis of SLCNT

Figure 4.38 represents the decomposition behavior of pristine MWCNT,
SLCNT1, SLCNT2 and SLCNT3. MWCNT was steadily lost 11% weight at the
beginning of heating temperature from 30°C to 386°C which was sharply falling after
386°C to 695°C. At the end of heating it was partially decayed and finally contained
24.5% residue. However shellac coated MWCNTSs was steadily losing weight within the
temperature range. Moreover the degradation rate of SLCNT was depended on the
shellac concentrations. Finally the residue content at 700°C was decreased as the
shellac content on the surface of MWCNT was increased which are represented in Table
4.9. These observations notice that thermal stability of SLCNT is greater at low

concentration of shellac solution.
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Figure 4.38: TGA thermograms of MWCNT and Shellac coated MWCNT (SLCNT)
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Table 4.9: Ty, T¢ and residue content of SLCNT at different concentration of shellac

Residue at 700°C (wt

Samples T4 (°C)
%)
MWCNT 103 24.5
SLCNT1 109 84.67
SLCNT2 112 66.97
SLCNT3 93 50.71

Figure 4.39 represents the degradation pattern of pristine MWCNT, SLCNT1,
SLCNT2 and SLCNT3. MWCNT was decomposed only one stage at around 400 to
600, whereas shellac coated nanotubes were decomposed at different stages. The
decomposition of SLCNT1 is perhaps due to a small amount of shellac does not able to
coat most of the MWCNT. On the contrary, at a high concentration of shellac in
SLCNTS3, shellac seems to be coagulated then could not effectively coat the MWCNT.
Therefore, decomposition behavior of SLCNT3 was as like as MWCNT. However,
SLCNT2 exhibited a limited number of decomposition stages as compared to the
SLCNT1, SLCNT3 and MWCNT.
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Figure 4.39: DTG Thermograms of MWCNT and Shellac coated MWCNT (SLCNT)

Finally, TGA and DTG thermograms extensively clarify that shellac was coated
on the surface of MWCNT. In addition, the concentration of shellac influenced to
remove the flaw of MWCNT. The thermal stability, residue content and decomposition

stages of SLCNTZ2 noticed that 10wt% shellac was the best percentage to coat
MWCNT.

(iv)  Curing behavior of SLCNT-UPR nanosuspensions

Figure 4.40 demonstrate dynamic DSC thermograms of UPR, SLCNT-UPR1,
SLCNT-UPR2 and SLCNT-UPR3 nanosuspensions. The thermograms reveal the curing
nature of neat UPR and SLCNT nanotubes incorporated UPR nanosuspensions. The
UPR was cured through free radical copolymerization with styrene (Rouison et al.,
2004). All specimens were exhibited a distinguishable curing exotherm at a particular
temperature. Comparative curing temperature of UPR, OPCNT-UPT, SLCNT-UPR1,
SLCNT-UPR2 and SLCNT-UPR3 nanocomposites are presented in Table 4.10.

94



Table 4. 10: Comparative curing temperatures and activation energies of UPR, CNT-
UPR and SLCNT-UPR nanosuspensions

Samples Curing Temperature (°C) Ea (kJ/mol)
UPR 93 16.34
OPCNT-UPR 109 17.05
SLCNT-UPR1 103 16.78
SLCNT-UPR2 99 16.60
SLCNT-UPR3 105 16.87

In addition, SLCNT-UPR2 suspension was cured at 99°C which was 10°C lower
than the curing temperature of OPCNT-UPR nanosuspension as well. Moreover the
curing temperature of SLCNT-UPR?2 is the lowest temperature among the SLCNT-UPR
nanosuspensions. The activation energy was calculated according to ASTM E-698-99
from equation [4.4] (Dodiuk et al., 2005). The observed curing temperatures and

estimated activations energies are tabulated in Table 4.10.

