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Preface

Polymer composites are widely studied nowadays due to their
extraordinary properties and, thus, they are more exploited in the
development of many electrical and electronic devices. One of the
thrilling achievements in this field is the development of electrically
conducting polymer composites from insulating polymer and
conducting filler. Such advanced materials find applications in
conducting adhesives, electromagnetic shielding and sensors, etc. The
most interesting aspect of these advanced materials is the drastic
change in electrical, mechanical and chemical properties with the
incorporation of even a very small amount of nanofillers. With the
uniform dispersion of nanofiller and the resulting improvement in
unique properties, the polymer nanocomposites open a new avenue in

the field of electrical applications.

Poly (butylmethacrylate) (PBMA)/metal oxide nanocomposite got
significant attention due to their immense mechanical and electrical
properties coupled with light weight, flexible and transparent nature.
Further, PBMA nanocomposites can easily developed with uniform
morphology and so they are more interesting in both research and
industrial filed. Recently, studies are going on developing the flexible
electronic devices based on polymer nanocomposites. Polymers with
light weight, transparent and can be made into flexible thin films are
more promising in the field of flexible electronic devices. Thus,

PBMA which is light weight, flexible and transparent, got considerable



attention in the field of flexible electronic devices owing to their

interesting properties.

This thesis is mainly focused on the development of PBMA
nanocomposites with different types of metal oxide nanoparticles
possessing excellent mechanical and electrical properties and thus
found applications in flexible electronic devices. And for developing
the PBMA nanocomposites, titanium dioxide (TiO2), cerium doped
titanium dioxide (Ce-TiO2), neodymium doped titanium dioxide (Nd-
TiO2), cerium dioxide (CeO;) and neodymium dioxide (Nd2O3)
nanoparticles are used as fillers. The thesis entitled “Studies on poly
(butylmethacrylate) with doped and undoped metal oxide
nanoparticles” is organised into 8 chapters. Chapter 1 provide brief
introduction about composites, different types of polymer matrixes,
fillers and different synthetic strategies of polymer nanocomposites
etc. Also this chapter presents the motivation and objectives of the
current research problem. Chapter 2 discuss the details of materials
and the experimental procedure used for synthesis of various
nanoparticles and the utilization of these nanoparticles as reinforcing
filler in PBMA nanocomposites. This chapter also describe the various
techniques used for the characterization of fabricated PBMA
nanocomposites. Chapter 3 presents the detailed discussion on the
effect of TiO. nanoparticles on the structural, thermal, mechanical and
electrical properties of PBMA nanocomposites. Moreover, the role of
various parameters behind the enhanced tensile and DC conductivity of
PBMA was analysed by employing different theoretical modelling

studies. The effect of Ce doped TiO, nanoparticles on the structural,



thermal, mechanical, AC and DC conductivity of PBMA
nanocomposites was described in chapter 4. This chapter also contain
the theoretical modelling studies for tensile and DC conductivity
properties. Chapter 5 examines the effect of Nd doped TiO>
nanoparticle on the structural, thermal, mechanical and electrical
properties of PBMA nanocomposites. The applicability of different
theoretical modelling for tensile and DC conductivity was also studied.
Chapter 6 describes the effect of CeO. nanoparticle loading on the
structural, thermal, mechanical and electrical properties of PBMA
nanocomposites. The theoretical modelling studies were done to
explore the role of CeO2 nanoparticle on enhancing the tensile and DC
conductivity properties. The change in the structural, thermal,
mechanical and electrical properties of PBMA nanocomposites by the
incorporation of Nd2Os nanoparticles was discussed in chapter 7.
Different theoretical modelling studies were employed for predicting
the mechanism behind the enhanced mechanical and electrical
properties of PBMA nanocomposites. Chapter 8 concludes the major
findings of the studies and also provide some suggestion for future

research.
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1.2 General Introduction

Polymers are integral part of our day to day life. Tooth brushes,
sandals, cloths, electronic devices, whatever material we come across
in our daily life has a bond with polymers. Polymers are class of
materials which constitute long chain macro-molecules with numerous
repeating units called monomers. The structure of polymers is
determined by the way in which the monomer units are combined
together to form the polymer chain. So, depending on the mode of
arrangement of monomers, polymers may be linear, branched or ladder
like structure. As already coined, monomers are the building units of
polymers, the properties of polymers greatly vary with the type of
monomer present in it. There are two types of polymers, natural and
synthetic polymers. Proteins, DNA, cellulose, starch, natural rubber are
examples of natural polymers. However, the poor mechanical and
thermal properties limit their applications and hence the uses of
synthetic polymers are important. The easy as well as cost effective
production coupled with lightweight and excellent mechanical
properties of synthetic polymers replace the position of natural
polymers from various applications. Further, the macromolecular
structure of synthetic polymers enables them to perform in various
fields which cannot be done by other synthetic materials. For last
decades, polymeric materials are widely used in biomedical
applications,  automobile industries, domestic  applications,
construction fields, food packaging, developing flexible electronics
etc. In biomedical fields they are utilized for drug delivery, developing

artificial blood vessels, ligaments, tendons etc.
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Figure 1.1: Various applications of polymers

Nowadays, electronics have become an inevitable part of human life.
The modern technologies are mainly focusing on developing flexible
electronics, for the easy and fastest usage of the electronic devices.
Recently, polymeric materials find potential applications in flexible
electronics owing to their light weight and flexible nature. Flexible
displays, batteries, electronic circuits, electronic solar cell arrays,
antenna arrays and electronic monitoring devices used in heart patients
are some flexible electronic devices in which polymeric materials are
widely using for many of the functions. Hence much research work is
focused on developing flexible polymer films with excellent



conductivity, considerable thermal and mechanical stability and thus

may find applications in various electronics.

1.2 Composites

@ T oot ] @

Researchers are trying to improve the inherent properties of polymers

and hence extend their applications to various fields. Numerous studies
were going on for developing polymeric materials with irreplaceable
properties by the addition of different types of fillers and are known as
polymer composites [1-4]. Simply, composites are the combination of
two or more different constituent materials, exhibiting superior
properties than the individual components [5]. Composites bear salient
properties like significant thermal strength, high mechanical and better
electrical properties than conventional engineering materials. The
synergetic interaction between the components present in the
composites leads to the superior properties of composite materials than
the individual components present in it. Hence composite materials are
used in place of conventional engineering materials which possesing
inferior properties. Now a day’s composite materials are widely used
in automobile, space, house hold utensils and in many engineering

applications.

Basically, composites consist of two phases, continuous phase (matrix)

and discontinuous phase (filler). Depending on the nature of



continuous phase, the composites are categorized into three types and

were discussed below [6].

Metal matrix
composites

Ceramic matrix

Composites .
compsites

Polymer matrix

composites

1.2.1 Metal Matrix Composites (MMC): Metal matrix composites
consist of metal or alloy matrix reinforced with nano materials.
This type of composites exhibits combined properties of metal
and ceramic such as ductility, toughness, high strength and
modulus etc. Therefore metal matrix composites are mainly
used for the production of materials with high sheer strength as
well as better processing temperature capabilities. Thus they
found immense applications in aerospace and automotive
fields. Major examples for metal matrix composites with
significant properties are Al/Al;O3, Al/SIC, Fe-Cr/Al>Os,
Ni/Al>,O3, Co/Cr, Fe/MgO, Al/CNT, Mg/CNT etc.

1.2.2 Ceramic Matrix Composites (CMC): In this type of
composites the matrix part is covered by ceramic compounds
such as metal oxides, nitrides or borides, whereas the filler part

is wrapped usually by metals. Both the components are finely



dispersed to each other to have better compatibility between
them and thus exhibit the specific hybrid properties. CMC can
be widely used in engineering and industrial applications by
utilizing their outstanding optical, mechanical, magnetic and
electrical properties arising from microstructures. Al,03/SiOs,
Al203/TiO2, Al203/SiC, Al,Os/CNT etc. are some reported

examples for ceramic matrix composites.

1.2.3 Polymer Matrix Composites (PMC): Polymer matrix
reinforced with filler particles belongs to this category.
Polymer matrix composites exhibit versatile properties which
are far behind that of the individual polymer matrix and the
filler. Here, the interfacial interaction between the added filler
and the polymer matrix results in better performance of hybrid
polymer composites. The outstanding electrical, optical,
thermal and mechanical properties of polymer composites are
attributed to their immense applications in various fields. The
polymer matrix composites may include thermoplastic or
thermosetting polymer matrix and layered silicates, metal
oxides, carbon nanotubes (CNT), layered double hydroxides,
cellulose, fibres etc as the filler. Moreover, amidst the various
types of composites discussed above, polymer matrix
composites got pivot attention due to their flexible and light
weight nature coupled with easy processability and affordable

fabrication conditions.

The composites are also classified based on the nature of filler added

to it and are particulate, fibrous, laminate, hybrid and nano composites.



Since, the properties of composites were designed by the amount,
dispersion mode, geometry, orientation as well as the interfacial
interaction of the reinforced filler particle, the nanocomposites are

most dominated than other conventional composites.
1.3 Matrix

The continuous phase present in the composites in which the
reinforcing filler particles get incorporated are called the matrix.
Matrix provides the binding sites for the filler particles or it hold
together the fillers and also act as a medium for filler to filler as well as
filler to matrix interactions. Matrix determines the structural and
functional properties of composite materials to greater extent. So
selection of matrix is a major factor to develop composite materials
exhibiting desirable properties. Among various matrix which we
discussed elsewhere, polymers are the best known matrix due to its
flexible, light weight and the easy processability. The polymer matrix
can be either a thermosetting or thermoplastic polymer. However,
thermoplastic polymers get pivot attention than thermosetting owing to
their significant mechanical properties, higher toughness and better
impact resistance etc. Further, thermoplastic polymers have long shelf
life and also they are easy to process, need only short processing time.
So, researchers are more interested with the thermoplastic polymers
[7]. Some of the frequently studied thermoplastic polymers are

discussed below



1.3.1 Polyamides (PA)

The polyamides have superior thermal, mechanical properties and are
of low cost, thus are widely used in many fields [8]. Particularly
polyamides are widely used in textile industries by exploiting their
excellent wearing durability. Polyamides with high methylene to amide
ratio (eg: PA 12) are more promising because of their low moister
sensitivity as well as low melting points. Among various polyamides,
PAG6 possess better mechanical stability and thus it is used tire, air
bag, bullet proof etc [9]. The properties and hence the applications of
polyamides can be greatly improved by incorporating different types of
fillers. For example, Fredi et al. reported that the polyamide
composites reinforced with glass fibres possess significant thermal
energy storage and release capabilities [7]. Yesildag et al. observed
that graphene oxide has a noticeable impact on thermal as well as

mechanical stability of polyamides [10].
1.3.2 Polyethylene (PE)

Polyethylene is an important insulation material used in many devices
especially in cables owing to its low permittivity and high electrical
break down strength. However, due to the requirement of low
operating temperature and the requirement of antioxidants, the
application of polyethylene is limited. Nowadays, polyethylene
nanocomposites got significant attention, since they overcome the
disadvantages of plane polyethylene. Mohagheghian et al. were noted
that the energy absorbing capability of linear low density polyethylene
(LLDPE) was greatly improved by the addition of carbon black fillers



[11]. Park et al. investigated the effect of graphene oxide on
polyethylene and observed that the nanoparticle insertion not only
improved the tensile properties but also it affect the electrical
resistance of polyethylene matrix [12]. Chaudhry and Mittal reported
that the chlorination of polyethylene matrix increase the interaction
with the graphene oxide fillers [13]. Thus chlorinated polyethylene-
graphene oxide composites exhibited better tensile properties than the
un-chlorinated polyethylene composites.

1.3.3 Polystyrene (PS)

Polystyrene is transparent thermoplastic polymer with excellent optical
properties. Therefore, polystyrene being widely used as host matrix for
developing composites with better optical properties. PS/ZnO
nanocomposites shows better UV shielding properties and thus find
applications in many antireflection coatings, UV protective sheets and
films etc. Moreover, polystyrene is greatly used in manufacturing of
plastic models, CD and DVD cases, cutlery etc. Polystyrene
nanocomposites got immense attention in many other fields due to the
good processability and significant enhancement in mechanical,
electrical and thermal properties by the insertion of nanofillers
particularly multi-walled carbon nanotubes [14]. Here, the size and
morphology of polystyrene composites can be tuned by adjusting the
addition of nanoparticles. For example, Zhang et al. were reported that
the addition of silica nanoparticles modified with different amount of
sodium laurylsulfate surfactant into polystyrene matrix produce
composites with different size and morphology [15]. Han et al.

investigated that the glass transition temperature (Tg) of PS was



decreased with the addition of filler, and more interestingly the storage

modulus was greatly improved by addition of filler [16].
1.3.4 Polyvinylchloride (PVC)

Polyvinylchloride exhibits excellent forming properties by the
presence of chlorine and so they are widely used in thermoforming
applications. Further, it has better chemical resistance, UV stability,
impact resistance and weather resistance. Amidst other thermoplastic
materials PVC is the most strong and rigid polymer with high tensile
strength and elastic modulus [17]. Thus PVC has been used in electric
cables, clothing, membrane separation etc [18]. The major drawback of
PVC matrix is its low thermal stability. So, in order to improve the
properties certain additives, stabilizers, modifiers and sometimes
nanofillers are adding to PVC matrix. Pagacz et al. reported that the
thermal stability of PVC can be greatly enhanced by the addition of
sodium montmorillonite (Na-MMT) and organically modified MMT
(O-MMT) nanoparticles [19]. Taha observed that the addition of Pb3O4
nanoparticles also significantly enhanced thermal stability of PVC
matrix [20]. It was reported that the inherent mechanical, optical as
well as thermal properties of PVC can be greatly improved by the

addition of ZrO> nanoparticles [18].
1.3.5 Polyacrylates

Polyacrylates, are developed by the polymerization of acrylic esters
[21, 22]. Owing to the ease of processing, cheep cost coupled with
excellent mechanical, thermal and electrical properties, polyacrylates

are widely used in many fields, from utensils to space shuttles. Further,



transparent nature, lower drying time, high mechanical and chemical
stability polyacrylates are widely used in paintings and surface

coatings [23].

Acrylic acid and acrylic esters are popular from the middle of
nineteenth century with the first report published in 1901 by Pechmann
and Rohm [24]. Commercially acrylic resins were started to use as
paint medium after the Second World War, as an alternative to alkyd
resins and drying oils. The dispersion of ethylacrylate and
methylmethacrylate copolymer developed by Rohm in 1901 was the
acrylic resin initially used. The acrylic resin made by the
copolymerization of ethyl acrylate and methyl methacrylate ester was
commercialized as a consolidant for fancy stones, masonry and as a
adhesives for paintings [25-27]. After this large scale production of
polyacrylates was evolved, finally in 1928 the mass production of has
poly (methylmethacrylate) (PMMA) was made possible by Bauer due
its great demand during the time of 2" world war [28-30]. Beside this
acrylic polymers were introduced as a commercial product under the
trade name “Corialgrund” for the surface finishing of leather [31].
Following this initial breakthrough, the applicability of acrylic resins
were get more popular in various fields by exploiting their outstanding
properties such as flexibility, transparency as well as easy
processability [32].

Polyacrylates has the general formula

10



RO

Where ‘R’ means a alkyl group such as methyl, butyl, ethyl, hexyl etc.
If the R=-CHz it is poly (methylmethacrylate) and if R=-
CH3CH2CHCH it is poly (butylmethacrylate).

1.3.5.1 Poly (butylmethacrylate) (PBMA)

PBMA was chosen as the polymer matrix for this study because of its
flexible and transparent nature. Also the easy processability for
incorporating nanofillers into PBMA matrix has widely studied. While
applications of PBMA are limited due to their low conducting
property, glass transition temperature and mechanical property. So in
order to improve their thermal, electrical and mechanical properties
various fillers were added to PBMA, and nowadays PBMA composites
are widely used in many fields [33, 34]. Further, PBMA matrix is a
better host for the fillers and it is inert in nature and so PBMA

composites are easy to process.

Further, poly (butylmethacrylate) is one of the most studied polymers
from polyacrylates family due to various attractive properties such as
considerable strength, better weatherability, excellent optical property
as well as dimensional stability. Due to the presence of bulky butyl
group in PBMA, the ordered arrangement of molecule is less and

hence they are flexible, semi-rigid in nature. Further, PBMA has been

11



widely used as a polymer matrix for developing polymer composites
with immense applications. Reports showed that the PBMA
nanocomposites offer potential for optical properties, reduced gas
permeability and better heat resistance.

CHs
CHs |
[ ¢ \
N C C
Hzc —C K | } n
COOCH3(CHz),CH3 COOCH3(CHz),CH3
Butylmethacryalte Poly (butylmethacryalte)

1.4 Fillers

The solid additives adding to improve the innate properties of
polymeric materials are called fillers [35]. Fillers impart its own
physical and chemical properties as well as provide better durability
and processability to the polymer matrix. However, the extent of
reinforcement provided by the added fillers was greatly depends on
their size, shape, surface properties, aggregation state as well as
quantity [36].

Conventional micro-sized fillers such as carbon black, calcium
carbonate and fibers requires high loading for having a significant
improvement in properties and which leads to composites with heavy
weight. Moreover, due to high viscosity of these fillers the processing
conditions are too tedious. So that the interface between the micro-
sized fillers and polymer matrix are too low and which result in

composites with poor properties. However, fillers with fine particle

12



size provide better compatibility with the polymer matrix and there by
imparting excellent properties to the resulting polymer composites. So,
majority of the studies regarding polymer composites are done by
using nanofillers. Most commonly exploiting nanofillers are metal

oxide nanoparticles of transition as well as lanthanide ions.
1.4.1 Classification of Nanofillers

Nanofillers are classified into three categories based on their
dimensions i) One dimensional nanofillers ii) Two dimensional

nanofillers and iii) Three dimensional nanofillers

1.4.1.1 One Dimensional Nanofillers [1D]: Nanofillers consisting one
of their dimensions less than 100 nm belongs to this group [37].
This type of nanofillers is generally in the form of sheets
having thickness of one to few nanometers and length from 100
to 1000 nm. Nanosheets, nanowalls, nanographene platelets,
ZnO nanodiscs, carbon nanowalls and FezO4 nanodiscs are the
common examples [38-42]. 1D nanofillers possess novel
electrical, magnetic and optical properties hence are widely
used in many nanodevices like microelectronics, biosensors,

sensors, biomedical, and coatings [43].

1.4.1.2 Two-Dimensional Nanofillers [2D]: Nanofillers of which two
dimensions are less than 100 nm belongs to this group [37].
Nanotubes, nanofibers, nanofilaments are 2D nanofillers.
Nanofillers including Carbon nanotubes (CNTSs), boron nitride
(BN) tubes, gold or silver nanotubes, clay nanotubes, Zinc

oxide, titanium oxide, graphene oxide, cerium oxide are some

13



common examples [44-47]. Due to their unique dimensions, 2D
nanofillers exhibit excellent optical and electrical properties
and so they commonly used as fillers for developing polymer
composites with outstanding optical and electrical properties.
Also they are widely used in optoeletronic devices,

photocatalysis, sensors, energy storage devices etc [48-49].

1.4.1.3 Three-Dimensional Nanofillers [3D]: In this all the three
dimensions are less than 100 nm scale. So 3D nanofillers
possesses spherical and cubical shape [50]. Therefore, 3D
nanofillers commonly known as nanospheres, nanogranules,
and nanocrystals. Nanosilicates, aluminates, nanotitanium
dioxides, carbon black etc are some common examples. Nano
TiO», SiO2, Fes0s4, and ZnO exhibit better thermal stability,
good optical transparency, considerable refractive index and
high photocatalytic activity [43,51-52]. Polymer
nanocomposites developed by using 3D nanofillers are much
superior in their properties than that of 1D and 2D nanofillers.
They found many applications in coatings, purification process,
biomedical fields etc [53-55].