Therefore, activation energy is function of curing temperature. Similarly curing
temperature of SLCNT-UPR nanocomposites are function of shellac concentration.
Moreover, shellac concentration is a driving force to non covalent functionalization of
MWCNT as an anti-scavenger (Dorsa Parviz et al., 2012). SLCNT-UPR2 revealed the
lowest activation energy at 99°C temperature where CNT coated with 10wt% shellac
which performed as the best anti scavenger during curing process of SLCNT-UPR2
nanosuspension (Dodiuk et al., 2005; Martinez and Galano, 2010).
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Figure 4.40: Curing exotherms of UPR and SLCNT-UPR nanosuspensions

In summary structural and thermal analysis is concurred that shellac coated
MWCNT exhibits better properties as compared to pristine MWCNT. However, these
properties were dependent on the concentration of shellac. Among these concentrations
of shellac, 10 wit% with respect to MWCNT quantity is considered as the optimum
amount. Later that amount of shellac has used to coat MWCNT which incorporated as
OPSLCNT in UPR matrix. Finally OPSLCNT-UPR nanocomposite has prepared for

subsequent characterizations.
v) Interaction of Shellac and MWCNT

Figure 4.41 demonstrates the FTIR spectra of MWCNT, shellac and OPSLCNT.
In addition, Table 4.11 shows the characteristic peaks and vibrational mode of these
materials. Additionally Figure 4.42 represents the schematic interaction between shellac

molecules and MWCNT.
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The MWCNT spectrum exhibits free O—H stretching at 3436 cm™ and bending
at 1633 cm™, which is assigned to O-H groups of adsorbed moisture or covalently
bonded functional groups (Osswald et al., 2007). Basically O-H vibrations originate
from moisture in the sample rather than from the functional groups attached to the
surface of the MWCNTs. The sharp peak at around 1633 cm™ is due to the C-C

stretching of aromatic ring.

The spectrum of shellac represents the peak at around 3332, 2920, 2852 1705,
1019 cm™. These peaks represented the presence of -C=C- unsaturation, O-H in
Carboxylic group, -C-H in alkane, >C=0 in ester linkage and =C-H in the shellac

molecule respectively.

OPSLCNT

Shellac

Transmitance (%)

4000 3500 3000 2500 2000 1500

1000 500
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Figure 4.41: FTIR spectra of MWCNT, Shellac and OPSLCNT
In OPSLCNT spectrum, relatively narrow and strong peak at 3443cm™ is
appeared due to formation of hydrogen bond between shellac and MWCNT. The peak
at 2919 cm™ becomes weak due to O-H in carboxylic groups of shellac interact with
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MWCNT surface through hydrogen bonding. In addition the distinguishable peak at
1636 cm™ is noticed the presence of ester linked >C=0 group on the surface of
MWCNT. The peak at around 1383cm™ represents the C—H bending of alkane, which
reveals the presence of shellac layer on MWCNT surface (Soradech et al., 2013).

Table 4.11: Characteristic FTIR peaks of MWCNT, shellac and shellac coated
MWCNT (OPSLCNT)

Samples Wave number (cm-1) Vibrational modes
MWCNT 3436
Free O-H stretching and
1633 bending
Shellac 3332 -C=C-H stretching
2920 O-H stretch in Carboxylic
acid
2852 C-H stretching in alkane
1705 C=0 stretching esters
1459 C-H bending in alkane
1019 -C-O stretching alcohol,
esters
OPSLCNT 3443 O-H stretching, H-bonding
in alcohol
2919 O-H stretch in Carboxylic
acid
1636 >C=0 stretching
1383 C-H bending in alkane

Finally, it is significant that the sharp peak which was appeared at 1019 cm™ for
—C-O functional group in shellac spectrum has been disappeared from OPSLCNT
spectrum. It corresponds to m-m interaction or ether linkage between shellac and

MWCNT.
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Figure 4.42: Schematic interactions between Shellac and MWCNT in SLCNT
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45.2 Comparative Characterization of UPR, CNT-UPR and SLCNT-UPR
Nanocomposites

(i) Interaction SLCNT and UPR in SLCNT-UPR nanocomposite

Figure 4.43 demonstrates the FTIR spectra of neat UPR, OPCNT-UPR and
OPSLCNT-UPR nanocomposites. Table 4.12 introduces the characteristic peak values
and vibrational modes of existing functional groups in these materials. The schematic
interaction between SLCNT and UPR is represented in Figure 4.44 as well. The peak in
UPR spectrum at around 3027cm™ is due the =C-H stretching. The strong as well as

sharp peak at 1722 cm™ is related to >C=0 of carboxylic group.
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Figure 4.43: FTIR spectra of (i) neat resin, (if) OPCNT-UPR and (iii) OPSLCNT-UPR

Nanocomposites

The peaks at around 1599-1494 cm™ correspond to the -C=C- in benzene ring of

styrene. However, some authors believe, the peaks which appears at around 1590 cm™
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is related to carboxyl and carbonyl group. The peaks appear at 1257-1067 cm™ is due to
C-O stretching of unsaturated polyester resin (Nurul Munirah Abdullah and Ishak
Ahmad, 2013).

Table 4.12: FTIR characteristic peaks of UPR, OPCNT-UPR and OPSLCNT-UPR

Samples Wave number (cm™) Vibrational mode(s)
UPR 3027 C-H stretching of =C-H
1722 C=0 stretching of carboxylic group
1599-1449 -C=C- stretching in benzene
1257-1118 -C-0 stretching in carboxylic group
OPCNT-UPR 3695-3467 H-bonded O-H stretching
1724 C=0 stretching of carboxylic group
1584-1453 -C=C- stretching in benzene
1265-1066 -C-0O stretching in carboxylic group
OPSLCNT-UPR 3645 O-H stretching, H-bonded
2968w-2870 C-H stretching in alkane
1616 C-C stretching in aromatic ring
1499-1408 C-C stretching in aromatic ring
1274 C-O stretching in ether link
941 O-H bending carboxylic acid

Besides, the spectrum of OPCNT- UPR nanocomposite states the interaction
between the surface O-H group of MWCNT and >C=0 / C-O groups of UPR. The
peaks appear at 3695-3467 cm™ revels O-H stretching as a result of formation of H-
bond (Alam et al., 2012). In addition, >C=0 and C-O functional groups peaks at around
1724 cm™ and 1066-1265 cm™ respectively, which imply formation of hydrogen bond
interaction between MWCNT and UPR.

Furthermore, the spectrum of OPSLCNT-UPR nanocomposite shows the
absorption peak at 3645cm™ which reveals that strong hydrogen bond exists in this
nanocomposite. The carbonyl and C-O peak becomes weak and broad in this spectrum.
These changes in the spectrum of OPSLCNT-UPR are significantly noticed that shellac
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coated MWCNT effectively interact with UPR matrix through hydrogen bond and ether
link.
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Figure 4.44: Schematic interaction between SLCNT and UPR
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(i)  Plain surface morphology of OPCNT-UPR and OPSLCNT-UPR

nanocomposites

The plain surface morphologies of OPCNT-UPR (A) and OPSLCNT-UPR (B)
nanocomposites are demonstrated in Figure 4.45. These micrographs reveal the
compatibility of pristine nanotubes and shellac coated nanotubes with UPR matrix.
SLCNTSs were clearly rooted in the matrix of OPSLCNT-UPR nanocomposite, several
ends of SLCNT as like white tips mentioned by dotted circle are visible in plain surface.
Furthermore, it seems that SLCNTs were stayed as less entangled in matrix. They were
sound dispersed and potentially embedded in UPR.
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Figure 4.45: FESEM Plain surface of OPCNT-UPR (A) and OPSLCNT-UPR (B)

nanocomposites
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On the other hand, pristine CNTs were floated on the surface of OPCNT-UPR
nanocomposite. In addition a long fiber like object is visible in surface. Moreover there
were some twisted MWCNTs are visible in the plain surface of OPCNT-UPR.
Therefore it is suggested that SLCNT was more compatible with UPR as compare to
pristine MWCNT.