Some of the most studied nanofillers are discussed below:
1.4.2 Carbon Black

Carbon black is excellent reinforcing filler for various polymer matrix,
since it enhances the mechanical properties as well as solvent

resistance of the polymers. Carbon black present in agglomerated form

14



are mainly obtained from natural gas, crude oil and aromatic

hydrocarbons during their combustion or degradation process.
1.4.3 Silicates

Silicates are non-black reinforcing fillers used in various polymer
composites. There are different types of silicates such as sodium
aluminium silicates, calcium silicate, aluminium potassium silicates
(mica), magnesium silicate (talc) etc. Sodium aluminium silicates have
better reinforcing properties and are derived from kaolin. Aluminium
potassium silicates exhibit potential insulating properties, thermal
stability, water and electrical resistance. Magnesium silicates impart
significant barrier properties to the composites. Further it improves the

mechanical as well as thermal stability of the host polymer matrix.
1.4.4 Clay

Clay, layered silicates of aluminium and magnesium joined through
Van der Waals forces are excellent reinforcing particles for polymer
composites. Owing to the hydrophilic nature of the clay particles, they
are better fillers for hydrophilic polymers. Hence they are unapt as

reinforcing particles for thermoplastic polymers.
1.4.5 Carbon Nanotubes

Carbon nanotubes are cylindrical in shape, classified as single walled
and multi-walled carbon nanotubes. Carbon nanotubes are much
difficult to disperse in polymer matrix owing to their poor

compatibility with the polymer matrix.

15



1.4.6 Metal Oxide Nanoparticles

Among various fillers, inorganic metal oxide nanoparticles got
immense attention from research as well as technological perspectives
owing to their unique features. Compared to micro-sized fillers, the
nano-sized fillers shows outstanding hybrid properties arising from
their suitable size. The unique characteristics of metal oxides make
them applicable in various optical, electrical, photo electronic and
catalytic devices. Though the metal oxide nanoparticles exhibit
excellent properties due to their structural features, there are many
limitations too. Due to the nano-size and hence the large surface area
the metal oxide nanoparticles have higher tendency to get self
agglomerated by the presence of Van der Waals interactions. It
reduces their self stability, selectivity and mechanical stability. So, for
overcoming these limitations metal oxide nanoparticles are embedded

in polymer matrices.

Recently, metal oxide nanoparticle encapsulated polymer composites
got greater attention from academic as well as industrial world because
of their outstanding properties which are not exhibited by the
individual nanoparticle itself. The metal oxide nanoparticles possess
unique properties, which when combined with the polymer matrix
impart its characteristic properties to the polymer by the effective
interaction between them, result to the production of a new hybrid
material with interesting properties (thermal, optical, electrical,
mechanical etc). However, the properties of nanoparticles are greatly
size and morphology dependent. The nanoparticles possess special

features such as small particle size, fine particles size distribution,
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wide surface area and most of them contain enough number of
hydroxyl groups on their surface which helps for having better

interaction with the polymer matrix.

Transition metal oxides and rare earth metal oxides are the most
exploited metal oxide as fillers for developing polymer
nanocomposites. TiO2, NiO, ZnO, AgO, Fe;0s3, SiO; etc are the most
commonly used metal oxides [56-59]. In addition to this, rare earth
metal oxides such as CeO2, Nd203, ZrOz, Sm203, Nb2O etc were also
used for preparing nanocomposites exhibiting superior properties [60-
61]. The presence of 4f electrons could be attributed to the attractive

optical and electrical properties of rare earth metal oxides [62].
1.4.6.1 Zinc Oxide (ZnO) Nanoparticles

Zinc oxide is a potential material with salient optical properties and
thus finds wide applications in optical devices. There are many ZnO
based materials like ZnO polycrystalline film, microlasers, hybrids,
powders developed for different purposes. Typically, ZnO is n-type
semiconductor with a band gap of 3.4 eV, exhibiting excellent UV
absorbability and better chemical stability. Further, ZnO is eco-
friendly and non-toxic material with cheap rate and so widely used in
many low cost materials like conductive glass, white paint and
sunscreens. ZnO suits for several applications such as in UV-shielding
materials, polymer coatings, solar cells, gas sensors, cosmetics etc as
they possess outstanding electrical, magnetic, chemical and optical
properties [63]. Vaishnav and Goyal reported an enhanced in thermal

and dielectric properties of poly (aryletherketon) by the addition of
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ZnO nanoparticles [64]. ZnO nanoparticles are easy to disperse in
solvents and polymer matrix. It was reported that polymer/ZnO
nanocomposites are excellent materials with better moisture resistance,
antibacterial and fungal properties. ZnO based polymer composites are
also an excellent anticorrosion additives. Polypyrrole/  ZnO
nanocomposites, polyaniline/ZnO, polyethylene glycol/ZnO and
polyvinylpyrrolidone/ZnO are some reported examples for
anticorrosion inhibiters [65].

1.4.6.2 Nickel Oxide (NiO) Nanoparticles

NiO nanoparticles, a p-type semiconductor with band gap= 3.51 eV are
promising materials for electrochemical and gas sensing applications.
They are well known for its outstanding catalytic properties such as
hydrocracking reactions, hydrocarbon reforming, methane production
etc [66]. Further, NiO nanoparticles exhibit ferromagnetic properties,
which is size dependent. Karthik et al. were studied the size dependent
magnetic properties of NiO nanoparticles [67]. They reported that
owing to the excellent magnetic properties, NiO incorporated polymer
composites got immense applications in many magnetic devices, gas
sensors, light emitting diodes and electrical devices etc. Shambharkar
and Umare showed the improved conductivity of polyaniline by the
addition of NiO nanoparticles [68]. Soleimani and Niavarzi reported

the significant thermal properties of PMMA/NIO nanocomposites [69].
1.4.6.3 Aluminum Oxide (Al203) Nanoparticles
Al>O3 nanoparticles consist high specific strength, considerable

electrical and thermal conductivity with low density and low melting
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point. Therefore Al,O3 nanoparticles are commonly used as reinforcing
agent for developing light weighted composites with better
conductivity properties. The enhancement in conductivity by the
incorporation of Al,Oz nanoparticles are reported by Lim et al. [70].
Further, polymer/Al,O3z composites showed excellent mechanical
properties. The combined effect of enhanced mechanical properties
and light weight of the AIl.O3 composites can be exploited in
developing automotive, aircraft and aerospace devices [71]. Glass fibre
composites reinforced with SiC/Al,Oz nanoparticles exhibiting
excellent mechanical properties was developed by Rajesh et al. [72].
Ash et al. reported the improved mechanical properties of PMMA
composites by the addition of Al,O3 nanoparticles [73].

1.4.6.4 Iron Oxide (Fe203) Nanoparticles

Fe>Os3 are naturally abundant, low cost, non-toxic materials and thus
got considerable attention in many fields. However, the poor
conductivity, lower specific area and lesser cyclic stability limited the
application of Fe2Os. So in order to overcome the limitations of Fe;Os,
they are combined with various polymers matrix. Chen et al. reported
that Fe2O3/GO composites are promising materials for super capacitors
[74]. Zhang et al. developed Fe>Os composites using carbon as the core

shell possessing excellent dielectric properties [75].
1.4.6.5 Titanium Dioxide (TiO2) Nanoparticles

Among various transition metal oxides known today, TiO> is the most
investigated metal oxide nanoparticles due to its better properties and

wide applications coupled with the inexpensive and nontoxic nature.
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TiO2 possess excellent optical and electrical properties and so the
combination of TiO. with the polymer matrix results in polymer
composites exhibiting better optical and electrical properties.
Therefore, the potential application of polymer/TiO2 nanocomposites
lies in the development of opto-electronic devices. Praveen et al. were
reported the improved thermal stabilities of polyaniline by the
incorporation of TiO2 nanoparticles [76]. Another interesting factor
towards TiO: as a filler is that it enhance the refractive index of glassy
materials especially like PMMA and so they posses immense attention
in plastic industry [77]. Many research works are carried out on the
polyacrylates/TiO2 nanocomposites and which find applications in
various fields. It was reported that the incorporation of TiO:
nanoparticles resulted in the better electrical conductivity of PMMA by
the synergetic interaction between the PMMA matrix and TiO2
nanoparticles. Further, the encapsulation of TiO. nanocrystals in
polymer resulted in the development of modified polymer with
significant optical properties as well as better thermal and mechanical
stability [78]. Haroun and Youssef were observed that the addition of
TiO2 nanowires resulted in better thermal stability as well as high
conductivity of PMMA composites [79]. The chemical interaction
between PMMA and TiO2 nanowires facilitate homogenous dispersion
of filler in the matrix and which results in higher thermal stability and

electrical conductivity for PMMA composites.
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Figure 1.2: TEM images of PMMA/TiO2 nanocomposites [79]
1.4.6.6 Cerium Dioxide (CeOz2) Nanoparticles

CeO2 nanoparticles are the most dominated one among the various rare
earth metal oxides owing to its immense applications. They are widely
used as electrolytes in electrochemical devices, catalysts in automobile
systems, abrasives in chemical systems, UV absorbents in sunscreens
etc due to the unique optical and electrical properties coupled with
better thermal stability and diffusivity [80]. Typically, CeO: is a
ceramic material with fluorite structure and semiconducting nature
with wide band gap of ~3.2 eV, found applications in many areas like
solar cells, gas sensors, fuel cells, catalysts etc [81-83]. Though they
have wide band gap energy, their uses in photoelectrochemical
applications are very limited. Nowadays researchers try to modify the
surface properties and to extend their applications into vast areas
particularly to photoelectrochemical applications [84]. It was reported
that the addition of CeO nanoparticles modified with acidic treatment
were enhanced the UV-Vis absorption capacity of polyacrylate
polymer without any disturbance to the transparency of polymer
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matriX, see figure 1.3 [85]. They also pointed that the CeO, addition
greatly improved the thermal stability of polyacrylate matrix by the
interaction of CeO> nanoparticles with the polymer matrix.

a) b)

Figure 1.3: Films of polyacrylic nanocomposites with different
concentrations of CeO2 nanoparticles [85]

Parvatikar and Prasad observed that the loading of CeO2 nanoparticles
significantly enhanced the dielectric and conductivity properties of
polyaniline [86]. The embedded CeO2 nanoparticle leads to increase in
number of polarons and that result in higher conductivity.
PMMA/CeO2 nanocomposites were used as dye absorbents by
exploiting their optical properties. More specifically, the CeO:
nanoparticles are the active centre for the absorption process and the

PMMA matrix act as supporting material for the nanoparticles [87].
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Figure 1.4: The conductivity of PANI/CeO, nanocomposites at
different loading of CeO2 nanoparticles [86].

1.4.6.7 Neodymium Dioxide (Nd203) Nanoparticles

Nd>Os nanoparticles has been used in optical and electrical
applications, Luminescence, protective coatings etc. Goel and Arorab
reported that there exists a significant enhancement in luminescent
properties of ferroelectric liquid crystal nanocomposites encapsulated
with Nd2Os nanoparticles [88]. The considerable band gap energy as

well as the presence of 4f orbital attributed to this enhancement.

As discussed above there are plenty of works related to polymer
nanocomposites based on polyacrylates/metal oxide nanoparticles.
However, studies related to metal oxide nanoparticles particularly
TiO,, CeO2 and Nd2Osz for thermal, mechanical and electrical
applications are very limited. In our study PBMA is the polymer
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matrix. PBMA belongs to important class of hydrophobic plastic type
polymers, got significant attention in plastic industry due to their
versatile optical property, flexibility and transparency. However the
applications of PBMA are very limited in electronic applications due
to their poor thermal stability, mechanical strength and conductivity
properties. These drawbacks can be replenished by encapsulation of
filler particles particularly metal oxide nanoparticles and can extend
their applications into many other areas. So, in this work, we try to
study the effect of these nanoparticles in the thermal, mechanical and
conductivity properties of poly (butylmethacrylate) polymer, and
hence examine the applications of these hybrid composites in thermal-

mechanical-electrical applications.
1.5 Polymer Nanocomposites: Properties and Applications

Polymer nanocomposites are new type of hybrid materials containing a
component in nanometer scale. The encapsulated nano-sized
component, ie, the nanofiller improves the thermal, mechanical, optical
and electrical properties of polymer matrix without altering the
physical and chemical properties. Generally, the fillers such as
transition metal oxides, rare earth metal oxides, nanoclays,
nanosilicates etc are used in polymer composites. The distinctive
properties of added fillers, which contribute to the improved
performance of composites, attract the attention of researchers even
after decades of study. Any types of polymer matrix, thermoplastics,
thermosets or even elastomers are used for developing polymer

composites exhibiting desired properties.
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Figure 1.5: Schematic representation of polymer nanocomposites

The polymer nanocomposites integrate the properties of polymer
matrix and the nanofiller, which are much superior to that of individual
components. As we know, the bare polymers are better in performance
with excellent optical and mechanical properties but have poor
dielectric properties. On the other hand nanoparticles are superior in
their dielectric properties but possess poor mechanical properties. So,
by combining the polymer matrix with nanoparticles one can develop
polymer nanocomposites possessing superior dielectric as well as
mechanical strength. The applicability of any materials in various
fields was determined by their property, processability, cost etc. It was
established that the properties of polymer materials can be greatly
improved by embedding suitable fillers into it. The outstanding
properties of polymer composites due to the presence of filler, causes
their potential applications in automobile industry, electronics, optical

devices, consumer goods etc. Nowadays polymer nanocomposites are
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widely used in flexible electronics and nanoelectronic materials owing
to their flexibility, homogeneity and easy processability [89].
Therefore, polymer composites with interesting conducting properties
are more demanding in research and industrial fields. A conductive
composite can be easily made by embedding nanofiller with excellent
conducting properties in a polymer matrix provided the amount of
nanofiller should be enough to form a conductive network. The better
compatibility between the added nanofiller and polymer matrix
accelerates the formation of conductive network. Further, the filler and
matrix should be chemically inert for having better electrical
conductivity. So the selection of nanofiller as well as polymer matrix
plays a major role in developing polymer composites with desired

conducting properties.
1.5.1 Synthetic Strategies of Polymer Nanocomposites

The properties of polymer nanocomposites also greatly depend on the
synthetic method. There exists numerous synthetic strategies for
developing polymer nanocomposites, each has its own merits and
demerits. For developing polymer composites with high performance,
a thorough cross checking towards the material selection (both
polymer matrix and filler) as well as the fabrication procedure is
needed. The compatibility between the polymer matrix and the filler,
adhesion tendency of filler particles, the mode of dispersion of filler in
polymer matrix are also to be considered. The major challenge existing
during the development of polymer nanocomposites is the uniform
dispersion of nanoparticles throughout the matrix. The nanoparticles

are hesitant to homogenous dispersion than the conventional micro-
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scale fillers, because the nanoparticles are indistinguishable to each
other and thus the inter-particle distance is much less. Therefore, there
are greater Van der Waals interactions between the nanoparticles than
the micro scale particles which are much discernable to each other.
Thus the inherent tendency of nanoparticles to get self agglomerated is
a big issue. To avoid the agglomeration of nanofillers for ensuring the

uniform dispersion, researchers are searching for new methods.

Polymer nanocomposites can be developed either by in situ addition of
nanoparticles during the polymerization or by in situ development of
nanoparticles in a polymer matrix. The appropriate selection of
synthetic strategies is critical to develop nanocomposite materials with
desirable properties [90-91]. Mainly two approaches are used, bottom
up approach or top down approach [figure 1.6&1.7]. In bottom up, the
constituent components are allowed to combine each other and grow in
nanometric level. While in top down method, the already developed
bulk components are break down into smaller. Sol-gel process,
template synthesis, chemical vapor deposition method, In-situ
polymerization are some examples for bottom up approach. Solution

mixing and melt mixing methods belongs to top down approach.
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Figure 1.6: Bottom up approach
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Some of the commonly used methods for synthesizing polymer

nanocomposites are discussed below.
1.5.1.1 Ultrasonication-Assisted Solution Mixing:

Solution mixing is a simple and direct method for developing polymer
nanocomposites. In this, nanofiller dispersions in suitable solvents are
mixed with polymer solutions with the help of ultrasonication. After
the process of dispersion, the solvents are removed by simple
evaporation. The ultrasonication process helps to avoid the
agglomeration of nanoparticles within the matrix and thus results
polymer composites with proper dispersion of fillers. However, the
ultrasonication is useful only for low viscous solutions moreover the

removal of solvents is a tedious task.
1.5.1.2 Ball Milling :

Ball milling is a traditional technique in which small rigid balls
produce high shear forces which are employed for dispersing
nanoparticles within the polymer matrix. Different types of fillers such
as silica, graphene, CNTSs etc have been embedded in various polymer
matrixes by means of ball milling. The exfoliation is much effective

by this method especially for graphene sheets process. However,
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specific chemicals are required to exfoliate the sheets by reducing the
interlayer bond between the sheets. Ball milling is possible with both
dry and wet conditions of polymers and thus thermoplastic polymers
also can be made into composites very effectively.

Rotation

Ball

Polymer

Nanofiller

Figure 1.8: Illustration of ball milling process

1.5.1.3 Double Screw Extrusion:

Double screw extrusion is a green process as it is a solvent less
technique. In this method, solid thermoplastic polymers are mixed with
nanofillers at high temperatures by means of high shear forces. CNTs
and nanosilica are successfully dispersed by this method. However,
large amount of nanofillers are desired for developing composites with
optimum properties using this method. Also, various parameters such
as amount of filler, processing conditions, speed of rotation are critical

in desiring the properties of developed composites.

1.5.1.4 Sol-gel Process:

Sol-gel method is one of the traditional and easiest methods for

developing advanced materials with unique properties. In polymer
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composites, the sol gel process is more important due to the better
compatibility of nanoparticles with the polymers or during
polymerization process, which permits the in situ development of
nanoparticles in the presence of polymer matrix [92]. Wu and Liao
prepared the hybrid polymer nanocomposites of polyethylene/octene
elastomer with SiO2 nanoparticles via sol gel process [93]. They
observed that the in situ incorporation of SiO; to the elastomer matrix
significantly improved the thermal stability of polyethylene/octene
elastomer. Bahloul et al. were prepared polypropylene/TiO>
nanocomposites by sol gel process under molten conditions [94-95].
The comparative study of nanocomposites prepared via sol gel process
and in situ method revealed that the composite fabricated through in

situ exhibits better visco elastic properties.
1.5.1.5 Insitu Intercalative Polymerization :

In situ intercalative polymerization is useful in the case of polymer
nanocomposites with layered silicate nanoparticles. In this method, the
monomer in solution is allowed to polymerize between the layers and
so the clay particles are expanding and dispersing within the polymer
matrix [96]. The tethering effect, linking of clay particles with surface
active group with the polymer matrix during polymerization is a great
advantage of in situ intercalative process. However, in situ
intercalative process mainly produces exfoliated nanocomposites only
and so researchers seek other methods for developing polymer

composites.
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1.5.1.6 Emulsion Polymerization:

Emulsion polymerization is predominantly used in industrial
polymerization process of synthetic polymers especially, high impact
polymers latex paints and also for developing polymer composites of
vinyl as well as acrylate polymers [97]. Emulsion polymerizations
offers lot of advantages than bulk and solution polymerization such as
low viscosity, high control on reaction rate, considerable molecular
weight etc. Thus, efforts are taken to synthesise polymer composites
via emulsion polymerization [98]. For example, Hu et al. prepared
polystyrene/graphene  oxide = nanocomposites  via  emulsion
polymerization method [99]. The above mentioned nanocomposites
exhibited higher electrical conductivity and thermal stability than the
plane polystyrene matrix. Similar results were also reported by Hassan
et al. [100]. In this case the stabilising agents like SDS promotes the
cross linking between the graphene oxide and the polymer matrix,
results in higher properties of polymer composites prepared via
emulsion polymerization. Moreover, emulsion polymerization method
was also used for preparation of polyacrylate nanocomposites.
Sedla’kova” et al. were developed stable poly (butylmethacrylate)

nanocomposite latex containing clay nanoparticles [101].
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Figure 1.9: Electrical Impedance of polymer-graphene oxide
nanocomposites prepared via emulsion polymerization [99].

Even though the emulsion polymerizations produce composites with
excellent properties, the necessity of large amount of solvents, the
emulsifying and stabilizing agents are the major drawback of emulsion

polymerization method.