(ili)  Mechanical properties of SLCNT-UPR nanocomposite

The TS and TM of neat UPR, OPCNT-UPR and OPSLCNT-UPR are stated in
Figure 4.46. The corresponding TS values of these nanocomposites are 28.72+1.20,
40+1.32 and 47+1.5 MPa and TM values are around 12474122, 1698+190 and 1952+178
MPa respectively. Therefore the TS of OPSLCNT-UPR nanocomposite was increased
by 62.95% and 16.4% as compare to neat UPR and OPCNT-UPR nanocomposite
respectively. Similarly the TM of OPSLCNT-UPR nanocomposite were increased
56.53% and 14.95% as compare to neat UPR and OPCNT-UPR nanocomposite
correspondingly.
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Figure 4.46: Tensile strength and Tensile Modulus of UPR, OPCNT-UPR and
OPSLCNT-UPR Nanocomposites
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Figure 4.47 demonstrates the reinforcement effect of shellac coated MWCNT on
the 1S and EB in OPSLCNT-UPR nanocomposite.  The corresponding IS and EB%
values of OPSLCNT-UPR nanocomposite are 5.53+0.28 kJ/m? and 5+0.22%. The EB of
OPSLCNT-UPR nanocomposite was increased 8.7% and 15% as compare to neat UPR
and OPCNT-UPR nanocomposite respectively. Therefore IS was increased by 54.5%

and 18% as compare to neat resin and OPCNT-UPR nanocomposite correspondingly.

Thus, observations notice that toughness of OPSLCNT-UPR nanocomposite was
increased. It concurs that incorporation of shellac coated MWCNT in UPR matrix
improved the interaction between the interfacial region of SLCNT and UPR which
enhance this property (Rozman et al., 2001). In addition these results clearly
demonstrate a good reinforcement effect of shellac on the mechanical properties of
nanocomposite.
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Figure 4.47: Elongation at break and Impact strength of UPR, OPCNT-UPR and
OPSLCNT-UPR nanocomposite
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(iv)  Fracture morphology of SLCNT-UPR nanocomposites

The fracture morphologies of OPCNT-UPR (a) and OPSLCNT-UPR (b)
nanocomposite are exhibited in Figure 4.48. There are numerous fracture CNT ends are
clearly visible in the surface of OPSLCNT-UPR nanocomposite. Additionally SLCNT
nanotubes not only unbroken but also shielded the crack propagation through crack
bridging. Whereas distinguished fracture is found in the surface of OPCNT-UPR
nanocomposite. Several CNTs are entangled and pulled out during breaking of that

nanocomposite.
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Figure 4.48: Fracture surfaces of OPCNT-UPR (a) and OPSLCNT-UPR (b)
Nanocomposites
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These fracture patterns agree to increase the mechanical properties of OPSLCNT-UPR
nanocomposite. Moreover, these observations support a better interaction between
SLCNTs and UPR molecules as well. Thus, shellac coating on the surface of MWCNT
reveals a good possibility of sound dispersion in matrix and well interaction with UPR.
In the light fracture behavior, OPSLCNT can lead to modify the morphology of
nanocomposite and influence the mechanical properties as reported elsewhere (Desali
and Haque 2005; Kim et al. 2006).

(v)  X-ray diffraction of SLCNT-UPR nanocomposite

The X-ray diffraction peaks of neat UPR, OPCNT-UPR and OPSLCNT-UPR
nanocomposites are demonstrated in Figure 4.49. The scattering peak of OPSLCNT -
UPR nanocomposite was appeared at18.20°. However, the corresponding scattering
angles of neat UPR and OPCNT-UPR are at 23.43° and 18.91°.The shape of these peaks
Is neither so diffused nor so sharp, therefore they exhibit partially crystalline in nature.
The lattice constant of OPSLCNT - UPR nanocomposite is 4.78 A whereas OPCNT-
UPR represents as 4.61A, which is smaller than OPSLCNT-UPR nanocomposite. It may
be attributed to the better intercalation of SLCNT nanotubes with matrix, similar
intercalation behavior of layered clay materials in UPR nanocomposite had stated
elsewhere (Byung-Wan Jo et al., 2008). From these observations, it confer that the
SLCNTs well disperse in UPR matrix, leading to an increase the interfacial adhesion
between SLCNT nano tubes and UPR (Abdel-Aal et al. 2008).