<\ 8 & $Metal oxide nanofiller

Ultrasonication £
[ 1 ]

Polymerization

Monomer  Surfactant N E B
solution

Figure 1.10: Hlustration of emulsion polymerization method
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1.5.1.7 Blending:

Blending is a well known ex-situ method for developing polymer
composites. Blending can be possible in two ways either melt blending
or solution blending. The major limitations of blending is the difficulty
in producing homogenous composites, because here the possibility for
nanoparticle agglomeration is much high. However, the direct mixing
of nanoparticles with the polymer matrix is effective through blending.
In melt blending, without any requirement of solvents, mixing of
nanoparticles with polymers are possible simply with the aid of
extruders. Many studies were reported on the fabrication of polymer
nanocomposites via melt blending. For example, Hong et al. were
developed polyethylene/ZnO nanocomposites with considerable
dielectric properties by melt blending [102] and similar observations
are also made by Dang et al. [103]. Wong et al. were prepared
PMMA/ZnO composites with significant thermal stability via melt
blending [104]. But, the requirement of high temperature, which leads
to degradation of polymer matrix, limits the applicability of blending

method in case of various polymers.
1.5.1.8 Melt Mixing:

Melt mixing method is most promising because there is no need of
solvents. This method is useful in preparing bulk amount of
composites. The processing devices as well as the processing
conditions have a key role in determining the properties of composites.
Polymers possessing considerable molecular weight enhance the rate

of dispersion of nanoparticles since they can transfer the shear stress to
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the particles very effectively. Melt mixing is suitable for fabrication of
composites of thermoplastic polymers with strong polar groups such as
polyamide, polystyrene where emulsion or in situ polymerization
method are not suitable [105]. Melt mixing is not good in the case of
poly (butylmethacrylate), since it has very low glass transition
temperature, it will make into pasty form even at low temperature and

thus the processability became too difficult.
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Figure 1.11: lllustration of melt mixing method

1.5.1.9 In situ Polymerization:

Among the various methods for developing polymer nanocomposites,
in situ polymerization method has got pivot attention in research field
because it ensure the homogenous dispersion of nanoparticles in the
polymer matrix [106]. The in situ incorporation of nanoparticles during
the process of polymerization attributes to the homogeneity of
nanoparticles throughout the matrix. The development of polymer
composites containing nanosized particles even at molecular level can
be easily achieved through the process of in situ polymerization [107].
In addition, reports revealed that the composites developed through the
in-situ method exhibits outstanding thermal, electrical and mechanical
properties which are far better than those prepared through other
conventional methods like melt mixing, emulsion polymerization etc.

The uniform dispersion of nanoparticles helps to have large contact
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area with the polymer matrix. Further, here the polymerization is
carried out in presence of nanoparticles and so there is a better
interfacial interaction between the incorporated nanoparticles and the
growing polymer chain, which is attributed to the significant
improvement in the properties of composites prepared through in situ

method.

Anzlovar et al. were showed that the PMMA/ZnO nanocomposites
developed through in situ polymerization exhibited excellent thermal
properties [108], Wu et al. reported the higher tensile and electrical
properties of polyimide/MWCNT composites fabricated through the
same process [109]. Similarly, the significant optical properties of
poly (p-phenylenebenzobisoxazole)/MWCNT composites was reported
by Zhou et al. [110] and better mechanical stability of
polypropylene/clay composites were reported by Baniasadi et al. etc
[111].
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Figure 1.12: Tensile strength of polyimide/MWCNT composites
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All these studies revealed that the in situ polymerization is the simple
and easiest method for preparing homogenous hybrid polymer
nanocomposites. Reviewing these backgrounds, in the present work,
we followed in situ polymerization method for preparing PBMA

composites containing different nanoparticles.
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Figure 1.13: Illustration of in situ polymerization method
1.6 Motivation

In recent years, efforts have been carried out by scientist and
technologists to develop flexible electronic devices using polymer
nanocomposites. The polymer nanocomposites developed by thin,
transparent and flexible polymer matrix incorporated with conducting
fillers have been identified as promising materials for developing
flexible electronic devices. Further, polymer nanocomposites are more
attracting because of their excellent mechanical properties from the

polymer part and electrical properties from the filler part.

Recently, metal oxide nanoparticles has got pivot attention as
reinforcing material for polymer composites owing to their superior
physical properties such as high electrical conductivity, mechanical
property and high aspect ratio. The better surface properties of metal

oxide nanoparticles provide better compatibility with the polymer
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matrix and thus stabilize the morphology of polymer composites. This
study aimed to develop thin, transparent, flexible polymer
nanocomposites possessing significant mechanical and electrical
properties using poly (butylmethacrylate) polymer and different types
of metal oxide nanoparticles. The substantial properties of the
developed PBMA nanocomposites open many applications in the field

of flexible electronics.
1.7 Objective of the Work

The main objective of this work is to develop thin, flexible, transparent
polymer nanocomposites possessing excellent mechanical and
electrical properties which can found various applications in flexible
electronic devices. For that PBMA nanocomposite with different types
of metal oxide nanoparticles has been developed via in situ
polymerization method. The objectives of present work are listed

below.

> Preparation of CeO2, Nd.O3, TiO2, Ce doped TiO2 and Nd

doped TiO2 nanoparticles

> Characterization of the synthesized nanoparticles by various

analytical techniques

> Development of PBMA/CeO,, PBMA/Nd.03 A PBMA/TIO,
PBMA/Ce-TiO2 and PBMA/Nd-TiO2 nanocomposites using

prepared metal oxide nanoparticles

> Analyse the morphology of polymer nanocomposites using FT-
IR, UV-Visible, XRD, SEM and TEM analysis
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To study the thermal properties of composites using DSC and
TGA

To study the effect of nanoparticle loading on the mechanical

and electrical properties of PBMA polymer

To investigate the role of various parameters on the mechanical
and electrical properties by applying various theoretical

modelling.
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2.1 Materials
2.1.1 Butylmethacrylate (CsH1402)

Butylmethacrylate (Molecular weight = 142.2) was supplied by
Himedia. The inhibitor in the butylmethacrylate monomer sample was

purified by vacuum distillation.
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Figure 2.1: Chemical structure of butylmethacrylate
2.1.2 Titanium isopropoxide (Ti (OPr)a)

Titanium isopropoxide (Molecular weight = 284.22) was used as the
precursor for preparing TiO2 nanoparticles and was purchased from
Sigma-Aldrich.
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Figure 2.2: Chemical structure of titanium isopropoxide

2.1.3 Cerium (111) nitrate. Haxa hydrate (Ce(NOz3)3.6H20)

Cerium nitrate. Haxa hydrate (Molecular weight = 434.22) was used as

the precursor for preparing CeO2 nanoparticles and also it is used as the



metal salt for doping cerium on the TiO2 nanoparticles. The
Ce(NO3)3.6H20 was supplied by Sigma-Aldrich.

2.1.4 Neodymium (I11) nitrate. Haxa hydrate (Nd(NOz3)3.6H20)

Neodymium nitrate. Haxa hydrate (Molecular weight = 438.35) was
used as the precursor for preparing Nd>Os nanoparticles and was
supplied by Sigma-Aldrich.

2.1.5 Azobis isobutyro nitrile (AIBN)

Azobis isobutyro nitrile (Molecular weight = 164.21) was used as the
initiator for developing PBMA nanocomposites. The AIBN was

purchased from Sigma-Aldrich.
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Figure 2.3: Chemical structure of azobis isobutyro nitrile
2.1.6 Cetyl trimethyl ammonium bromide (CTAB)

Cetyl trimethyl ammonium bromide was as the surfactant during the
fabrication of PBMA composites. The CTAB was purchased from
Merck, India.

2.1.7 Solvents

Toluene, nitric acid, ethanol was procured from Merck, India and was

used without further purification.
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2.2 Methods
2.2.1 Synthesis of Titanium Dioxide (TiO2) Nanoparticles

Titanium dioxide nano-powder (TiO2) was synthesized via sol-gel
method [113, 114]. In procedure, 10 ml of ethanol was taken in a
beaker and to this required amount of titanium isopropoxide was added
slowly with constant stirring. After 30 minutes some drops of water
was added and then the sol was allowed to stirring for 12 h. After that
the sol was dried in water bath and subjected to calcination at 550°C

for 2 h and stored in desiccator.

2.2.2 Synthesis of Cerium Doped Titanium Dioxide (Ce-TiOz2)

Nanoparticles

Cerium-doped TiO2 nanopowder (Ce-TiO2) was synthesized via sol-
gel method [113]. Briefly, titanium isopropoxide was dissolved in
ethanol followed by the addition of titanium isopropoxide in drop wise,
with constant stirring, to the mixture containing ethanol. To this
solution, calculated amount of cerium nitrate with 0.5 mL of nitric acid
in ethanol was added slowly with vigorous stirring. After 30 min, few
drops of water were added, and the sol was stirred for 12 h. The gel
was dried at 60°C to form a solid powder. The powder was calcined at

550°C for 2 h and immediately stored in a desiccator.

2.2.3 Synthesis of Neodymium Doped Titanium Dioxide (Nd-TiOz2)

Nanoparticles

The Nd-TiO2 nanoparticles were prepared through the sol-gel process

by using titanium isopropoxide as the precursor and Nd.Os as the
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dopant precursor. 1.5 wt% of Nd>O3 with HNOs was added to ethanol
to get the dopant solution. This dopant solution was added to an
ethanolic solution of titanium isopropoxide. The solution was
constantly stirred for 20 min and mixed with few drops of water. The
resulting solution slowly gets converted into a gel. The gel was stirred
for 12 h and then dried. The dried powder was calcined at 550°C for 2
h and immediately stored in a desiccator.

Titanium
isopropoxide
@ & Ethanol
Stirring
1) ¢« 1| Dopant solution
in ethanol
Stirring

4

Sol-gel of TI{OH),

Y

Drying and
calcination at 550°C

U

TiO, nanoparticles

Figure 2.4: Illustration of sol-gel process
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2.2.4 Synthesis of Cerium Dioxide (CeO2) Nanoparticles

The CeO2 nanoparticles were precipitated out from Ce(NO3)3.6H20
[87, 115]. The required amount of Ce(NO3)3.6H.O was dissolved in
ethanol via constant stirring and the solution was subjected to heating
to attain a temperature of about 55°C. To this hot solution NH4sOH was
added slowly. Immediately, light brown coloured Ce(OH), was
formed. After sometime, the precipitate was turned into light yellow
colour by the formation of CeO». Then, the obtained precipitate were
centrifuged, washed with ethanol and dried at 100°C to remove the
water molecules. Finally, the yellow coloured CeO- nanoparticles were
obtained after the calcination at 550°C for 2 h.

2.2.5 Synthesis of Neodymium Oxide (Nd20z) Nanoparticles

The Nd2Oz nanoparticles were synthesized via precipitation method by
using Nd(NOz3)3.6H,0 as the precursor. The Nd(NOz)3;.6H.O was
dissolved in ethanol and was heated with constant stirring. To this
NH4OH was added in drop wise. Subsequently light violet coloured
Nd(OH)s were formed, centrifuged, washed with ethanol and dried at
100°C for removing the water molecules. After, the obtained Nd(OH)s
powders were calcined at 550°C for 2 h to give violet coloured Nd.O3

nanoparticles.
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Figure 2.5: Illustration of co-precipitation method

2.2.6 Synthesis of PBMA Nanocomposites using TiO2 /Ce-TiO2
/Nd-TiO2/CeO2/Nd203 Nanoparticles

Poly (butylmethacrylate) nanocomposites were synthesized via in situ
free radical polymerization method. The desired nanoparticles, CeO>
INd203 /TiO2 /Ce-TiO2 /Nd-TiOz (0, 3, 5, 7, and 10 weight percentage
(wt%)) were dispersed in toluene containing cetyl trimethyl
ammonium bromide (CTAB) through ultrasonication method. This
solution was then poured into butyl methacrylate monomer under
constant stirring. The whole solution was again ultrasonicated for 15

min, and the polymerization was carried out at 85°C for 90 min using
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azobis isobutyro nitrile (AIBN) as initiator. After the complete
polymerization, the resultant polymer composites formed were
separated by precipitation method, and the product washed with water
and dried under vacuum for 48 h at 50°C. Finally, the obtained
composites were made into a thin film by solution casting method
using chloroform as the solvent for further studies. The schematic
representation of the formation of nanocomposite is given in scheme
2.1.
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PBMA nanocomposite

Scheme 2.1: Schematic representation of the formation of PBMA
nanocomposites with different nanoparticles

2.3 Characterizations

2.3.1 Fourier-Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of PBMA and PBMA nanocomposites were
recorded on JASCO (model 4100) Fourier transform infrared
spectrophotometer in the region of 4000-400 cm™ by casting thin film
of polymer from chloroform solutions between KBR windows of size

25 x 4 mm with 72 scans of 4 cm resolution.
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2.3.2 Ultraviolet-Visible (UV-Vis) Spectroscopy

The ultraviolet visible (UV-Vis) absorption spectrum of synthesized
PBMA and PBMA with different loading of nanoparticles in
chloroform was recorded on a Hitachi U-3000 spectrophotometer in
the wavelength range of 200-900 nm.

2.3.3 Scanning Electron Microscopy (SEM)

Surface morphology of the fabricated PBMA and PBMA
nanocomposites were investigated by a Hitachi S-3000 H scanning

electron microscope, after sputter coating of the surface.
2.3.4 Tunnelling Electron Microscopy (TEM)

The TEM images of the PBMA and PBMA/CeO2 nanocomposites
were observed by using the instrument JEM-2100, Japan at an

accelerating voltage of 200 kV.
2.3.5 X-Ray Diffraction (XRD) Analysis

The XRD measurements of the synthesized compounds were recorded
on a Bruker AXS D X-ray diffractometer using CuKa radiation (k =
1.5406A) with an accelerating voltage of 30 KV. The diffractograrms
were recorded in the range of 20 = 10 to 80" at a speed rate of 2°/min.
XRD is a rapid analytical technique used for phase identification of a
crystalline material and can provide information on unit cell
dimension. The interaction of the incident rays with the sample
produces constructive interference and a diffracted ray when

conditions satisfy Bragg’s Law. These diffracted X-rays are then
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detected, processed and counted. The Bragg’s diffraction angle (260),
along with interplanar spacing (d), and the relative intensity of the

peaks were calculated using Bragg’s equation 2.1

nA = 2d sin® (2.1)
Where, "0’ is one half of the angle read from diffractogram. Scherer’s

equation was

Used to estimate the particle size & the equation 2.2 is,

D =0.9A/B cosb (2.2)
Where; D - Average particle size
A - Wavelength of radiation of the X-ray beam
B - Width of the peak at half of the maximum intensity (in radian)
0 - Half of the diffraction angle 26
2.3.6 Differential Scanning Calorimetry (DSC)

The changes in thermal transition behavior (glass transition
temperature) of the composites were noticed using Perkin-Elmer
differential scanning calorimetry (DSC) thermal analyzer. For the DSC
analysis about 5 mg of the sample was heated from 20°C to 375°C. A
heating rate of 10°C/min was used under nitrogen atmosphere and a

heat flow of 20 mL/min.

2.3.7 Thermogavimetric Analysis (TGA)

Thermal stability of the prepared composites were examined by
Thermogavimetric analyser model Schimadzu TGA-50H from room
temperature to 600°C. A heating rate of 10°C/min was used under
nitrogen atmosphere at a heat flow rate of 30 mL/min.
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2.3.8 Conductivity Studies

The Electrical conductivity of the polymer composite was measured by
cutting the samples in a circular shape. The AC resistivity of the
samples was measured with a fully automatic Hewlett—Packard LCR
Meter at room temperature in a frequency range of 10%-10° Hz. The

dielectric constant (er) was calculated by using the relation,
£y = — (2.3)

and the conductivity was calculated by the equation
Ogc = €9-Ep.-w.tan § (2.4)

where d is the thickness of the sample, C is the capacitance, A the area
of cross section of the sample and g, the permittivity of free space ¢, is
the relative permittivity of the material which is a dimensionless
quantity. The inherent dielectric loss (tan 8) was also measured directly
from the HP LCR meter.

The DC electrical conductivity of all the PBMA nanocomposites was
measured by using Keithly 2400 instrument, a fully automatic system.

2.3.9 Mechanical Studies

The tensile strength and elongation at break of polymeric materials
were carried out using a Zwick Universal Testing Machine (UTM) at
28°C, according to ASTM D 412 (2016) and at a crosshead speed of
500 mm/min. Average of at least of five readings per sample

represents each data point.
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3.2 Introduction

Polymer matrix incorporated with nanofillers got immense attention in
research and industrial applications because of their novel properties
over that of bare polymer matrix since, it possess the properties of both
organic polymer matrix and inorganic filler [116]. The major problem
related to the synthesis of polymer nanocomposites are the
agglomeration tendency of nanofillers within the matrix [117]. This is
a serious issue especially for the thermal, mechanical and electrical
conductivity properties because the properties mainly related to the
contact between fillers and the polymer matrix [118]. The problem of
aggregation of nanoparticle can be overcome by in situ polymerization
method [119]. Polymer nanocomposites provide higher mechanical
strength, thermal stability, electrical properties, flame retardancy, and
resistance towards degradation. The properties depend on the size,
shape and nature of the filler particle. In addition to this, the larger
surface area along with large interfacial interaction between matrix and
filler particles provides higher dielectric properties to polymer
nanocomposites [120]. Transparent polymer matrices have been
widely studied for their applications towards optical, thermal,
mechanical and conductive areas because of their selective absorption
towards light, effective inter particle interactions, filler to matrix
interaction and obviously due to ease of processing and protection
[121]. Acrylate polymer nanocomposites are extrinsive conducting
polymers that made by incorporating conducting filler particles.
Extrinsive conducting polymers are quite cheaper and very easy to be

prepared. Further, the major highlighting factor here is that the



properties as well as the processability of this extrinsive conducting
polymers can be tuned according to our interest by changing the shape,
nature of the filler particle [122]. During the selection of filler the main
objective should be the capability of formation of continues network
within the polymer matrix. There have many reports regarding acrylate
polymer nanocomposites has led to novel electrical properties with the
addition of suitable fillers [123].

Studies reported that polymer nanocomposites made of
semiconducting nanoparticles possess higher conductivity at room
temperature as well as at higher temperature. TiO2, NiO and ZnO are
the most commonly studied nanofiller particle [124]. TiO2 possess
wide band gap energy and high refractive index suitable for various
applications in electronic field. Also the vacant d-orbital on the surface
of TiO2 help in effective dispersion within the polymer matrix and
hence efficient conductivity [125, 126]. It was reported that the PBMA
matrix encapsulated with TiO2 exhibit higher optical, thermal,
dielectric and electrical properties and made transparent host matrix
suitable in electronic appliances [127]. The present work mainly
focused on the effect of TiO, nanoparticle on thermal, mechanical,
AC and DC conductivity of poly (butylmethacrylate)/TiO>
nanocomposites. Also the present work extended to study the
mechanical and conductive nature of the polymer nanocomposites by
comparing with different theoretical model studies to understand the

applicability of the fabricated hybrid nanocomposites in various fields.
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3.4 Results and Discussion
3.4.1 FT-IR Spectra

The successful incorporation of TiO2 nanoparticles in the PBMA was
examined by FT-IR and the obtained FT-IR spectra of TiO2, PBMA
and PBMA/TiO2 nanocomposites was presented in figure 3.1. The
FTIR spectra of TiO, shows intense and broad band at 3400 cm™
corresponds to the -OH stretching vibrations from the absorbed H.O
molecules. Meanwhile the peak around 400-700 cm™ assigned to the
Ti-O vibrations [128]. In the spectra of PBMA and its composites, the
peak at 1150 cm™ is assigned to the vibration mode of C-O in the ester
group and the peak at 1240 cm™ corresponds to the torsion of CH>
group. The peak at 1729 cm attributed to the C=0 stretching band of
the ester group. Also, from the spectra of PBMA, the peak at 2873 and
2950 cm? are attributed to the CH> stretching modes, was slightly
shifted to 2873 and 2958 cm™ respectively. Shahzada et al. were
reported the same observation that the peak at 2900 and 2990 cm™ for
CHq> stretching vibrations in the PMMA was shifted to 2920 and 2951
cm™ respectively, probably due to some interactive role played by
TiO2 on PBMA matrix [129]. Further, in the spectra of PBMA/TIO:
nanocomposites the appearance of peak corresponds to the Ti-O-Ti
vibration (400-700 cm™) also clearly specify the incorporation of TiO:
nanoparticles in the PBMA. Moreover the strong and intense peak at
745 cm™ attributes to the Ti-O-Ti stretching vibrations further confirm

the successful incorporation of TiO2 nanoparticles in the PBMA.
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Figure 3.1: FT-IR spectra of TiO;, PBMA and PBMA/TIO>
nanocomposites

3.4.2 UV-Visible Spectra

Figure 3.2 represents the UV-Visible spectra of PBMA and
PBMA/TiO2 nanocomposites. As seen from figure, all the samples
exhibit a single peak at 245 nm attributes to the n-IT* transitions of -
C=0 group present in the PBMA backbone [130]. The absence of any
peak in the visible region itself reveals the transparent nature of pure
PBMA and PBMA/TiO, nanocomposites. However, it is interesting
that the intensity of absorption is much higher in composites than that
of bare PBMA. Moreover, upon addition of TiO, nanoparticles the
intensity of absorption peak further increasing and here the composite
with 7 wt% TiO. nanoparticles shows maximum absorption, after this

the absorption was slightly decreasing. The absorption edge of
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composites was significantly shifted to higher wavelength than bare
PBMA indicates the interfacial interaction between the TiO>
nanoparticles and the PBMA matrix. Here also, the composite with 7
wt% TiO2 nanoparticles shows higher absorption edge. The results
show that the nanoparticles are effectively dispersed in the PBMA
matrix with a greater interaction between the matrix and nanoparticle.
However, this matrix-filler interaction is lower at higher filler loading
(10 wt%) due to greater filler-filler interaction and which ascribed to
the lower absorption in the case of PBMA with 10 wit% TiO;
nanoparticles.

a. PBMA
——b. PBMA/3 wt % TiO,

c. PBMA/5 wt % TiO,
——d. PBMAI7 wt % TiO,
e. PBMA/10 wt % TiO,

Absorbance (a.u)

200 300 400 500 600 700
Wavelength (nm)

Figure 3.2: UV-Visible spectra of PBMA and PBMA/TIO:
nanocomposites

3.4.3 XRD Analysis

The X-ray diffraction patterns of TiO2 nanoparticles, PBMA and
PBMA/TiO2 nanocomposites were displayed in figure 3.3 (a-b). The
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XRD of prepared TiO2 nanoparticle is crystalline in nature with
various peaks at 20 = 25.32°, 48.15°, 54.5°, 62.76" and 68.78" assigned
to reflections from (101), (200), (105), (213) and (116) crystal planes
respectively [131]. The average crystalline size of prepared TiO>
nanoparticle was found to be ~14.99 nm by using Scherrer's formula.
The pristine PBMA exhibits a broad diffraction peak at 20 = 17.65,
shows its characteristics amorphous nature. However, upon addition of
TiO2 nanoparticles, the composites exhibits extra crystalline peaks
corresponds to that of TiO. in addition with the amorphous peak,
indicate the effective dispersion of nanoparticles in the PBMA matrix.
Moreover, the decrease in intensity as well as d-spacing of amorphous
peak by the further addition of TiO> nanoparticle shows the better
dispersion of nanoparticles by interfacial interaction with PBMA

backbone.

TiO

Intensity (a.u)

MJLWLUM

20 40 60 80
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Figure 3.3 (a): XRD pattern of developed TiO> nanoparticle
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Figure 3.3 (b): XRD pattern of PBMA and PBMA/TIO;
nanocomposites

3.4.4 FE-SEM Analysis

The surface morphology of TiO2, PBMA and PBMA with TiO> were
analysed using FE-SEM and the obtained images are shown in figure
3.4 (a&b). As prepared TiO2 nanoparticles were spherical in
morphology and seemed to be slightly agglomerated with average size
of ~12-13 nm. The pure PBMA shows smooth and clean surface
morphology with some irregularity in polymer chain, again a distinct
characteristics of amorphous phase. However, the presence of
nanoparticles was clearly revealed from the SEM images of
composites. It shows homogenous morphology with uniform
dispersion of nanoparticles up to 7 wt% TiO2 nanoparticles, might be
acquired through better interfacial interaction between the PBMA
matrix and TiO2 nanoparticles. The composite with 10 wt% TiO>
nanoparticle exhibits irregular morphology with presence of
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agglomerated nanoparticles. At higher loading, due to self
agglomeration of nanoparticles, the matrix-filler interaction gets
disrupted and this leads to improper dispersion of nanoparticles in the
polymer matrix.

Figure 3.4 (a): FE-SEM image of TiO2 nanoparticles

Figure 3.4 (b): FE-SEM images of PBMA and PBMA/TIO>
nanocomposites
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3.45 TEM Analysis

The TEM images of prepared TiO, nanoparticles, PBMA
nanocomposites with 5 and 10 wt% of TiO2 nanoparticles are shown in
figure 3.5. The average size of TiO2 nanoparticles has been found to be
~14 nm, which is much close to that obtained from XRD results. The
encapsulation of TiO2 nanoparticles (dark color) in the PBMA matrix
(light color) is clearly evident from the TEM images of
nanocomposites. However, the homogenous dispersion of individual
nanoparticles is most effective in PBMA nanocomposite with 5 wt% of
TiO2 and in the case of PBMA nanocomposite with 10 wt% of TiO:
several nanoparticles are get agglomerated, as expected from the SEM
images. Further, the uniformly distributed concentric diffraction peaks
in the SAED patterns confirmed the homogenous dispersion of TiO-

nanoparticles in the PBMA matrix.

PBMA 10 wt% TiO,

50 nm

Figure 3.5: TEM images of TiO, and PBMA/TiO2 nanocomposites
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3.4.6 Thermal Properties
3.4.6.1 DSC Analysis

Thermal properties of PBMA and PBMA/TiIO2 nanocomposites were
examined via DSC analysis and the obtained results are presented in
figure 3.6. The PBMA and PBMA/TiO2 nanocomposites exhibits a
minor endothermic peak at ~20°C corresponds to the glass transition
temperature (Tg) of the sample. The other major two endothermic dip
attributes to their melting points (Tm). From the figure, it is clear that
the Tg as well as Tm of PBMA was substantially enhanced upon
addition of TiO2 nanoparticles, indicate the improved thermal
properties of composites than the plane PBMA matrix. The interfacial
interaction of TiO2 nanoparticles with the PBMA matrix (as revealed
from XRD and SEM results) resist the free movement of polymer
segments, which results in higher thermal properties of composites
than the plane PBMA polymer.
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Figure 3.6: DSC curve of PBMA and PBMA/TiO2 nanocomposites
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3.4.6.2 TGA Analysis

Figure 3.7 shows the TGA and corresponding DTG curve of pure
PBMA and its nanocomposites with different content of TiO>
nanoparticles. As seen from figure, all samples exhibit two step of
degradation. The initial weight loss around 250°C attributes to the
homolytic cleavage of vinyl group present in the PBMA backbone and
the second step around 320°C corresponds to the rapid scission of
polymeric backbone [132]. The obtained degradation temperature
(initial (Ti) and second (Ts)) from TGA and the maximum degradation
temperature (Tmax) from DTG are presented in table 3.1. It clearly
seen from the table that the nanoparticle addition significantly
improved the thermal stability of the PBMA. For example, the bare
PBMA exhibit the initial weight loss at 256.01°C, while the PBMA
with 5 and 10 wt% of TiO2 nanoparticle shows the initial weight loss at
262.29°C and 266.48°C respectively. Similarly, the Ts and Tmax were
substantially enhanced with the addition of TiO.. The improved
thermal stability by the incorporation of nanoparticles is might be due
to the better dispersion and interfacial interaction of nanoparticles with
the PBMA matrix, support the data obtained from SEM and XRD

results.
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Table 3.1: The value of Ti, Ts and Tmax obtained from the TGA and
corresponding DTG curves for PBMA and PBMA/TIO;
nanocomposites

TGA DTG
o o Tmax (OC) Tmax (OC)
Ti(€) Ts(€) ISt stage 11"d stage
PBMA 256.01 330.49 280.29 364.33
PBMA/5 wt% TiO2 267.12 342.57 282.68 374.98
PBMA/10 wt% TiO2 271.71 346.14 288.49 377.02
0.2
100 4
0.0+
80- 3
= -0.2
£ o0 2
= 3 -0.4
B
204 —— c-PBMA-10 Wt% TiO, ) E o ::gmsw‘%ﬁo}
04 : A ——PBMA 10 wt% TiO,
100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) Temperature( C)

Figure 3.7: TGA and corresponding DTG curve of PBMA and
PBMA/TiO2 nanocomposites

3.4.7 Tensile Strength Studies

The tensile strength and elongation at break of PBMA and
PBMA/TiO2 nanocomposites were investigated and the obtained result
is given in figure 3.8. It is cleared from the figure that the tensile
strength was substantially enhanced with the addition of nanoparticles
and reaches its maximum at 7 wt% (40.22 %). The incorporation of
nanoparticles creates additional stress concentration sites and this

facilitate in effective stress transfer from matrix to the filler [133, 134].

60



In other words, the interfacial interaction between the TiO;
nanoparticles and the PBMA matrix helps in imparting the stress
created in the matrix surface to the nanoparticles and this leads to the
higher tensile strength in the case of nanocomposites than that of plane
polymer [135]. The maximum value of 7 wt% sample indicates that the
better dispersion and hence effective interfacial interaction is high at 7
wt% and after, there might be some interruptions in the matrix-filler
interaction. These interruptions at higher concentrations might be due
to the presence of agglomerated nanoparticles (revealed from SEM)
which results in poor dispersion and so weak interfacial interaction
with the matrix. The elongation at break shows marginal decrease in
value with the addition of nanoparticles implies the reinforcing effect
of TiO2 nanoparticles. The homogenous dispersion and the phase
interaction of nanoparticles with the matrix increase the stretching

resistance and correspondingly decrease the elongation at break.
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Figure 3.8: Tensile strength and elongation at break of PBMA and
PBMA/TiO2 nanocomposites
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3.4.8 Theoretical Modelling to Tensile Strength

The theoretical modeling approaches are much effective in predicting
the tensile properties of the polymer systems especially for polymer
nanocomposites. Various theoretical models have been introduced to
examine the effect of different parameters like filler geometry,
arrangement, concentration etc to the tensile property [136-142]. In the
present study Einstein, Mooney, Guth and Pukanszky equations have
been employed to analyze the tensile properties of PBMA/TIO:

nanocomposites.

According to Einstein model, the total tensile property of the
composites having perfect phase interaction between the polymer
matrix and the filler is directly related to the amount of filler present in

the matrix [137]. The equation can be written as
Mc = Mm(1 + 2.5Vf) (3.2)

Where Mc and Mm represents the tensile property of composites and

the plane polymer respectively, Vf implies the filler concentration.
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Figure 3.9: Theoretical and experimental tensile strength plots for
PBMA and PBMA/TiO2 nanocomposites based on Einstein model.

Mooney modified the Einstein equation by introducing a new variable
‘S’ (crowding factor) whose value is 1-1.25 for loosely packed systems
and 1.35 for closely packed systems [138]. And the Mooney equation

IS given as

2.5Vf
1-SVf

Mc = Mm * exp|: ] (3.2)

63



36 1
—
n“_s | —=—Experimental
= —e— Theoretical
o
- 32 1
=]
o
c
2
- 284
()
2
2 24 1
o
|

T T U T E T ¥ T T T

o 2 4 6 8 10
Filler loading (wt%)

Figure 3.10: Theoretical and experimental tensile strength plots for
PBMA and PBMA/TiO2 nanocomposites based on Mooney model

Guth modified Einstein equation for perfect phase interaction [139]

and it is given as

Mc = Mm(1 + 2.5Vf) + 141 V12 (3.3)
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Figure 3.11: Theoretical and experimental tensile strength plots for
PBMA and PBMA/TiO2 nanocomposites based on Guth model

Kerner derived an equation for predicting the tensile property of
polymer composites having moderate filler concentration as follows
[140]

Mc=Mm*1+[M]

(1-vF)(8—10Vm)

(3.4)
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Figure 3.12: Theoretical and experimental tensile strength plots for
PBMA and PBMA/TiO2 nanocomposites based on Kerner model

The tensile strength of PBMA/TiO2 nanocomposites were calculated
by using Einstein, Mooney, Guth and Kerner equations and is given in
figure 3.9, 3.10, 3.11 and 3.12 respectively. As seen from the figures,
the Einstein, Mooney and Guth equation used in present case does not
show any agreement with that of experimental value. The main
assumption of both these equations is that the tensile property is
mainly depends on filler concentration only and not consider about the
effect of aspect ratio, geometry, extend of interaction with polymer
matrix etc of the filler to the tensile property. So most cases these
models fail to calculate the actual tensile property of the polymer

composites.

Pukanszky Model: Pukanszky developed an equation for calculating
tensile property. The model considers that the interfacial interaction of
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filler with the matrix strongly influence the final tensile property of the
composites along with filler concentration [141, 142]. And the

equation can be given as

1-V

L+ exp(Buf) (35)

Mc = Mm x
1+2.5Vf

The parameter B depends on strength of interfacial interaction between
the filler and the matrix. The value of B can be obtained by comparing
the experimental tensile value with that of Pukanszky model. In the
present case Pukanszky equation shows better fit that of experimental
value (figure 3.13). That means, the interfacial interaction between the
TiO2 nanoparticles and the PBMA matrix plays a major role in
improving the tensile properties of nanocomposites than the plane
PBMA.
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Figure 3.13: Theoretical and experimental tensile strength plots for
PBMA and PBMA/TiO2 nanocomposites based on Pukanszky model
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3.4.9 AC Conductivity Studies

The frequency dependence of inherent dielectric loss (tan &) for PBMA
and PBMAJ/TiIO2 nanocomposites is shown in figure 3.14. From
figure, we can see that the dielectric loss decreases with frequency up
to 10* Hz and after it remains constant for all composites. The higher
dielectric loss at low frequency arises from the interfacial as well as
orientation polarization developed in polymer segments. Further it can
be seen that the loss value increases with the loading of TiO>
nanoparticles up to 7 wt% and after the dielectric loss shows slight
decrease. The increase in loss value with addition of nanoparticles
shows the better interfacial interaction between the PBMA matrix and
the TiO2 nanoparticles. Further, the nanoparticle addition brought
some modifications in the PBMA matrix, which leads to overlapping
of relaxation process and results in higher dielectric loss in PBMA
composites. The presence of agglomerated particles at higher loading
(revealed from SEM) reduces the interfacial interaction between the
matrix and filler and this leads to low dielectric loss at higher

concentration ( at 10 wt% of TiO2 nanoparticles).
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Figure 3.14: Variation of dielectric loss (tan ) with frequency for
PBMA and its composites with different content of TiO2 nanoparticles.

Figure 3.15 shows the variation of dielectric constant (&) with
frequency for PBMA and its composites with different content of TiO>
nanoparticles. The dielectric constant is decreasing with frequency up
to 10* Hz and there after it remains independent of frequency. The
higher dielectric constant at lower frequency is due to the contributions
from space charge polarization at the PBMA/TIO: interfaces and also
from the polarization effect of PBMA polymer segments and TiO>
nanoparticles. More over at lower frequency the dipoles can arrange
themselves with the applied frequency. However, at higher frequency
the dipoles fail to come with same pace as that of the applied
frequency and so the dielectric constant remains constant at higher

frequencies. It can be seen from figure that the dielectric constant was

69



substantially enhanced with the addition of nanoparticles. Because
during the addition of nanoparticle, there is gradual formation of
micro-capacitor network at the interface between insulating polymer
matrix and the conducting filler. However, in PBMA/TIO:
nanocomposites the maximum dielectric constant was shown by 7 wt%
nanocomposites and after there is slight decrease in dielectric constant
obviously due to the agglomeration of nanoparticles, which result in
poor interfacial interaction between the PBMA matrix and the TiO>

nanoparticles.

6x10*+ PBMA
-~ { I PBMA 3wt% TiO,
5x10° . < v PBMA 5wt% TiO,

PBMA 7wt% TiO,
PBMA 10wt% TiO,

S
1 N

A 4 » o

S

[N

[N

Dielectric constant(c
- N w B
x X X X
o o o o
[l 1

o
L

4
Log F (Hz)

Figure 3.15: Variation of dielectric constant (&r) with frequency for
PBMA and its composites with different content of TiO. nanoparticles.

The room temperature AC conductivity of PBMA and its

nanocomposites with various concentrations of TiO, were investigated
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and shown in figure 3.16. From figure it is clear that for all the
composites the conductivity increases with increase in frequency,
indicates the hopping conduction behaviour present in polymer
composite [143]. Also it is interesting to see that all the composites
have higher conductivity than that of pure PBMA matrix, which means
the incorporation of TiO2 enhances the conductivity of PBMA matrix.
The poor compactness of PBMA matrix (which is well clear from the
SEM image) leads to its poor conductivity while the dispersion of
nanoparticles leads to have high compactness and hence higher
conductivity. The conductivity increases with further addition of
nanoparticles up to 7 wt% and there after it shows slight decrease in
conductivity. The poor conductivity at higher filler loading (10 wt%) is
due to the aggregation of nanoparticles. The aggregation of
nanoparticles reduces the possibility of hopping by increasing the

distance between adjacent charge carrier centres.
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Figure 3.16: Room temperature AC conductivity (cac) of PBMA and
its composites with different content of TiO» nanoparticles.
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3.2.10 Temperature Dependence Electrical Conductivity of
PBMA/TiO2 Nanocomposites

The frequency dependent AC conductivity (cac) of PBMA and
PBMA/TiIO2 nanocomposites at various temperatures (298K-363K)
was presented in figure 3.17. For all the composites conductivity is
found to be increased with the frequency and temperature as observed
in the case of many polymer and semiconducting nanoparticles
composite. It is due to the higher hopping of charge carriers on
enhancing the temperature [144]. Since, as the temperature increases
the charge carriers got more energy for hopping and therefore
conductivity increases with temperature. Generally polymer
nanocomposites exhibits conductivity due to hopping of charge carries,
flow of charge carries through conductive path and polarization.
Polarization may occur due to dipole polarization developed in the
polar polymer matrix and interfacial polarization. The interfacial
polarization is arises from the mismatch between the non conducting
polymer matrix and the conducting filler particle [145]. The frequency
dependence of AC conductivity is given in the formula [146, 147]

Cac = A0® (3.6)
where A(T) is a constant determine the intensity of polarizability, cac
is the AC conductivity due to the trapped charge carries predominant
in higher frequencies, ‘s’ be the frequency exponent with the value
ranging from O to 1 indicate the degree of interaction between the
polymer matrix and mobile charge carries and its value indicate
towards the conduction mechanism present in the sample. The value of
‘s’ determined from the slope of the plot log(cac) vs. log(w) of all the

samples are presented in table 3.2. From the table it is clear that as the
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temperature increases the s value decreases further confirms the

hopping mechanism.