The estimated degrees of crystallinity ( x,) of OPSLCNT-UPR nanocomposite

is around 26.5%. Comparative lattice parameter and crystallinity index of matrix and

nanocomposites are illustrated in Table 4.13.
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Table 4.13: Comparative FWHM, lattice spacing and crystal size, percentage of

crystallinity of OPSLCNT-UPR nanocomposite

Samples 20 FWHM  dA DA A Y (%)
UPR 23.43 9.44 37 8.4 14
OPCNT-UPR 18.91 5.20 461 1526 1514 24

OPSLCNT-UPR 18.2 5.8 478 1367 26.5

Practically scattering peak intensity of OPSLCNT-UPR nanocomposite notices that

SLCNT was performed as efficient nucleating agent as compare to pristine MWCNT

thus peak intensity is greater than OPCNT-UPR nanocomposite. Therefore more

population of UPR molecules took part recrystallization

nanocomposite.

in OPSLCNT-UPR
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Figure 4.49: X-ray Diffraction of neat UPR, OPCNT-UPR and OPSLCNT-UPR
nanocomposites

(vi)  Differential scanning calorimetry of SLCNT-UPR nanocomposite

The thermal transitions in DSC thermograms of UPR, OPCNT-UPR and
OPSLCNT-UPR are stated in Figure 4.50. The glass transition endotherm of all samples
are exhibited in the range of 62-68°C which appeared due to molecular motion at low
temperature. The OPSLCNT-UPR nanocomposite exhibited a shoulder like
crystallization exothermic transition (T¢) at around 145°C. In addition the endothermic
transition at the higher temperatures correspond the melting temperature (Tn,) of UPR
and nanocomposites. Table 4.14 represents the characteristic temperature of those

thermograms.

Table 4.14: Characteristic transition temperatures of UPR, OPCNT-UPR and
OPSLCNT-UPR nanocomposites in DSC and TGA thermograms
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Samples Ty (°C) T.(°C) Tm(°C) Tm2(°C) Tq(°C)

UPR 62 - 370 - 378
OPCNT-UPR 68 - 375 380 395
OPSLCNT-UPR 68 145 376 381 400
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Figure 4.50: DSC thermograms of neat resin, OPCNT-UPR and OPSLCNT-UPR
nanocomposites

The nanocomposites exhibit a remarkable split melting endotherm into two
distinguishable peaks (T and Tp) instead of single endothermic melting peak of neat
UPR matrix.

(vil)  Thermogravimetric analysis of SLCNT-UPR nanocomposite
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Figure 4.51 demonstrates the degradation behavior of UPR, OPCNT-UPR and
OPSLCNT-UPR nanocomposites. The degradation of cross-linked resin has been
ascribed by the dissociation of C—C chain bonds and release of styrene at the site of
dissociation (Abdalla, et al., 2007; Manfredi et al., 2006). Therefore, that decomposition
of UPR and OPCNT-UPR were took place at around 313°C and came to an end at
around 446°C, whereas OPSLCNT-UPR was started degradation at 350°C temperature
as higher compare to OPCNT-UPR nanocomposite (Cao and Lee, 2003; Marti'nez and
Galano, 2010). The degradation temperature (T4) can be obtained from TGA

thermograms at 50% weight loss of a sample as an indication of structural deterioration.
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Figure 4.51: TGA Thermograms of UPR, OPCNT-UPR and OPSLCNT-UPR

nanocomposites

Therefore, T4 values assessed for UPR, OPCNT-UPR and OPSLCNT-UPR from
TGA curves are stated in Table 4.14. The residue content at 600°C shows a significant
difference between the OPCNT-UPR and OPSLCNT-UPR nanocomposites, perhaps
due to shellac coated MWCNT incorporated in resin (Kubota, 1975).
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The DTG thermograms in Figure 4.52 state the decomposition stages of UPR
and OPCNT-UPR and OPSLCNT-UPR nanocomposites. OPSLCNT-UPR was
decomposed only a single stage at around 400°C. Whereas there are two distinguishable
peaks clearly visible in the thermograms of UPR and OPCNT-UPR. The shoulder like
peak of UPR and OPCNT-UPR at around 200-245°C are suggested as the degradation
temperature of unreacted styrene, polyester resin (Manfredi et al., 2006). Second stage
strong split decomposition is demonstrated at around 300-400°C. In this stage
OPCNT-UPR nanocomposite was decomposed at higher temperature than UPR. The

third decomposition stage is at around 500-550°C perhaps due to C-C chain session.
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Figure 4.52: DTG Thermograms of UPR, OPCNT-UPR and OPSLCNT-UPR
Nanocomposites

It is most likely due to the well interaction between SLCNT and UPR which
advocated by FTIR and mechanical properties. It appear that not only formation of
bonding and strong interface between SLCNT and UPR but also shellac might be
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removed the flaws of MWCNT during coating process. Therefore OPSLCNT-UPR
nanocomposite was decomposed only single stage throughout the heating rang

thermo gravimetric analysis.
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

5.1  CONCLUSIONS

MWCNT was pre-dispersed in THF solvent and 1.5 hr was optimized as pre-
dispersion sonication time. In addition, pre-dispersed MWCNT was mixed with UPR
matrix and post dispersion sonication time was optimized as 2 hr. Moreover, THF-
MWCNT-UPR nanosuspension exhibited higher viscosity at low shear rate as compared
to MWCNT-UPR nanosuspension which confers that pre-dispersed MWCNT showed
well dispersion in UPR matrix. Surface morphology revealed good dispersion of
MWCNT in THF-MWCNT-UPR nanocomposite as well. Furthermore, the mechanical
property of pre-dispersed MWCNT reinforced nanocomposite Is greater as compared to
that of directly dispersed MWCNT-UPR nanocomposite.

The Modified Halpin—Tsai model revealed 0.3 wt% MWCNT as optimum
quantity and showed a good linearly fitted data with this model. Besides, the TS and EB
of 0.3CNT-UPR nanocomposite is 40 MPa and 4.3% corresponding to the highest and
lowest values among nanocomposites. However, the curing temperature of UPR was
increased from 93°C to 109°C after incorporation of 0.3 wt% pristine MWCNT.

The pristine MWCNT was modified with 5, 10 and 15 wt% of HBP. The
optimum concentration of HBP was measured by XRD, DSC and TGA studies. The
crystal size and glass transition temperature of 10 wt% HBP coated MWNT (HBCNT2)
was increased to 29% and 32°C, respectively. In addition, the curing temperature of
HBCNT?2 incorporated nanosuspension was reduced from 109°C to 92°C as well as the
activation energy was reduced. Furthermore, the TS and TM values of OPHBCNT-UPR
nanocomposite were increased by an amount of 21.5% and 27%, respectively as
compared to those of OPCNT-UPR nanocomposite. Surface morphology of

OPHBCNT-UPR nanocomposite illustrates well dispersion and strong crack shielding
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behavior of HBCNT. Moreover, HBCNTs were found to be tightly bounded with
matrix. OPHBCNT-UPR nanocomposite became stiffer as compare to MWCNT

reinforced UPR nanocomposite.

In case of shellac, concentration was optimized through structural and thermal
analysis of shellac coated SLCNT nanotubes and curing temperature of SLCNT-UPR
nanosuspension. The crystal size of 10 wt% shellac coated MWCNT (SLCNT2)
increased 18%, which is the highest increment as compared to pristine MWCNT and
other SLCNT. In addition, the glass transition temperature of SLCNT2 increased by
9°C as compared to pristine MWCNT and curing temperature of nanosuspension
reduced to 99°C. Surface morphology reveals that shellac coated MWCNTSs extensively
dispersed and compatible with UPR as compared to OPCNT-UPR nanocomposite. The
nucleating efficiency of shellac coated MWCNT is higher than pristine MWCNT.
Moreover, mechanical properties revealed that shellac coated MWCNT reinforced

nanocomposites became tough.

5.2 RECOMMENDATIONS

The study findings led to the following recommendations:

(i) After pre-dispersing in suitable solvent, MWCNT can be well dispersed in

UPR matrix to fabricate nanocomposites for potential applications.

(if) The effect of solvent evaporation temperature on CNT-UPR nanocomposites
will open a door for future research which seems quite promising from the

aspect of many potential applications.

(iii) In this work 0.3 wt% MWOCNT has evaluated as optimum amount in UPR
matrix. Incorporation of higher amount of MWCNT might hold promise for
future research work which can be loaded by varying other process variables
such as demoisturization time, stirring time or applying surface modification

chemistry.
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(iv) Purified shellac or shellac derivatives seem attractive/potential candidate to
modify CNT nanotubes which will hopefully facilitate their dispersion in

polymer matrix.