Table 3.2. Frequency exponent ‘s’ at different temperatures from the
AC conductivity of PBMA and PBMA with different content of metal
oxide nanoparticles

Samples Temperature('C)

30 40 50 0 70 80

(o2}

PBMA 0.6018 0.6017 0.6168 0.6159 0.6141 0.6138
PBMA/3 wt% TiO, 0.6411 0.6401 0.6395 0.6348 0.6342 0.6337
PBMA/5 wt% TiO, 0.6434 0.6430 0.6425 0.6421 0.6418 0.6413
PBMA/7 wt% TiO2 0.6570 0.6564 0.6559 0.6552 0.6547 0.6543
PBMA/10 wt% TiO2 0.6386 0.6383 0.6380 0.6376 0.6372 0.6366
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Figure 3.17: Frequency dependent AC conductivity (cac) of PBMA
and PBMA/TiO2 nanocomposites at various temperatures
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3.4.9.1 Activation Energy Calculations

The log(oac) vs. 1000/T for all the nanocomposites were ploted and
were shown in the figure 3.18. The curves obey the Arrhenius
equation and from these Arrhenius plots the activation energies were
calculated using the curve fitting method and the obtained values are
tabulated in table 3.3. It is clear that the activation energy of polymer
nanocomposites are lesser than that of pure PBMA matrix might be
due to the free hoping of charge carriers from one charge carrier sites
to another, as similar in the case of PVCIin/NiO polymer

nanocomposites reported by Ramesan et al. [148].
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Figure 3.18:  Activation energy plot of PBMA and PBMA
nanocomposites with different content of TiO2 nanoparticles
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Table 3.3: Frequency dependent activation energy of PBMA and its
composites with TiO2 nanoparticles

Samples Frequency
(Hz)

10° 10° 10° 10° 10°

PBMA -3.834 -3.414 -3.531 -4.005 -4.167

PBMA/3 wt% TiO: -3.851 -3.856 -3.862 -3.869 -3.874
PBMA/5 wt% TiO: -3.881 -3.886 -3.892 -3.898 -3.902
PBMA/7 wt% TiO: -3.941 -3.948 -3.953 -3.959 -3.964
PBMA/10 wt% TiO,  -3.862 -3.869 -3.875 -3.882 -3.887

3.4.10 DC Conductivity

The DC conductivity of PBMA and its nanocomposites with various
loading of TiO. at room temperature were measured and the plot is
shown in figure 3.19. The conductivity strongly depends on the
mobility and nature of filler nanoparticles. From the figure it is clear
that the conductivity of nanocomposites are higher than that of pure
PBMA which further confirm the increase in conductivity of PBMA
matrix with the encapsulation of TiO2 nanoparticles. It is pronounced
that with increasing the concentrations of TiO2 nanoparticles, the
conductivity also increases. This phenomenon of increase in
conductivity is due to the strong interfacial adhesion between the
PBMA matrix and TiO2 nanoparticles as result of coordination bond
between carbonyl group in PBMA and hydroxyl group on the surface
of TiO2. As the amount of filler particle increases the distance between
adjacent charge carriers decreases and hence the conductivity

increases. The homogenous dispersion of TiO2 is acquired through in
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situ polymerization method which, helps in having uniform conducting
charge carriers throughout the matrix. It is concluded that conductivity
is highly depends on the loading of TiO and the incorporation of TiO>
brought interesting electrical properties suitable to use in various

electronic devices.
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Figure 3.19: DC conductivity of PBMA and its nanocomposites with
various concentrations of TiO2 nanoparticles

3.4.11 Comparison of Experimental Conductivity with

Theoretical Conductivity

In order to understand the formation of conductive paths in the
polymer matrix upon addition of nanoparticles different theoretical
models were proposed [145, 149]. Bueche, McCullough, Scarisbrick
and Mamunya are some of the well known models to calculate the

theoretical conductivities. In the present study the theoretical
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conductivities of PBMA nanocomposites with the various
concentrations of TiO, were calculated using Bueche, McCullough,
Scarisbrick and Mamunya models. The values and plots obtained from
these models are compared with that obtained from experimental

calculations and the results are presented below.
3.4.11.1 McCullough Model

McCullough proposed a theoretical conductivity model to predict the
electrical conductivity of systems having homogeneous combination of
two phases based on the use of transport properties of polymer [150].
According to McCullough model, the electrical conductivity of binary
systems like polymer composites depends on the conductivity as well
as volume fractions of both filler and polymer matrix and the equation
is

L.0p.of +(of —op)?

oc=0p.dp + 0.Pf — [ e r——

3.7)

Where oc is the conductivity of composite film, op is the conductivity
of pure polymer matrix (4.23x10*? S/cm), of is the conductivity of
filler particle (1x10® S/cm), ®p is the volume fraction of polymer

matrix and @f is the volume fraction of filler particles. vf and vp are

defined as,
vf=(1—-21).0f + dp. A (3.8)
vp=(010-21).9p+ of. 1 (3.9

Where A is the structural factor and its value varies from O to 1. The A

value indicates the extent of conductive chain and network formation.

77



Moreover the A value depends on the size, shape, aspect ratio and the
concentration of nanoparticles. The theoretical conductivity of PBMA
having various concentrations of TiO, were calculated using
McCullough model (equ: 3.7-3.9) at A = 0, 0.1, 0.5, 0.9, 0.9999. The
calculated theoretical conductivity along with experimental results is
shown in figure 3.20. The theoretical conductivity is not in agreement
with those obtained from experimental results in entire value of A = 0
to A = 0.9999. So the McCullough model is not suitable to predict the

conductivity of composite materials.

34
04
£
O
® -3 .
-, —=— Experimental
b-c 6 —®— ).=0.9999
o) -6 4
3 —h— ), =0.9
94 —¥— A=0.999
12 4
) v I M 1 M )

0 ' 2 ' 4 6 8 10
Filler loading (wt%)

Figure 3.20:  Theoretical and experimental plots of electrical
conductivity based on the McCullough model
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3.4.11.2 Bueche Model

Bueche model considered that the conductivity of composites is due to
the contributions from the conducting particle aggregations and from

the insulating polymer matrix [151] and the equation is given as
oc=®fof + (1 —Df)op (3.10)

Where, ®f is the volume fraction of filler particles, of is the
conductivity of filler particle and op is the conductivity of pure
polymer matrix and oc is the conductivity of composite film. The
theoretical conductivity using the Bueche model (equation 3.10) and
experimental conductivity investigated for the composites of PBMA
with various concentrations of TiO are given in figure 3.21. From the
figure it can be seen that the theoretical conductivity obtained using
Bueche is not matches with those of experimental and so the Bueche
model also fails to predict the conductivity of polymer composites
under investigations. According to this model the conductivity is
mainly depends on the nature of filler and polymer matrix and so it is
suitable for multi component systems in which there is no much
difference in conductivity between the components. So the theoretical
conductivity obtained using Bueche model is always quiet different

from those obtained from experimental study.
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Figure 3.21: Theoretical and experimental plots of electrical
conductivity based on the Bueche model

3.4.11.3 Scarisbrick Model

According to Scarisbrick model the conductivity is Ohmic in nature.
That means the inter-particle contacts within the polymer matrix is
responsible for the formation of conductive path and based on these
assumptions he derived an equation to calculate the probability of
conductive network formation through the particle-particle contact
[152]. By this model the theoretical conductivity is function of volume

fraction of filler and can be expressed as

L= Dexp(® )] (3.11)

Where oc is the conductivity of composite film, of is the conductivity

of filler particle, @ is the volume fraction of the filler in the composite
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and C is the geometrical factor depends on the arrangement conductive
paths within the polymer matrix. The value of C? varies from 1 to 3 x

1073, Then the equation is expressed as is

“ =90 [exp (¢-§)](When c?=1) (3.12)

Z£=3x107.0. ®[exp(d3)](When C 2= 3x10%)(3.13)

Using the above equations (equations: 3.11-3.13) the theoretical
conductivity of PBMA and PBMA/TIO2 nanocomposites were
calculated and the comparative study of experimental conductivity and
theoretical conductivity made using Scarisbrick model were shown in
figure 3.22. The trend of increase in conductivity as increase in
concentration of filler particle is more pronounced in theoretical
calculation than that of experimental conductivity. Here also, there is
large difference between theoretical and experimental conductivity at
entire concentration of filler. Therefore, Scarisbrick model is not
suitable for predicting the conductivity of PBMA/TIO:
nanocomposites. Since, in Scarisbrick model contributions from
polymer matrix is not considered and also the actual value of C?is
difficult to calculate and thus there is large deviations between the
experimental and theoretical conductivity based on Scarisbrick model

in most case of polymer composites.
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Figure 3.22: Theoretical and experimental plots of electrical
conductivity based on the Scarisbrick model

3.4.11.4 Mamunya Model

Mamunya et al. were proposed that the electrical conductivity of
polymer composites highly depends on polymer-filler interface at the
percolation threshold in addition to the conductivity as well as volume
fraction of filler and matrix [153]. However, the extent of polymer-
filler interaction depends on the polymer and filler surface energies,
aspect ratio, size, shape polymer melt viscosity etc. There for,

conductivity of composites can be expressed as

d-Pc
F-dc

Logo = logoc + (log oF —log oc)( )k (3.14)

Where, O is the filler volume fraction, @c is the filler volume fraction
at the percolation threshold, oc is the electrical conductivity at the
percolation threshold, or is the composite electrical conductivity when

® = F, F is the maximum packing volume fraction, k is an exponent
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depends on the filler volume fraction and the relation is shown in
equation 3.15.

k = K® /(D-Dc) 7 (3.15)

K is a coefficient, its value depends on the interfacial interaction

between the polymer matrix and filler, can be expressed in equation
3.16.

K=A— By (3.16)

Where, vpf IS the interfacial surface tension; and A and B are constants.
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Figure 3.23: Theoretical and experimental plots of electrical
conductivity based on the Mamunya model

The theoretical conductivity of PBMA/TiIO2 nanocomposites was

calculated by using Mamunya equations (equations: 3.14-3.16) and

83



compared with the experimental conductivity. The results were shown
in figure 3.23. The experimental and theoretical values shows exact
match at entire concentrations of filler, of course slight deviations at
low filler concentrations. At low concentrations the conductivity of
composites is governed by only that of polymer matrix and after
reaching the percolation value the conductivity governed by both filler
and matrix. So it can be conclude that, for PBMA/TIO;
nanocomposites the Mamunya model is the suitable one. That means
the conductivity mainly depends on the interfacial interaction between
the matrix and filler, which in turn influenced by the surface properties

of filler.
3.5 Conclusion

The nanocomposites of PBMA with various loading of TiO2 were
successfully synthesized by in situ polymerization method and the
interfacial interaction between the polymer matrix and filler was
revealed from FT-IR and UV-Visible analysis. The XRD results
showed the ordered arrangement of TiO2 nanoparticles in the PBMA
matrix. The uniform dispersion of nanoparticles was confirmed
through FE-SEM and TEM analysis. The incorporation of TiO>
nanoparticles substantially enhanced the thermal stability of PBMA
composites, as revealed from the higher Tg, Tm and thermal
degradation temperature of composites. The tensile strength and
elongation at break of PBMA/TiO2 nanocomposites was measured and

it shows the improved mechanical properties of composites than the
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plane PBMA. The tensile properties of composites were predicted by
using different theoretical models such as Einstein, Mooney, Guth and
Pukanszky equations and among these Pukanszky model shows close
match with the experimental tensile values. The room temperature as
well as temperature dependent AC conductivity of composites was
measured and the result shows the conductivity increases with increase
in temperature, frequency and concentration of filler particles. The
maximum AC conductivity was obtained for 7 wt% loading of TiO-
and above it the conductivity decreased due to the aggregation of
nanoparticles at higher filler loading. The dielectric as well as
dielectric loss also exhibits significant enhancement with the addition
of TiO2 nanoparticles. The activation energy and exponential values
were calculated from the AC conductivity studies and it revealed that
the composites exhibit hopping conduction mechanism. The DC
conductivity of composites was higher than that of pure PBMA, means
the conductivity is strongly depends on the content of TiO>
nanoparticles. The conductivity of polymer composites were predicted
using theoretical models based on Bueche, Scarisbrick, McCullough
and Mamunya models. In Bueche, Scarisbrick and McCullough
models the theoretical value exceeds than that of experimental values
and so these models fail to explain the conductivity of composite
material over a wide range of concentration of filler particles. The
reason for the large variation between experimental conductivity and
theoretical conductivity is the large difference in the conductivity of

PBMA matrix and TiO2 nanoparticles. However, Mamunya model
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exhibits better fit that of experimental conductivity. Thus it can be
conclude that the conductivity of PBMA/TiO> nanocomposites was

mainly governed by the interface between PBMA matrix and the filler.
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CHAPTER 4
INVESTIGATIONS ON THE
STRUCTURAL, MECHANICAL,
THERMAL AND ELECTRICAL
PROPERTIES OF Ce DOPED TiOy/POLY
(BUTYLMETHACRYLATE)
NANOCOMPOSITES
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4.1 Introduction

Nanoparticles filled polymer composites are well known for their
interesting optical, thermal, mechanical and conductivity properties,
resulting from the synergetic interaction of polymer with the nano-
fillers [154]. These nanocomposites are widely used in many
applications such as dielectric ceramics, electro-chromic devices,
biosensors, super capacitors and optoelectronic devices [155].
Especially the dispersion of inorganic nanoparticles in organic polymer
results in a hybrid polymer nanocomposite with fabulous properties.
The polymer provides its own excellent mechanical properties and the
nanoparticles impart immense thermal and electrical properties and
hence the hybrid variety made of these two components exhibits the
excellent and unpredictable properties [156]. Several works were
reported on the electrical as well as mechanical properties of polymer
composites and the mechanism behind the enhanced properties.
Theoretical modeling studies are the widely accepted method to
identify the mechanism of enhanced properties and the role of
nanoparticles in polymer composites. So the development and the
application of new theoretical modeling studies are more facile to
study and predict the nature of mechanical and electrical properties in

the polymer nanocomposites.

The properties of polymer nanocomposites depends on the size, shape
and nature of nano-filler present in the polymer matrix [157].
Therefore the properties of the polymer nanocomposite can be tuned
by selecting appropriate nanoparticles. The improvements in properties

of polymer nanocomposites are also due to the large surface area of



nanosized particles which provide high contact area with the polymer
matrix [158]. Further the surface to volume ratio of nanosized particles
are very high compared to that of micro-sized particles means there
have high interaction zone around the nanoparticles with the polymer
matrix and hence brought interesting change in the functions of
polymer matrix [159]. Depending on the strength of interfacial
interactions between the polymer matrix and nanoparticles, the free
volume and hence the mobility of nanoparticles may change and so
different nanoparticles brought same properties in different dimensions

to the same polymer matrix.

TiO2 nanoparticles have been widely used as nano-filler for many
polymer nanocomposites due to its remarkable electrical and optical
properties [160]. The surface modification of TiO> with different metal
ions especially rare earth metal ions result in nanoparticles carrying
high functionality. It has been reported that the use of rare-earth-metal
doped TiO, nanoparticles in polymers could impart excellent thermal,
electrical, and sensing properties and anticorrosive properties [161].
Shende et al. showed that the photocatalytic activity of graphene with
Ce-doped TiO2 nanocomposites has higher activity than graphene-TiO>
nanocomposites [162]. Similarly, the carbon nanotubes with cerium-
doped TiO2 nanocomposites can perform as an excellent tool for the
photodegradation process of phenol [163]. However, the conductivity
and mechanical properties of poly (butylmethacrylate) containing Ce-
TiO2 nanoparticles still remain unfamiliar. The present study focused
on fabrication of poly (butylmethacrylate)/Ce-TiO2 nanocomposites
and their characterizations by FT-IR, UV-Visible, XRD, FE-SEM,
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DSC, TG analysis and then study the mechanical, AC and DC
conductivity properties of developed composites. This work also
concentrates on the theoretical modeling of tensile strength as well as
DC conductivity of composites for studying the mechanism behind the
enhanced properties of poly (butylmethacrylate)/cerium doped TiO>

nanocomposites.

4.2 Results and Discussion

4.2.1 FT-IR Spectra

The interaction of Ce-TiO2 nanoparticles with PBMA was analyzed by
FT-IR and is given in figure 4.1. The IR spectra of Ce-TiO> show the
typical peak at 655 cm™ endorses the formation of Ti-O bond [164].
The strong and intensified peaks at 3417 cm™ and 1630 cm™ are the
surface adsorbed water molecules of Ce-TiOz nanoparticles. The FT-IR
spectra of PBMA shows a peak at 1730 cm™ is the C=0 absorption of
the ester group in PBMA matrix and the peaks at 2690 and 2874 cm
are the absorption peak of C-H bond vibrations of CH, and CH3z groups
respectively. The peak at 1060 cm™ corresponds to the C-O stretching
vibration of ester group of PBMA and one at 1261 cm* attributes C-H
wagging vibrations in PBMA. The PBMA with Ce-TiO2 nanoparticles
shows the absorption peak at 661 cm™is the Ti-O-Ti vibrations, which
is absent in pure PBMA confirms the presence of TiO2 nanoparticles in
the PBMA matrix [165]. The Ti-OH band appeared at 3417 cm™in Ce-
TiO, is absent in PBMA/Ce-TiO2 nanocomposites implies the
formation of bonding interaction of Ti-OH with the carbonyl group
present in PBMA [166]. It can be seen from the figure that, the two
absorption peaks of pure PBMA at 745 and 708 cm™ are found to be
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shifted to higher wavelength region at 755 cm™ in PBMA/Ce-TiO;
nanocomposite and this is another evidence for the interaction of Ce-

TiO2 nanoparticles with PBMA matrix.
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Figure 4.1: FT-IR spectra of Ce doped TiO2, PBMA and PBMA with
Ce doped TiO>

4.2.2 UV-Visible Spectra

The UV-Visible spectra of PBMA and PBMA with various loading of
Ce-TiOz nanoparticles are shown in figure 4.2. The strong absorption
peak around 245 nm attributes to the n-z* transition in the C=0 group
[167]. It is clear from the figure that all the composites have higher
intensity and broadens than pure PBMA. The well dispersed Ce-TiO>
nanoparticles in the PBMA contribute to the increased UV absorption
of composites than the pure PBMA. The broadness and intensity of

UV absorption peak is maximum at 7 wit% loading. This means that
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the effective dispersion and so the interfacial interaction is maximum
at this loading and this is in accordance with the work reported earlier
[168]. However, the intensity is found to be decreasing at higher
loading of nanoparticles (i.e. at 10 wt%). The agglomerated
nanoparticles at higher loading interrupt the effective dispersion, which
in turn disturb the interaction with polymer matrix, causes the decrease
in absorbance of polymer nanocomposites. Hence it can be concluded
that the Ce-TiO2 nanoparticles are effectively dispersed in the PBMA
chain and it plays significant role in the optical properties of PBMA

polymer.
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Figure 4.2: UV-Visible spectra of PBMA and PBMA with different
contents of Ce doped TiO2

4.2.3 XRD Analysis

The XRD patterns of Ce-TiO2 nanoparticles, PBMA and PBMA with
different contents of Ce-TiO. nanoparticles are presented in figure 4.3.
The nanoparticles show several diffraction peaks indicating the
crystalline nature of synthesized Ce doped TiO2 [169]. However, the
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synthesized PBMA exhibits broad and intense peak at 20 = 18.19°
implies the amorphous nature of the polymer. The XRD pattern of
nanocomposite shows all the diffraction peaks of Ce-TiO. with the
broad diffraction curve of PBMA. It can be observed from the figure
that the amorphous nature of PBMA phase is decreasing with the
addition of Ce-TiO2 nanoparticles and the amorphous peak of PBMA
at 20 = 18.19" is found to be shifting to 20 = 17.65". The shift in
diffraction peaks reveals interaction of nanoparticles with the PBMA
matrix. Also the intensity of the crystalline peaks was increasing in the
composite with increase in concentration of nanoparticles. The percent
crystalinity of the composites was calculated by the general formula,
percent crystallinity = lcrystaiiine/(lerystattine +  lamorphous).  The  percent
crystallinity for PBMA with 5 wt% of Ce-TiO2is 25 %, while that for
PBMA with 10 wt% of Ce-TiO2is 67 %.
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Figure 4.3: XRD patterns of Ce doped TiO2, PBMA with different
contents of Ce doped TiO-
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4.2.4 FE-SEM Morphology

The SEM images of Ce-TiO2 nanoparicle PBMA and PBMA/Ce-TiO-
nanocomposites are given in figure 4.4. It can be seen from figure that
the Ce-TiO2 has cluster of hemispherical particles. The pure PBMA
(figure 4.4b) exhibits smooth and homogenous surface morphology,
while the smoothness of polymer disappears gradually with the
presence of particles in the composites denotes the dispersion of

nanoparticles in the polymer matrix.

Figure 4.4a: FE-SEM image of Ce-TiO2 nanoparicle

The PBMA with 3 wt% Ce-TiO2 shows the homogeneity with
irregularly distributed nanoparticles, obviously due to the lack of
enough number of nanoparticles. However, PBMA with 7 wt% Ce-
TiO2 exhibits good morphology with several distributed nanoparticles
(truly with some agglomeration of Ce-TiO2 which cannot be ignored)
shows the better adhesion of nanoparticles with the PBMA matrix. The
interaction of polar carbonyl groups present in the PBMA backbone
with Ce-TiO2 nanoparticles is responsible for the effective dispersion
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of nanoparticles within the polymer matrix [170]. However, when the
loading of nanoparticles reached to 10 wt%, the uniform adhesion of
nanoparticles within the polymer matrix is totally changed with more
number of agglomerated nanoparticles. At higher loading, greater
stress is developed in the polymer matrix which leads to more
agglomeration of nanoparticles, consistent with the UV studies

discussed earlier.

(a)

Figure 4.4b: FE-SEM images of (a) PBMA (b) PBMA/3 wt% Ce-
TiO2 (c) PBMA/7 wt% Ce-TiOzand (d) PBMA/10 wt% Ce-TiO>

4.25 DSC Analysis

The glass transition temperature (Tg) of PBMA and PBMA with
various loading of Ce-TiO> nanoparticles are investigated by DSC and
is given in figure 4.5. It can be observed that the Tg value of
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composites are greatly influenced by the addition of nanoparticles and
all the composites shows higher Tg than that of PBMA implies the
strong interaction of PBMA with Ce-TiO2 nanoparticles. It is well
recognized that the interaction of filler particles with the polymer
matrix alter the arrangement and segmental mobility of polymer chain
which in turn alter the Tg values [171]. The obtained Tg values of
PBMA and PBMA with 5 and 10 wt% Ce-TiO, nanoparticles are
appears at 21.54°C, 33.74°C and 37.54°C respectively. The increased
Tg arises from the loss in segmental mobility of PBMA chain,
obviously due to the well dispersion of Ce-TiO2 nanoparticles. This
uniform dispersion was possible through the strong interaction of
nanoparticles to the surrounding polymer matrix [172].
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Figure 4.5: DSC profiles of PBMA with different contents of Ce-TiO-
nanoparticles.
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4.2.6 TGA Analysis

The thermal stability of PBMA and its nanocomposite with different
loading of Ce-TiO2 has been examined by thermogravimetric analysis
and is given in figure 4.6. The corresponding DTG curve was also
given. Typically PBMA shows two thermal degradation steps. Firstly,
the vinyl end groups present in PBMA begins to degrade at around
~250°C. Subsequently upon further rising of temperatures, rapid
random scission of polymer chain leads to complete degradation of
PBMA chain structure [173]. Usually the thermal degradation begins
with the random scission of polymer chain and the formed radical
polymer chain react with unsaturated end groups or with the some
weak bonds leads to complete degradation [174]. From the TGA
curves, it can be noted that the PBMA and its nanocomposite with Ce-
TiO2 has similar type of degradation behavior. It is also noticed that
there is no residue beyond 400°C indicating the depolymerization of
PBMA is mainly through random scission process. The obtained initial
degradation temperature (Ti) and major decomposition temperature
(Tmax) for the plane PBMA and PBMA/Ce-TiO2 nanocomposites
were documented in table 4.1. The PBMA has the initial degradation
temperature at 256°'C while the composites have degradation
temperature 257°C and 264°C for 5 wt% and 10 wt% filler ratios
respectively. From table, it is clear that all the composites have higher
degradation temperature and major decomposition temperature than
that of pure PBMA confirming the contribution of metal oxide

nanoparticles in the enhanced thermal stability of PBMA composites.
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The higher thermal stability of nanocomposite arises from the strong

interfacial interaction of Ce-TiO2 nanoparticles with PBMA matrix.

Table 4.1: The value of Ti and Tmax obtained from the TGA and
corresponding DTG curves for PBMA and PBMA/Ce-TiO2
nanocomposites

TGA DTG
Ti(C) Tmax ('C) Tmax ('C)
Ist stage 11" stage
PBMA 256 280.29 364.33
PBMA/5 wt% Ce-TiO2 257 290.05 368.40
PBMA/10 wt% Ce-TiO2 264 307.91 376.55
100 4 0.04
80 4 g -0.24
g 60 E’ -0.44
%’ 40 4 ; -0.6
g 20{ ——pBMA g-o.a-
——PBMA 5 wt% Ce-TiO, s —PBMA
o] ——PBMmA 10w ce-Tio, o —— PBMA 5wt% Ce-TiO,
1.09 ——PBMA 10w% Ce-TiO,
0 100 200 300 400 500 600 0O 100 200 300 400 500 600
Temperature (°C) Temperature(’C)

Figure 4.6: TGA and corresponding DTG patterns of PBMA and
PBMA with different contents of Ce doped TiO>

4.2.7 Mechanical Studies

The effect of Ce-TiO2 nanoparticles on the tensile strength and
elongation at break of PBMA matrix has been investigated. The tensile
strength (figure 4.7) of PBMA is greatly enhanced with the dispersion
of Ce-TiO2 nanoparticles. The tensile strength is increased to 26.7 %

for 3 wt% addition of Ce-TiO2 nanoparticles as compared to pure
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PBMA. The maximum tensile strength is observed for 7 wt% of Ce-
TiO2 loading (61.79%). The better reinforcing of metal oxide
nanoparticles along with the interfacial interaction between the nano-
filler and polymer matrix is responsible for the enhanced tensile
strength of polymer composites [175]. The elongation @ break of
PBMA and PBMA with different contents of Ce-TiO2 nanoparticles is
also given in figure 4.7. It can be seen that the value of elongation at
break is found to be decreasing with the addition of Ce-TiO>
nanoparticles. Due to the presence of metal oxide nanoparticles, the
mobility of molecular chains is partially suppressed in nanocomposites
which in turn reduce the deformability of polymer chains. In other
words, the addition of nanoparticles increases the stiffness of the
polymer matrix and therefore the elongation at break decreases. So it is
clear that the inclusion of metal oxide nanoparticles greatly enhanced

the mechanical strength of PBMA matrix.
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Figure 4.7: Tensile strength and elongation @ break of PBMA and
PBMA with differentcontents of Ce doped TiO>
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4.2.8 Theoretical Studies of Tensile Strength

Different theoretical approaches of mechanical properties for studying
the effect of parameters like interfacial properties, filler concentration,
thickness etc. on the mechanical properties of composites. Though
experimental studies are most effective, they are limited due to the
difficult in manipulation of nano-scale interaction. The role of various
parameters for the reinforcing nature of PBMA/Ce-TiO2
nanocomposite is analyzed with various theoretical modeling such as

Einstein, Mooney and Pukanszky equations.
4.2.8.1 Einstein Model

Einstein derived a theoretical equation for tensile strength of two phase
composites in which the tensile strength of composites is linearly

related to filler volume fraction [136, 176] and the equation is
Mc = Mm(1 + 2.5Vf) 4.2)

where Mc is the tensile strength of the composite, Mm is the tensile
strength of bare polymer and Vf is the filler volume fraction. Using the
Einstein model (equation 4.1), tensile strength of PBMA/Ce-TiO>
nanocomposite are evaluated and shown in figure 4.8. It is clear from
the figure that the theoretical values show large deviation from the
experimental values. Since the Einstein model does not consider the
parameters like aspect ratio, interaction parameter, thickness etc, it
only useful in low concentrations of filler. In the present study, the
Einstein model fails in predicting the reinforcing nature of PBMA/Ce-

TiO2 nanocomposites.
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Figure 4.8: Theoretical and experimental curve of tensile strength
based on Einstein model

4.2.8.2 Mooney Model

Mooney brought few modifications to the Einstein equation by
introducing another parameter S’ called crowding factor [137, 177]
and the equation is

Mc = Mm exp[%] (4.2)

where the Mc and Mm are the tensile strength of composite and bare
polymer respectively and Vf is the volume fraction of nanoparticles.
The parameter S represents the strain field in the interphase between
the polymer matrix and the nanoparticles. The value of S has been
suggested by various studies and it is equal to 1.35 for closely packed
systems or it is for loosely packed systems. Mooney model (equation
4.2) is used to calculate the tensile strength of PBMA/Ce-TiO>
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nanocomposites and the obtained results is shown in figure 4.9 along
with the experimental results. The theoretical model does not match
with the experimental results in entire filler loadings. Since the
Mooney model does not consider the effect of interfacial properties on
the tensile strength, the theoretical values shows greater deviation from
that of experimental one. The Mooney model also fails in the case of

PBMA/Ce-TiO2 nanocomposites.
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Figure 4.9: Theoretical and experimental curve of tensile strength
based on Mooney model

4.2.8.3 Pukanszky Model

Pukanszky proposed a theoretical model for tensile strength of two
phase nanocomposite systems [135, 141]. According to this approach
the tensile strength is related to filler volume fraction and polymer-

filler interfacial parameter and can be expressed as

1-Vf
14+2.5Vf * exp(BVf) (4'3)

Mc = Mm x
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Where Mc and Mm are the tensile strength of composites and polymer
matrix respectively, Vf is the filler volume fraction and B is the
interfacial parameter can determine from the experimental data. The
parameter B determine the interfacial properties of polymer matrix
with the filler, means the capacity of stress transfer from the matrix to
filler. The values of B calculated by using the experimental tensile
strength values and put it into the equation of Pukanszky model
(equation 4.3) for the theoretical evaluation of tensile strength of
PBMA and its nanocomposites with Ce-TiO2 nanoparticles. The
theoretical and experimental results are exhibited in figure 4.10. From
the figure it is clear that data obtained using Pukanszky model shows
close match with that of experimental one. The theoretical data shows
slight positive deviation at higher volume fraction of nanoparticles.
The more the reinforcing effect of filler into the polymer matrix, more

will be the stress transfer capacity [178].
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Figure 4.10: Theoretical and experimental curve of tensile strength
based on Pukanszky model
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4.2.9 Conductivity Studies
4.2.9.1 AC Conductivity

The addition of conducting nanoparticles can change the conductivity
properties of polymer matrix. The variation of AC electrical
conductivity with frequency at room temperature is measured for
PBMA/Ce-TiO, nanocomposite and given in figure 4.11. It can be
seen that the conductivity is found to be increasing in entire frequency
range for all composites demonstrates the hopping conduction
mechanism present in the PBMA matrix. The enhancement in
conductivity of composites is attributed to the interfacial polarization
between the PBMA matrix and Ce-TiO2 nanoparticles. The increased
conductivity at higher frequency range is not only due to the
contribution from interfacial polarization but also from the electronic
polarization [179]. All the PBMA/Ce-TiO2 nanocomposites have high
electrical conductivity than pristine PBMA and the maximum
conductivity is noticed up to 7 wt% loading, which might be due to the
large number of charge carriers. Moreover the availability of more
number of charge carriers at the interface causes more interfacial
polarization also contributes towards the conductivity at this
concentration. The poor conductivity beyond 7 wt% is due to the
agglomeration of nanoparticles and the agglomerated particles have
less interaction zone with the polymer matrix causes decrease in the

interfacial polarization between the filler and polymer matrix.
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Figure 4.11: AC conductivity of PBMA with various loading of Ce
doped TiO>

4.2.9.2 Dielectric Constant

The nanoparticles can act as a tunnel for conduction between
electrodes and hence increase the dielectric constant of the polymer
composites than that of bare polymer. The variation of dielectric
constant of PBMA and its nanocomposite with Ce-TiO2 nanoparticles
is given in figure 4.12. The dielectric constant of all the samples
decreases with the increase in frequency. The free polar functional
groups present in the PBMA chain arrange themselves in lower
frequency attributed to the higher dielectric constant at lower
frequency region. Moreover, the space charge distribution which in
turn depends on the interfacial interaction of polymer with the filler
particle plays a significant role in the higher dielectric constant of

polymer composites at lower frequency. While upon increasing the
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frequencies, the larger polar groups fail to orient themselves in the
same pace of applied frequency results in the continuous decrease in
the dielectric constant [180]. The dielectric constant of PBMA/Ce-
TiO2 nanocomposites is higher than the pure PBMA,; determine the
contribution of metal oxide nanoparticles in the storage capacity of
polymer nanocomposites. The PBMA with 10 wt% Ce-TiO, composite
shows lower dielectric constant than PBMA with 7 wt% Ce-TiO;
samples. This is due to the fact that the nanoparticles have higher
tendency for agglomeration at higher loading. The agglomeration of
nanoparticles reduces the interfacial interaction of nanoparticles with
the polymer and it also disturbs the orientation of polar groups and

results in the lower dielectric constant.
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Figure 4.12: Dielectric constant of PBMA with different loading of Ce
doped TiO>
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4.2.9.3 Dielectric Loss Tangent (Tan §)

The variation of dielectric loss tangent of PBMA/Ce-TiO;
nanocomposites as a function of frequency is presented in figure 4.13.
The tan 6 value is higher at lower frequencies and it continuously
decreasing upon increasing the frequency, shows some structural
changes in the polymer backbone after the addition of nanoparticles.
The higher tan 6 at lower frequency arises from the strong interfacial
interaction and the space charge polarization at the interfaces. The tan
0 shows an oscillatory behaviour which arises from the relaxation
process occur in the heterogeneous interfaces between PBMA and Ce-
TiO2. The continuous decrease in dielectric loss with frequency can be
explained as the interaction of viscous polymer matrix surrounding the
dipoles resist the rotation of dipoles. The dipoles (charge carrier) use
some part of energy absorbed from the applied field to overcome the
resistance offered from the polymer matrix. This affects the transition
of charge carriers between the interfaces which in turn decreases the
tan o6 with increasing frequency [181]. The PBMA/Ce-TiO>
nanocomposites show higher tan 6 than PBMA and the tan 6 increases
with the weight fraction of Ce-TiO2 nanoparticles up to 7 wt%. This
suggests that the better interfacial interaction is higher at a loading of 7
wt%. These interactions lead to an ordered arrangement of metal oxide
nanoparticles in the polymer causes high space charge polarization at
the interfaces. The decrease in tan o after 7 wt% loading is the poor
interfacial interaction of metal oxide nanoparticles with the polymer

matrix.
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Figure 4.13: Dielectric loss tangent versus frequency plots for PBMA
with Ce doped TiO>

4.2.10 Temperature Dependent AC Conductivity Studies

Figure 4.14 represents the frequency dependent AC electrical
conductivity of PBMA and PBMA with different contents of Ce-TiO>
nanoparticles at various temperatures. All the samples show the typical
dielectric behavior of an insulating polymer. In all cases, the
conductivity increases linearly with increase in frequency from 102 to
10% Hz. The conductivity of all the composites is greater than pristine
PBMA. The higher conductivity of the composites is due to the
formation of excess charge carriers developed in the polymer
composite. At lower loading of fillers, the distance between the
conducting particles are high and hence the chance for the conductivity
arising through the hopping of charge carriers is less, this result in

lesser conductivity. However, as the loading of Ce-TiO2 in PBMA
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increases to 7 wt% the inter particle distance decreases. This favours
the hopping phenomena and results in higher conductivity values at 7
wt% loading. In other words, the increase in conductivity with the
filler loading suggests the formation of an effective conducting path
within the polymer matrix. But, a slight decrease in conductivity at 10
wt% of Ce-TiO2 is possibly due to the formation of aggregated
nanoparticles in the polymer matrix. This is because the particle to
particle distance is too short at higher loading of fillers, which leads to
the poor interfacial interactions between polymer and nanoparticles
and thereby resist the hopping of charge carriers. This in turn causes
the decrease in conductivity. It is also clear from the figure 4.14 that
the conductivity of all the samples increases with the temperature. This
behavior is typical for semi-conducting matrix such as PBMA. The
increase in conductivity with the temperature is attributed to the higher
hopping of charge carriers within the polymer matrix. Further the
formation of dipoles and greater interfacial polarization at higher
temperature results in enhanced conductivity. The enhanced
conductivity in the composites has been explained by the polaron
hopping theory, in which two types of polarons, small polaron or the
large polaron model conduction is developed in the composites [182].
According to large polaron theory, a band type mechanism occurs
which results in a decrease in conductivity with frequency at all
temperatures. According to small polaron theory, the developed
conductivity increases with frequency. So it can be suggested that in
PBMA/Ce-TiO2 nanocomposites, small polaron theory is applicable at

all temperatures.
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Figure 4.14: Variation of oac wWith frequency for PBMA/Ce doped
TiO2 nanocomposites at different temperatures

The variation of activation energy in the conductivity process with the
frequency at various temperatures (303K to 453K) has been
investigated for PBMA/Ce-TiO2 nanocomposite films and the results
are given in table 4.2. The activation energy obtained from the slope
of the Arrhenius plot, log(cac) vs 1000/T and is given in figure 4.15.
The activation energy is the minimum energy required to overcome the
conductivity potential barrier in the polymer. So, larger the activation
energy values, the smaller conductivity of the composites and vice
versa. The activation energy is decreasing with frequency (i.e., the
conductivity increases with frequency) for all the composites. The
smaller conductivity at the lower frequency is due to the low mobility
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of hopping charge carriers. The mobility of carriers enhances with a
rise in frequency and hence conductivity is higher at larger
frequencies. Further, the activation energy values decrease with
temperature indicates the enhanced conductivity at higher
temperatures. From table 4.2 it can be noticed that the activation
energy of the composites is lesser than that of pure PBMA. The
enhanced conductivity of PBMA is due to the incorporation of metal
oxide nanoparticles. The activation energy is found to be decreased
with the addition of nanoparticles up to 7 wt% and after that, it shows a
slight increase. This confirms the enhanced conductivity with the
incorporation of nanoparticles up to a certain concentration. The
increase in activation energy at higher concentration of Ce-TiO: is
arising from the disturbance in the conducting network. This might be
due to the self-aggregation of nanoparticles at higher concentrations.
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Figure 4.15: Activation energy plots for PBMA and PBMA/Ce doped
Ti02 nanocomposites
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Table 4.2: Frequency dependent activation energy of PBMA with Ce
doped TiO2 nanoparticles.

Frequency
Samples (Hz)
102 103 104 10° 106
PBMA 3834  -3414 3531 -4005 -4.167
0
EE_'\T"S’:’ Wit 3965  -3994 -4002 -4123  -4.488
0
cP:E-l\TAig/f with 4068  -4085 -4147 -4326  -4.670
0
POMAVT Wk 5680  -5930 -6.651 -7.025 -7.258
0
pONMATLo Wk 3840  -3870 -3940 -4146 -4.337

The dependence of conductivity on frequency is given by the equation
oac (w) =A w°® where the ‘s’ is an exponent and its value denote the
type of conductivity mechanism present in the composites. The value
of ‘s’ calculated from the slope of the plot of log(cac) Vs log(w) is
tabulated in table 4.3. From the table, it is clear that the value of ‘s’
decreases with temperature, further confirms the hopping conduction

mechanism present in the PBMA/Ce-TiO2 nanocomposites [146].
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Table 4.3: Frequency exponent‘s’ from the AC conductivity of
PBMA and PBMA with different contents of Ce doped TiO:
nanoparticles

Temperature (°C)

Samples 80
30 40 50 60 70
PBMA 0.6018 0.6017 0.6168 0.6159 0.6141 0.6138
PBMABWI% 7601 0.7533 07494 0.7203 0.7202 0.7121
Ce-T|02
0,
PBMASWI% ) 7656 07832 07810 0.7788 0.7745 0.7643
Ce-T|02
0,
PBMA/TWI% (9461 0.8363 0.8296 0.8281 0.8181 0.8012
Ce-TiO;
0,
PBMA/IOWI% ) g3a) 0.8351 0.8345 0.8330 0.8061 0.8001
Ce-T|02

4.2.11 DC Conductivity

Figure 4.16 represents the variation of DC electrical conductivity of
the PBMA nanocomposite films with the Ce-TiO; filler loading. As
depicted in the figure, the conductivity increases slowly at the initial
loading of filler loading and at particular filler loading the conductivity
shows a sudden increase. This is followed by a slow increase again at
10 wt% of Ce-TiO2. At lower filler loading, the conducting metal
oxide particles are isolated from each other and therefore the
conductivity is less. As the loading of Ce-TiO: increases, the
conducting particles become closer and the conductivity gradually
increases. However, at particular loading of filler, there is high enough
number of conducting particles form a continuous conducting path

which presents an abrupt change in conductivity. The loading of filler
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at which the conductive network formation completes is called the
percolation threshold [183, 184]. In other words, at the percolation
threshold, the insulating polymer matrix converts into conducting
polymer matrix. In the case of PBMA/Ce-TiO2 nanocomposite films,

the percolation threshold is 3 wt%.
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Figure 4.16: Variation of DC electrical conductivity of PBMA with
nanoparticles loading

4.2.12 Theoretical Approaches to the DC Conductivity

Various theoretical models were proposed in order to predict the nature
of electrical conductivity in the polymer composites [145, 149].
Basically, the modeling studies help to evaluate the influence of
different parameters like filler volume fraction, percolation threshold,
shape, aspect ratio, surface energy, filler orientation etc. in the

conductivity of composites. Each model considers the effect of these
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parameters to the electrical conductivity in distinct ways. In the
present study the Scarisbrick, McCullough, Bueche and Mamunya
models are applied in order to predict the nature of electrical

conductivity.
4.2.12.1 Scarisbrick Model

In Scarisbrick model, it is assumed that the inter-particle contact
between the conducting filler particle in the insulating polymer matrix
is ohmic nature [152]. This ohmic conduction is responsible for the
conductivity of the two-phase systems like inorganic-organic hybrid
polymer nanocomposites as the present case of PBMA/Ce-TiO». So,
the total conductivity of the composite system is higher when there is
good contact among the conducting particles. Based on these

assumptions he derived an expression for calculating conductivity as

L=crw. Ylexp(W3)] (4.4)

Where, oc depicts the conductivity of composites, of the conductivity
of filler particle (1.39x10° S/cm) and ¥ the volume fraction of the filler
in the composite. C is the geometrical factor which depends on the
arrangement conductive paths within the polymer matrix. The value of
C? varies from 1 to 3 x 103, Then the equation is expressed as

2 = w.w[exp(#5)|(When C* =1) (4.5)

%~ 3% 1073.W.P[exp(W5)] (When C?= 3x10%) (4.6)

of
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The conductivity of the PBMA/Ce-TiO> composites calculated using
the equation: 4.4 - 4.6. This is compared with that of experimentally
determined conductivity in figure 4.17. The theoretically calculated
conductivity is very much higher than that of experimental one at all
concentrations. In Scarisbrick model, the contribution from polymer
matrix is not considered and therefore there is large difference between
the conductivity theoretically calculated and experimentally
determined. So Scarisbrick model fails to predict the conductivity of
the PBMA/Ce-TiO2 composites.
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Figure 4.17: Theoretical and experimental variations of o4 based on
Scarisbrick model.
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4.2.12.2 McCullough Model

McCullough proposed a model for predicting the conductivity of
binary systems like polymer composites consists of an insulating
polymer matrix and conducting nanofillers [150]. The equation is,

A¥PWf+(of—op)?

oc=op.¥Yp+of . Vf — [ vf.of +vp.op

(4.7)

where, oc is the conductivity of composite film, op is the conductivity
of pure polymer matrix (4.23x10? S/cm), of is the conductivity of
filler particles, ¥p is the volume fraction of the polymer matrix and ¥?f

is the volume fraction of filler particles. Vf and Vp are defined as,
vf=1-21).Yf+W¥p.A (4.8)
vp=>0-1).¥Yp+¥f.1 (4.9)

Where 1 is the structural factor that gives an idea about the extent of

network formation and its value varies from 0 to 1.