(v) Hybrid CNT’s incorporation with other thermoset matrices (such as epoxy,
alkyd resin) to fabricate hybrid nanocomposites can be another approach for

future research.
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Abstract  Efforts are being given to the development
of well-dispersed nanoparticle-reinforced polymer
nanocomposites in order to tailor the material proper-
ties. In this perspective, well dispersion of multi-
walled carbon nanotubes (MWCNTS) in unsaturated
polyester resin (UPR) was prepared using pre-dis-
persed MWCNTS in tetrahydrofuran solvent with
ultrasonication method. Then the well-dispersed
MWCNTSs reinforced UPR nanocomposites were fab-
ricated through solvent evaporation. Fourier-transform
infrared spectroscopy indicates a good interaction
between matrix and MWCNTs. This along with

improvement in the erystallinity of UPR from 14 to
21 % after MWCNTS inclusion was observed by X-ray
diffractometry. The mechanical properties, such as
tensile strength, tensile modulus, impact strength, and
elongation-at-break, of nanocomposite were found to
be increased to 22, 20, 28, and 87 %, respectively. The
estimated melting enthalpy per gram for composites as
analyzed by differential scanning calorimetry is higher
than that of UPR. The onset temperature of thermal
decomposition in the nanocomposites as monitored by
thermogravimetric analysis is found higher than that of
UPR. Correlations among MWCNTs dispersion,
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Ahbstract. To date nano fillers are rerowned reindircing agent for polymer matersals. In thes
work, mnssturated polyesier (UPR) nanocompasates were fabricated by 0.1, 0.3 and 0.5 wi%
multi walled carbon renctubes (MWUNTs) through solution dspersion and casting method,
The mfluence of MWCNT content was mwestigated by thermo-mechanical

properties.
Dispersion of nonodubes was  ohserved by frocture  morphollogy, The strength  of
nanocomposites rose with rasing the CNT content. Moreover, DSC thermograms of

nanccaomposates represent nobceshle mprovement of glass mlnnmﬁ-:ﬂ"], meltmg
temperature (T,,) and enthalpy (AH_) Microwcrystallinity of nanocompaosites increased with
increasing the CNT content. Moreover, the stiffness increased with increasing the CNT
conbent.

Key waord: Sofvent dispersion, Nanocompasi s, Charederzation

1. Introduction

The unsaturated polyester resing (LPR<) are common thermosetting resing and steadily mcreasing their
applications for several purposes because of their sound properties, cost effectiveness as well as
simple handling. However, cross-linked UPRs have limited structural reliability, therefore , befone
crogs-linking they are often mixved with reinforcing maderials such a8 nafural fibers, synthetic fibers,
nanofillers as well as mineral fillers and so on [1,2,34] . The reinforced composites are deveted for
constrection, marine and automotive industries dwe to their light weight and durability.

The carbon nanotubes (CMTs) are more attractive fillers in the wicinity of pelvmer composites
because of their oustanding properties therefore they are substituie of conventional macro and micro
fillers [5,6,7]. CNTs are geometrically distinctive to their surface area, provide an immense resources
of interaction with any continuous phase giving rise to great opporiunity for effective load transfer
[E].Moreover, small amount of CNT with efficent dispersion in matnix exhibit considerable
enhancement of different properties [9]. The significant improvement of properties are determined by
the degree of CNTs dispersion and interfacial adhesion into the compesite system [10]. Conversely,
several phenomena restrict carbon manotube dispersions, such as nanotube morphology and Van der
Waal's forces between nanotube surfaces. Mot only that but also the high aspect ratios together with
the high flexibilities noticeably increase the possibilities for entanglements. These entangled
aggoregates are very complicated o separate into individual nanotubes [11].The interaction of CNTs
reveal high potential energy which naturally making them more difficult to separate as individuals
nanotubes [12,13). Therefore, different phyvsical and chemical methods are demonsirated for control
dispersion of individual nano ubes m matnx. Physical methods consider for direct miting throwgh
mechanical l'nm. f_hen'm:nl mc[hnd: are carried out h\ surfactants ;u:tlm, t'urulrmllzaunn »::ut';arhm
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