Based on the McCullough model, the conductivity of PBMA/Ce-TiO-
composites is calculated using equation: 4.7 to 4.9 at various values of
A and the obtained theoretical and experimental conductivity is given
in figure 4.18. The increasing trend of theoretical and experimental
conductivity with filler loading is same, but the difference between
them is too large. The A value depends on the concentration, size and
aspect ratio of filler. So the actual value of A is difficult to calculate.
Therefore McCullough model is also fails to predict the exact

conductivity of composites.
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Figure 4.18: Theoretical and experimental variations of o4 based on
McCullough model.

4.2.12.3 Bueche Model

According to Bueche model, the interaction of conducting particle with
insulating polymer matrix plays a crucial role in the conductivity of
polymer composites [151]. The aggregate of conducting particles can
form a continuous conducting path in the insulating polymer matrix
during the polymerization. Hence the conductivity has a contribution
from both filler and polymer. So the conductivity of two phase systems

like polymer composites can be expressed as
oc=of . Wf+op(1l-¥f) (4.10)

Where ¥f is the volume fraction of filler particles, of is the
conductivity of filler particles, op is the conductivity of pure polymer
matrix and oc is the conductivity of the composite film.
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The conductivity of PBMA/Ce-TiO2 composites is calculated from the
equation: 4.10 and the variation of conductivity with the volume
fraction of filler is given in figure 4.19. From the theoretical and
experimental plots, the change in conductivity is more pronounced
with filler concentrations. The Bueche model is based on an additive
rule. If the conductivities of the two components, polymer matrix and
inorganic filler have large difference then the resultant conductivity of
the composites will be similar to that of conducting phase. In the case
of composites, the theoretically calculated conductivity using Bueche
model is always higher than that of the experimental one. So Bueche
model also fails to predict the conductivity of PBMA/Ce-TiO2
composites in which there is a large difference in conductivities of
PBMA matrix and Ce-TiO2 nanofillers.

—a— Experimental
—e— Theoretical

0 2 4 6 8 10
Filler loading (wt%)

Figure 4.19: Theoretical and experimental variations of oq.c based on
Bueche model.
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4.2.13 Mamunya Model

According to Mamunya model the polymer-filler interfacial interaction
plays a major role in the conductivity of the polymer nanocomposites
[153, 185]. He pointed out that the conductivity of composites not only
depends on the individual conductivity of polymer and filler but also
on the factors like aspect ratio, surface properties and percolation
threshold of the filler etc. which in turn depends on the polymer-filler
interfacial interactions. By considering the contribution from these
various factors towards the conductivity Mamunya proposed a

thermodynamic theoretical model and can be expressed

b—-Pc
F—-dc

Log o = log oc + (log oF —log oc )( Yk (4.11)

where, @ signify the filler volume fraction, &c the filler volume
fraction at the percolation threshold, oc the electrical conductivity at
the percolation threshold and or the electrical conductivity at
maximum packing volume fraction. k is an exponent depends on @ as

shown in equation: 4.12 & 4.13.
k = K®/(D-dc) O™ (4.12)
K = A — B yp (4.13)

where, A and B are the constants and its value is 0.28 and 0.036
respectively. ypt symbolize the polymer and filler interfacial surface

tension and is given by the equation

pf =Yp+Yf —2(YpYf)°? (4.14)
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where, Y'p and Y attributes to the surface energies of polymer (43.5
mJ/m?) and filler (55 mJ/m?) respectively [153, 186].

The conductivity of PBMA/Ce-TiO, nanocomposites is calculated
using the equation: 4.11 to 4.14 and the obtained plots for the
conductivity is given in figure 4.20. It is distinct that the experimental
conductivity is matching with the theoretical one at higher filler
volume fraction but shows some deviation at lower filler volume
fraction. The polymer- filler interfacial interaction is effective at higher
filler loading due to uniform dispersion. Hence, it can conclude that
among the various model tried, the Mamunya model is suitable to
predict the conductivity of PBMA/Ce-TiO, nanocomposites which

have better polymer-filler interfacial interactions.
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Figure 4.20: Theoretical and experimental variations of o4 based on
Mamunya model.
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4.3 Conclusion

The PBMA/Ce-TiO2 nanocomposites were successfully prepared via in
situ polymerization technique. The FT-IR spectra revealed the
presence of Ce-TiO2 in the PBMA matrix. The UV visible spectra
exhibits red shift in absorption edge of PBMA upon addition of Ce-
TiO2 nanoparticles confirmed the presence and the interaction of metal
oxide nanoparticles with the polymer matrix. The XRD studies showed
a decrease in amorphous structure of PBMA with addition of Ce-TiO>
nanoparticles. The DSC results showed an increase in glass transition
temperature with increase in loading of metal oxide nanoparticles.
TGA analysis showed the enhanced thermal stability of PBMA matrix
with the addition of metal oxide nanoparticles. The nanocomposite
shows excellent tensile strength than pure PBMA and the composite
with 7 wt% sample shows the maximum tensile strength. The
reinforcing nature of Ce-TiO2 nanoparticles in PBMA was also carried
with different theoretical modeling such as Einstein, Mooney and
Pukanszky equations. Among these models, Pukanszky model showed
better agreement in PBMA/Ce-TiO2> nanocomposites. The AC
conductivity, dielectric  properties of the PBMA/Ce-TiO2
nanocomposites was significantly higher than pure PBMA and these
properties increases with filler loading up to 7 wt% and after that it
decreases. Further, the AC conductivity of PBMA and all PBMA/Ce-
Ti0O2 nanocomposites showed direct dependence on the temperature as
well as frequency. The activation energy of all the composites
decreased with temperature. The DC conductivity of all the

nanocomposites was higher than pure PBMA and the conductivity
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increased regularly with the loading of nanoparticles. Various
theoretical models were studied based on Scarisbrick, McCullough,
Bueche and Mamunya equations to predict the DC conductivity nature
of PBMA/Ce-TiO2 nanocomposites. The conductivity calculated using
the thermodynamic model introduced by Mamunya showed the best
agreement with that of the experimental data. However, the statistical
approaches given by Scarisbrick, McCullough and Bueche models fail
to predict the conductivity of PBMA/Ce-TiO2 nanocomposites.
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CHAPTER 5

EFFECT OF NEODYMIUM DOPED
TITANIUM DIOXIDE NANOPARTICLES
ON THE STRUCTURAL, MECHANICAL
AND ELECTRICAL PROPERTIES OF
POLY (BUTYLMETHACRYLATE)
NANOCOMPOSITES
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5.1 Introduction

Recent years have witnessed an explosive growth in research in the
field of polymer nanocomposites. The most thrilling aspect in this field
is the unique in properties of the resulting nanocomposites coupled
with the high performance to weight ratio [187]. The development of
novel polymers, chemically modified polymers and novel
nanoparticles catalyzed the industrial and academic in this field. Many
of their outstanding properties, revealed by research, paved way for
their explorations in novel and diverse applications [188]. Acrylate
polymers are amorphous thermoplastic materials with transparency,
good processability, protection against ultraviolet radiation, good
weather stability, high strength, and dimensional stability [189, 190].
Moreover, it has good resistance to chemicals and finds applications in
coatings, lubrication, bio-microsystems, organic light emitting diodes
etc [191]. However, acrylate polymers have poor thermal stability,
flame resistance, electrical conductivity and mechanical-dynamical
properties at high temperatures. The performance of acrylate polymers
has been reported to be greatly improved by the addition of
nanoparticles such as clays, silica and carbon nanotubes [192].
However, the nanocomposites based on these nano-fillers often exhibit
poor mechanical properties, thermal stability and dielectric constant
and this is mainly due to the absence of efficient interfacial interactions
between nano-fillers and the polymer. The material properties of
acrylate polymers can be enhanced by mixing it with metal oxide
nanoparticles. The addition of nanoparticles brought significant

changes in the molecular dynamics of the polymer matrix which



results in good interfacial interaction leading to excellent and novel

mechanical properties in the resultant polymer nanocomposites.

Various types of nanoparticles are used for the fabrication of polymer
nanocomposites including alumina (Al2Oz), silica (SiO.), titania
(TiO2), clay etc. [193-195]. Owing to excellent optical and electrical
properties, TiO2 nanoparticles are of great interest in the production of
polymer nanocomposites [196]. Further, the electron-rich TiO;
nanoparticles can effectively coordinate or interact with polymer
matrix having carbonyl groups such as polyacrylates. The TiO>
nanoparticles imparting excellent UV shielding properties in poly
acrylates were reported by Man et al. [197]. Moreover, the
enhancement in the thermal properties of PMMA with the addition of
methacrylic acid modified TiO2 was studied by Khaled et al. [198].
The surface modification of nanoparticles through the doping of
various metal ions, especially the rare earth metals, can further
improve their surface properties and hence the interaction with
polymer matrix [199]. Neodymium is one of the important dopants due
to its ability to interact with functional —OH groups. The interaction
occurs through their f orbital’s and this result in their effective doping

on to TiO2 surfaces [200].

The present work focused on the reinforcement of poly
(butylmethacrylate) with  neodymium-doped titanium dioxide
nanoparticles through a simple in situ polymerization technique. The
effect of Nd-doped TiO. nanoparticles on the structural and material
properties of PBMA/Nd-TiO, composites were studied by using FT-
IR, UV spectroscopy, XRD, FE-SEM, DSC and TGA analysis. The
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change in tensile strength of the PBMA composites by the addition of
Nd-TiO2 nanoparticles was correlated with various theoretical
modelling for studying the reinforcing mechanism of the resulting
PBMA nanocomposites. The AC conductivity and dielectric properties
of PBMA/Nd-TiO2 nanocomposites were investigated with respect to
frequency and volume fractions of nanoparticles. Further, the present
work emphasized on the effect of Nd-TiO, nanoparticles on the
temperature dependent AC and the DC conductivity of poly
(butylmethacrylate) matrix. Also, the role of Nd-TiO2 nanoparticles in
the DC conductivity of PBMA matrix has been correlated with
different theoretical models for studying the applicability of modeling

in various fields.
5.2 Results and Discussion
5.2.1 FT-IR Spectra

The molecular structure of Nd-TiO; and PBMA/Nd-TIO;
nanocomposites were investigated by FT-IR spectroscopy and the
spectrum is given in figure 5.1. The FT-IR spectra of Nd-TiO>
nanoparticle exhibits an intense broad absorption peak around 3400
cm™? corresponds to the stretching vibrations of -OH or water
molecules in the surface of nanoparticles [201]. The intense peak
around 1630 cm™ is due to the -OH bending vibrations of chemisorbed
water molecules. The absorption band in the region of 900-400 cm™is
due to the Ti-O-Ti, Ti-O, and Nd-O stretching vibrations [202]. The
absorption peaks at 2951 and 2873 cm™ are assigned to C-H stretching
vibrations of CHs and CH: groups respectively in the PBMA
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backbone. The characteristics peaks at 1729 cm™ and 1459 cm®
corresponds to C=0 and C-O vibration bands respectively, of the ester
part present in the PBMA backbone [203]. The bands at 1461 cm™are
associated with C-O-C stretching vibrations. The FT-IR spectra of
composites show all the characteristic peaks of PBMA with the
presence of Nd-doped TiO; at 665 cm™, indicating the presence of Nd-
TiO2 nanoparticles in the PBMA matrix.

1004
.W m
80 4 ./
= -Ww%‘;
[} 60 <
e ¢
s )
(/2] 4
o
T 204
- ] a. PBMA
o —b. PBMA/ Nd-TiO2
] c. Nd- TiO,

b L] v L v L] v L] v L) b L] v L]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber {cm™)

Figure 5.1: FTIR spectra of Nd doped TiO2, PBMA and PBMA with
Nd-doped TiO>

5.2.2 UV-Visible Absorption Spectra

Figure 5.2 represents the UV-Visible absorption spectra of PBMA and
PBMA with different concentrations of Nd-TiO2 nanoparticles. All the
nanocomposites exhibit an intense peak at 245 nm and a weak broad
peak around 275 nm corresponds to the m-m* and n-m* transitions

respectively in the carbonyl group of ester group present in the PBMA
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backbone. There is no absorption peaks in the visible region shows the
transparent nature of PBMA/Nd-TiO2 composites. All the composites
show higher absorption than the bare PBMA indicates the influence of
nanoparticles in the enhancement of optical properties of PBMA
matrix. It is clear from the figure that the absorption edge of
PBMA/Nd-TiO2 nanocomposites is higher than that of the pure PBMA
indicating the strong interaction of Nd-TiO, nanoparticles with the
PBMA matrix. The absorption edge of the composite increases with
the addition of Nd-TiO2 nanoparticles up to 7 wt% and beyond this
loading the absorption edge is found to be decreasing. This means that
the interfacial interaction is higher at 7 wt% loading. The
agglomeration of nanoparticles at higher loading (10 wt%) reduces the

interaction of nanoparticles with PBMA matrix causes a decrease in

absorption.
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Figure 5.2: UV-Visible spectra of PBMA and PBMA with different
contents of Nd-doped TiO-
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5.2.3 XRD Analysis

Figure 5.3 represents the XRD patterns of Nd-TiO, nanoparticles,
PBMA and PBMA/Nd-TiO2 nanocomposites. The XRD curve of
synthesized Nd-TiO2 nanoparticles shows the crystalline peaks at 20 =
25.3°, 37.8°, 47.6°, 54.2°, 62.4°, 69.3" and 76.1" which are assigned to
the (101), (004), (200), (211), (204), (220), and (215) crystal reflection
planes respectively [204]. The broad and diffused peak observed at 20
= 18.8" is the amorphous phase of conventional PBMA. However, the
addition of Nd-TiO. nanoparticles into the PBMA decreases the
amorphous phase of PBMA with a shift of 20 value from 18.8" t018.1".
The decrease in amorphous nature with the addition of nanoparticles
indicates the effective interfacial interaction between the Nd-TiO>

nanoparticles and PBMA segments.
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Figure 5.3: XRD patterns of Nd-doped TiO., PBMA with different
contents of Nd-doped TiO-
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5.2.4 FE-SEM Analysis

Figure 5.4 illustrates the FE-SEM micrographs of Nd-TiO», pure
PBMA and PBMA/Nd-TiO2 nanocomposites. The Nd-TiO2
nanoparticles are in finely powdered form with spherical shape
(Fig.5.4a). The pure PBMA (Fig.5.4b) exhibits smooth and
homogenous surface morphology. The SEM images of all the
composites show the dispersion of nanoparticles in the PBMA matrix.
The uniform dispersion of nanoparticles is more visible in the
composite with 7 wt% Nd-TiOz (Fig.5.4c) indicating the maximum
interfacial interaction of nanoparticles with the PBMA matrix.
However, the uniform adhesion of nanoparticles in the polymer
decreases at higher loading of nanoparticles (Fig. 5.4d). The particles
to particles distance are too short at higher loading and therefore they
undergo agglomeration with each other.

Figure 5.4: FE-SEM images of (a) Nd-TiO> (b PBMA (c) PBMA/7
wt% Nd-TiO2 and (d) PBMA/10 wt% Nd-TiO-
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5.2.5 Thermal Properties
5.2.5.1 DSC Analysis

The glass transition temperature (Tg) of PBMA/Nd-TIO>
nanocomposites is analyzed by DSC and is presented in figure 5.5. It
can be seen that all the samples show three endothermic peaks. The
weak endothermic peak at lower temperature is the glass transition
temperature of the polymer. The major endothermic peak represents
the primary crystallization temperature while the middle one is the
secondary crystallization temperature of polymers [205, 206]. PBMA
showed Ty at 21.54°C, whereas the Nd-TiO, incorporated PBMA
showed the T4 at 26.12 and 34.03°C for 5 and 10 wt% nanoparticles
respectively. The increase in Tg of polymer with the addition of
nanoparticles is due to the strong interfacial interaction of
nanoparticles with the PBMA matrix. It can be seen from the figure
that the primary and secondary crystallization melting of all the
composites are higher than pure PBMA and the melting of the

composite slight increases with increasing the loading of nanoparticles.
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Figure 5.5: DSC profiles of PBMA with different contents of Nd-
TiO2 nanoparticles.

5.2.5.2 TGA Analysis
Table 5.1: The value of Ti and Tmax obtained from the TGA and

corresponding DTG curves for PBMA and PBMA/Nd-TiO2
nanocomposites

TGA DTG
Ti (OC) T max (OC) Tmax (OC)
Itstage 11" stage
PBMA 256 280.29 364.33
PBMA/5 wt% Nd-TiO- 258 294.05 370.22
PBMA/10 wt% Nd-TiO> 265 304.03 390.28

The thermal resistance of PBMA and PBMA/Nd-TiO2 nanocomposites
are given in figure 5.6 along with the DTG curve. Typically the
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PBMA thermally degrades in two steps [207]. Initially, the weaker
vinyl end groups are unzipped and form small polymer segments
through chain transfer process, around 250°C. And in the second stage,
these polymer segments further undergo degradation through random
chain scission into simple molecules or monomers around 300°C. In
the case of PBMA/Nd-TiO2 nanocomposites, there is no residual
material after ~400°C. This indicates the completion of degradation
through random chain scission process [208]. The obtained
degradation temperature (initial (Ti) from TGA and the maximum
degradation temperature (Tmax) from DTG are presented in table 5.1.
It is clear from the table that the thermal stability of the composites is
higher than that of pure PBMA. The PBMA shows the initial
degradation temperature at 256°C while the composite with 5 and 10
wit% samples show the decomposition temperature at 258°C and 265°C
respectively. Similarly the maximum decomposition temperature of
composites is higher than that of plane PBMA. The increase in thermal
stability of PBMA by the addition of Nd-TiO2 nanoparticles arises
from the effective interfacial interaction between Nd-TiO2 and the
PBMA matrix. Also, the free radicals generated during the thermal
degradation can transfer the electrons to the Nd-TiO2 nanoparticles and
this type of quenching of free radicals results in resistance to thermal
degradation at higher concentration of Nd-TiO2 nanoparticles. Further,
the increase in char residue with an increase in nanoparticles content
shows the reduced tendency for the decomposition of the composite
compared to that of pure PBMA. This arises from the hindered
segmental mobility of the polymer by the interaction with

nanoparticles.
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Figure 5.6: TGA and corresponding DTG curve of PBMA and PBMA
with different contents of Nd-doped TiO»

5.2.6 Mechanical Studies

The mechanical properties such as tensile strength and elongation at
break of PBMA and PBMA/Nd-TiO, nanocomposites are displayed in
figure 5.7. The tensile strength of PBMA increases with the
incorporation of Nd-TiO2 nanoparticles up to 7 wt% loading. The
results indicate the effective stress transfer from the PBMA matrix to
the Nd-TiO2 nanoparticles is occurs in PBMA/Nd-TiO, composite
which is responsible for the improved tensile property of the
composites than the PBMA. Moreover, the interaction of Nd-TiO:
nanoparticles with the PBMA matrix restricts the free movement of
polymer segments leads to higher tensile strength [136]. The slight
decrease in tensile strength at higher concentration (at 10 wt%) of
nanocomposite arises from the greater agglomeration of nanoparticles
(as revealed from SEM results). As expected, with the improvement in
interfacial adhesion, the elongation at break decreases with the
addition of nanoparticles. The better reinforcement of the Nd-TiO>
nanoparticles in PBMA matrix leads to an increase in stiffness of
composite materials and thereby leads to a decrease in elongation at
break with increasing concentrations of Nd-TiOx.
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Figure 5.7: Tensile strength and elongation at break of PBMA and
PBMA with different contents of Nd-doped TiO>

5.2.7 Tensile Modeling

Several theoretical models have been used to predict the mechanism of
reinforcement of nanoparticles in the polymer matrix. These models
are based on various assumptions. The comparative studies of
experimental plot with that of theoretical plot can give a clear picture
of the role of filler-matrix interactions in the mechanical properties. In
the present study, various theoretical tensile modeling such as Einstein,
Mooney and Pukanszky equations are employed to study the
mechanism of the improved tensile strength of PBMA/Nd-TiO>

nanocomposites.

5.2.7.1 Einstein Model

Einstein assumed that the tensile property of binary systems possess
better filler-matrix interaction which depends on the volume fraction of
the filler can be expressed as following [137, 176].
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Mc = Mm(1 + 1.25Vf) (5.1)

Where Mc and Mm represent the tensile strength of the composite and
bare polymer respectively and VT represents the volume fraction of
filler. The theoretical tensile strength of nanocomposites calculated
from Einstein model along with the experimental values are given in
figure 5.8. It can be seen that the experimental plots show a large
deviation from the theoretical values. This is because the Einstein
model considers only the effect of filler volume fraction and neglects
the influence of interaction parameter, aspect ratio, strain field around
the filler and matrix. This model is applicable to very low
concentration of filler and fail in most of the cases for predicting the

tensile mechanism of polymer composites.
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Figure 5.8: Theoretical and experimental curve of tensile strength
based on Einstein model
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5.2.7.2 Mooney Model

Mooney modified the theoretical equation of Einstein equation by
introducing a new parameter ‘S’, denotes the crowding factor or the
strain field around the two phases, the matrix and filler [138, 177] and

the modified equation is given as follows

25Vf]
1-SVf

Mc = Mm * exp| (5.2)

The tensile strength of PBMA/Nd-TiO2 nanocomposites is calculated
from Mooney model and is presented in figure 5.9. The theoretical and
experimental plots are not coinciding in any of the loadings and
therefore the Mooney model also fails to predict the tensile mechanism
of PBMA/Nd-TiO2 nanocomposites. One of the advantages of the
Mooney model is the crowding factor of the nano-filler. Therefore this
model is applicable to higher filler concentrations. Also, the model
does not consider the influence of parameters like interaction
parameter and it has a greater role in the tensile properties of
composites.
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Figure 5.9: Theoretical and experimental curve of tensile strength
based on Mooney model

5.2.7.3 Pukanszky Model

Pukanszky proposed that the interfacial interaction between the
polymer matrix and filler plays a key role in improving the tensile
strength of polymer composites [141, 178]. In other words, the major
reason for the enhanced tensile strength of composites is due to the
stress transfer from filler to the polymer matrix through the interphase
region, which creates a greater interfacial interaction. Based on these
observations, Pukanszky derived an equation for the tensile strength of
composites and the equation can be expressed as

1-Vf
1+2.5Vf

Mc = Mm x exp(BVf) (5.3)
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where B is the interaction parameter and other parameters have their
usual meanings. Figure 5.10 shows the theoretical plot from
Pukanszky model and experimental tensile strength of PBMA/Nd-TiO>
nanocomposites. The Pukanszky model shows better agreement with
the experimental tensile value of PBMA/Nd-TiO2 nanocomposites
especially at lower loading of nano-filler. In fact the deviation is higher
at higher loadings. The good agreement of experimental tensile
strength with theoretical values indicates the role of interfacial
interaction between the polymer matrix and filler in controlling the
tensile strength of the resulting nancomposites. So it can be concluded
that Pukanszky model is comparatively more successful in predicting
the tensile strength of PBMA/Nd-TiO2 at loading ranging from 3 to 10

wt %.
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Figure 5.10: Theoretical and experimental curve of tensile strength
based on Pukanszky model
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5.2.8 Electrical Properties
5.2.8.1 AC Conductivity

Figure 5.11 shows the room temperature AC electrical conductivity of
PBMA and PBMA/Nd-TiO2 nanocomposites. The increasing trend of
conductivity with frequency for all the samples in the entire frequency
range is attributed to the hopping conduction mechanism. It is evident
that the conductivity of PBMA is greatly improved by the addition of
Nd-TiO2 nanoparticles and the conductivity showed the higher value at
7 wt% loading. The increase in conductivity with the addition of
nanoparticles is originating from the increase in the number of charge
carriers and also from the formation of conducting path through the
particle network [209]. Further, the conducting route developed by the
particle network enhances the hopping of charge carriers which results
in higher electrical conductivity of PBMA/Nd-TiO2 nanocomposites.
In the case of 10 wt% loading of nanoparticles, the conductivity falls to
lower values. This is due to the agglomeration of nanoparticles in
PBMA matrix at higher loading.
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Figure 5.11: AC conductivity of PBMA with various concentrations
of Nd-doped TiO-
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5.2.8.2 Dielectric Constant

Figure 5.12 shows the variation of dielectric constant with the
frequency for PBMA and PBMA/Nd-TiO, nanocomposites, recorded
at room temperature. The dielectric constant of the entire composite is
higher than PBMA and the magnitude of dielectric property increases
with the loading of nanoparticles. The higher dielectric constant of
composites at lower frequency indicates the role of space charge
polarization along with interfacial polarization between the PBMA
matrix and Nd-TiOz [143, 210]. It can be seen that the dielectric
constant decreases with increase in frequency for all the samples. The
low dielectric constant at higher frequency shows the decreased
contribution from space charge polarization. The dipolar groups
present in the PBMA matrix fail to arrange themselves with the applied
frequency results in a lower dielectric constant at higher frequencies.
Among the nanocomposites, 7 wt% sample shows the maximum
dielectric property and the PBMA with 10 wt% Nd-TiO2 composite
shows lower dielectric constant. The nanoparticles undergo
agglomeration at higher loading and hence the interfacial interaction
between the nanoparticles and the polymer is poor. The poor interfacial
interaction also disturbs the orientation of polar groups leading to a
poor dielectric constant at highest loading (10 wt%) of nanoparticles.
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Figure 5.12: Dielectric constant of PBMA with different
concentrations of Nd-doped TiO>

5.2.8.3 Dielectric Loss (Tan §)

The room temperature dielectric loss of PBMA and PBMA/Nd-TiO;
nanocomposites at different frequencies is shown in figure 5.13. It can
be seen that the dielectric loss of PBMA increased by the dispersion of
Nd-TiO2 nanoparticles. The addition of Nd-TiO. nanoparticles brought
changes in the molecular dynamics of the PBMA matrix. This is the
reason for the higher dielectric loss of PBMA/Nd-TiO2 nanocomposite
than the PBMA [211]. The dielectric loss is decreasing with the
frequency for all the samples. At lower frequency, the dielectric loss is
higher, which might be due to the interfacial polarization. The decrease
in dielectric loss at higher frequency is due to the electrical relaxation
process. The dipolar groups absorb more energy from the applied

electric field to overcome the external resistances from the viscous
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matrix. This causes a decrease in the transition of charge carriers
between the capacitor and the dipoles. Also, the dipoles need higher
energy to get into relaxation causes decrease in the dielectric loss with
an increase in frequencies. The PBMA with 10 wt% of Nd-TiO:
sample shows a lower dielectric loss than 7 wt% loading of
nanoparticles. This is due to the poor interfacial interaction of
nanoparticles with the polymer matrix which leads to the
agglomeration of nanoparticles at higher loading (10 wt%).
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Figure 5.13: Dielectric loss tangent versus frequency plots for PBMA
with Nd-doped TiO>

5.2.9 Temperature Dependent AC Conductivity

Figure 5.14 shows the AC conductivity plots of PBMA/Nd-TiO;
nanocomposites at different temperatures (298 K to 353 K). The linear

nature of the plot log(F) vs log(cac) clearly indicates the typical
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semiconducting behavior of PBMA/Nd-TiO2 nanocomposites. It is
clear from the figure that the conductivity increases with increase in
temperature which might be due to increase in mobility of charge
carriers. The increase in conductivity with frequency can be explained
by the hopping conduction mechanism present in the PBMA/Nd-TiO>
nanocomposites, and the higher conductivity at higher frequency
indicates the contribution from polarization effect along with hopping
of charge carriers [212]. The results also showed that the conductivity
of PBMA is greatly enhanced by the addition of Nd-TiO2 nanoparticles

and the maximum conductivity is obtained for 7 wt% of Nd-TiO;

composite.
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Figure 5.14: The temperature dependent AC conductivity of PBMA
with various contents of Nd-doped TiO>
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The improvement in conductivity with the addition of nanoparticles is
due to the increase in the number of charge carriers which increases
the interfacial polarization and thereby an increase in the hopping of
charge carriers. As the concentration of nanoparticles increases, the
distance between charge carriers decreases and hence hopping of
charge carriers also increases. The unexpected decrease in conductivity
of 10 wt% sample might be due to the presence of agglomerated
nanoparticles, which results large separation between conducting

particles leads to lesser hopping of charge carries.

Figure 5.15 shows the activation energy of PBMA/Nd-TiO>
nanocomposites. The activation energy obtained from the slope of the
plots is tabulated in table 5.2. The lower values of activation energy
indicate that the hopping conduction mechanism present in the
PBMA/Nd-TiO2 nanocomposites is due to electronic conduction rather
than ions [165]. The dependence of AC conductivity with angular
frequency can be expressed as cac = Aw® where ‘s’ is an exponent
whose value lies between 0 and 1 [146]. The value of ‘s’ indicates the
extent of interaction of charge carriers in the lattice and also the type of

conduction mechanism present in the composites.
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Figure 5.15: The activation energy of PBMA with different contents
of Nd-TiO2 nanoparticles

Table 5.3 represents the value of ‘s’ obtained from the slope of the
plot log(cac) vs log(w). The nature of conducting mechanism in
polymer nanocomposite is explained on the basis of small polaron and
large polaron assisted tunneling. In small polaron models, the ‘s’ value
decreases with temperature while in large polaron the ‘s’ value
increases with temperature [213]. In the present study, the value of ‘s’
decreases with temperature and hence this system follows small

polaron assisted tunneling or hopping mechanism.
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Table 5.2: Activation energy of PBMA and its composites with Nd
doped TiO2 nanoparticles.

Samples Frequency (Hz)
10? 103 10 10° 106
PBMA -3.834 -3.414 -3.531 -4.005 -4.167

PBMA/3 wt% Nd- TiO2 -3.922 -4.001 -4.326 -4.456 -5.143
PBMA/5 wt% Nd-TiO2  -4.179 -4.183 -4.426 -4506 -5.253
PBMA/7 wt% Nd-TiO2  -5.842 -5964 -6.681 -6.953 -7.278
PBMA/10 wt% Nd-TiO, -4.023 -4.156 -4.304 -4.486 -5.213

Table 5.3: Frequency exponent‘s’ at different temperatures from the
AC conductivity of PBMA and its nanocomposites

Samples Temperature (°C)

30 40 50 60 70 80
PBMA 0.6018 0.6017 0.6168 0.6159 0.6141 0.6138
PBMA/3 wt% Nd-TiO> 0.9095 0.8955 0.8637 0.8521 0.8356 0.8195
PBMA/5 wt% Nd-TiO> 0.9747 0.9691 0.9539 0.9309 0.9201 0.9138
PBMA/7 wt% Nd-TiO> 0.9829 0.9787 0.9682 0.9410 0.9296 0.9051
PBMA/10 wt% Nd-TiO>,  0.9115 0.9042 0.8732 0.8481 0.8435 0.8038

5.2.10 DC Conductivity

The variation in DC electrical conductivity of PBMA/Nd-TiO>
nanocomposites is given in figure 5.16. As depicted in the figure, the
addition of nanoparticles enhances the DC electrical conductivity of
PBMA matrix almost two orders by the addition of 10 wt%
nanoparticles. Since, the PBMA/Nd-TiO> nanocomposites follows
hopping or tunneling charge carrier mechanism (revealed from AC
conductivity results) the conductivity increases with filler

concentration due to increase in the number of charge carriers [204,
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214]. Further, as the amount of nanoparticles increases the interfacial
interaction between PBMA and Nd-TiO2 nanoparticles increases and
therefore the contribution from polarization effect is also added to the
conductivity along with hopping effect. As seen from figure, the DC
curve shows a percolation threshold at 3 wt%. Above the percolation
threshold, there is a marginal increase in conductivity up to 7 wt%.
Below the percolation threshold, the conducting particles are separated
with interruptions in the conducting path and it shows a slight increase
in conductivity with the addition of nanoparticles [215]. The
percolation threshold attained is an indication of the improved
conductivity of the system which arises from the greater hopping of

charge carriers through the conducting path.
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Figure 5.16: Variation in DC electrical conductivity of PBMA with
nanoparticles loading
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5.2.11 Theoretical Modeling to DC Conductivity

Theoretical modeling is used to study the conducting mechanism
present in the polymer composites. The DC electrical conductivity of
metal oxide nanoparticles filled polymer is discrete in nature and
therefore at a particular concentration, the conductivity shows an
abrupt increase called percolation threshold. Further, the conductivity
of composites depends on various factors such as percolation
threshold; surface energy, aspect ratio, filler volume fraction etc. Many
theoretical modeling has been reported based on these factors for
predicting the conductivity studies of polymer composites [145, 149].
Various theoretical modeling such as McCullough, Bueche,
Scarisbrick and Mamunya equations are used to study the DC
electrical conductivity of PBMA/Nd-TiO2 nanocomposites.

5.2.11.1 McCullough Model

McCullough model predicts the DC conductivity of composites by the
relation given in equation 5.4. In this model, the conductivity of
composites depends on a parameter A which indicate the extent of
interaction between the filler and polymer matrix which in turn relates
to the size, shape, aspect ratio and volume fraction of filler [150].

ADp.df+(cf—0p)?
vf.of+vp.op

oc =0p.Pp + 0.Pf — [ (5.4)

where oc is the conductivity of composite, op and ®p are the
conductivity and volume fraction of polymer matrix respectively and
of and Of are the conductivity and volume fraction of filler

respectively. The vf and vp are defined as
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vf=(1—-21).0f + dp. A (5.5)
vp=(1-21).Pp+ ®f.1 (5.6)

A is the structural factor which determines the extent of conducting
network formation in the polymer matrix and its value varies from 0 to
1. Figure 5.17 represents the conductivity of PBMA/Nd-TIO>
nanocomposites based on experimental and theoretical modeling. It
can be seen that the conductivity obtained from McCullough model
shows a large deviation from the experimental conductivity in the
entire volume fraction of fillers. So McCullough model is not
applicable to study the conductivity of PBMA/Nd-TIO;

nanocomposite.
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Figure 5.17: Theoretical and experimental conductivity based on
McCullough model.
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5.2.11.2 Bueche Model

Bueche proposed a theoretical equation for the DC electrical
conductivity of binary system containing conducting the filler particles
dispersed in an insulating polymer matrix [151]. The conductivity of
polymer composites is calculated using the equation 5.7

oc=®faf + (1 —Pf)op (5.7)

where oc denotes the conductivity of composite, of and ®f denotes the
conductivity and volume fraction of filler respectively. The
experimental conductivity and theoretical conductivity (Bueche model)
of PBMA/Nd-TiO2 nanocomposites is presented in figure 5.18. The
theoretical conductivity obtained from Bueche model shows a large
deviation from the experimental one. Since the Bueche model is
simply additive in which the total conductivity is sum of the
conductivity of filler and the polymer matrix. Therefore Bueche model
applied for polymer composites where the individual components in
the composites have almost the same electrical conductivity. In the
present study the difference in conductivity is due to the higher

conductivity of the metal nanoparticles than the polymer.

150



P
1

w
1

o
| -

—n—Experimental
—e—Theoretical

Logo, (S/cm)
D

'
[{e]
i L i

—

L
V)
L

0 2 ' 4 6 8 10
Filler loading (wt%)

Figure 5.18: Theoretical and experimental conductivity based on
Bueche model.

5.2.11.3 Scarisbrick Model

Scarisbrick suggested a statistical model for the DC electrical
conductivity of binary composites using the following equations.
Scarisbrick model suggests that the conducting filler particles are
oriented in a regular manner within the insulating polymer and hence
there is an effective particle to particle contact within the polymer
matrix [152]. Here the conductivity mainly depends on the
arrangement of filler in the polymer and the concentration of filler
particles.

Z—; = CZ.(D.(D[exp(CD_%)] (5.8)
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where oc and of are the conductivity of the composite and conducting
filler particle respectively, @ is the filler concentration and C is the
geometrical factor, depends on the arrangement and interfacial
interaction of nanoparticle with the polymer matrix and its value varies
from 1 to 3x 10,

gc _
of

®.0[exp (¢75)|(When c2=1) (5.9)

2
Gi/f =3x1073.®.®[exp(® 3)](When C 2= 3x107?) (5.10)

The plots for the conductivity of PBMA/Nd-TiO2 nanocomposites by
using Scarisbrick model along with experimental conductivity is given
in figure 5.19. Scarisbrick model shows greater deviation from the
experimental conductivity in the entire range of filler loading. So this
model is not useful for predicting the conductivity of polymer
composites like PBMA/Nd-TiO2 hanocomposites.
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Figure 5.19: Theoretical and experimental plots of electrical
conductivity based on Scarisbrick model.
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5.2.11.4 Mamunya Model

Mamunya derived a theoretical equation for calculating the electrical
conductivity of polymer composites by considering various factors
such as volume fraction of filler, aspect ratio, percolation threshold of
filler, the surface energy of filler, interfacial interaction as well as the
distribution of filler within the polymer matrix etc [153, 216]. The
percolation threshold mainly depends on the interaction of filler with

the matrix as well as the size and amount of filler. The equation is
d-Pc
Logo = logoc + (logoF —logoc )(E)"k (5.11)

where ¢ is the conductivity of the composite, oc is the conductivity of
the composite at percolation threshold, oF is the conductivity at
maximum volume fraction of filler (F), ¢ is the volume fraction of
filler, @c is the volume fraction of filler at percolation threshold, the

exponent ‘k’ can be defined as in equation 5.12
k = K& /(d-Pc) 07 (5.12)

Here, K is a constant whose value depends on the extent of interaction
of filler with the polymer matrix, A and B are constants and vy is the
surface tension at the interface of polymer matrix and filler. Mamunya
et al. were assumed this model was true in all cases they studied and
reported the acceptable values for A, B and Y'pf for various polymer
systems. In the present study we used the reported values of A, B and
Ypf for calculating the conductivity of PBMA/Nd-TiO;
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nanocomposites using the equations 5.11-5.13, and the obtained
theoretical conductivity along the experimental was presented in
figure 5.20. The conductivity shows close relations to that of
experimental one in all concentrations. So it can be concluded that the
conductivity of PBMA/Nd-TiO2 nanocomposites is governed by the
conductivity at percolation threshold as well as the degree of
interaction of filler with the polymer matrix. Further the result
indicates that the better interfacial interaction between the PBMA
matrix and filler was contributing to the improved conducting property
of PBMAJ/Nd-TiO> nanocomposites. The mismatch at low
concentration is obviously due to the unavailability of conducting
particles to form the continuous conducting path.
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Figure 5.20: Theoretical and experimental conductivity based on
Mamunya model
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5.3 Conclusion

The PBMAJ/Nd-TiO2 nanocomposites were prepared by an in situ
polymerization method. The presence of Ti-O vibration peak in the
FT-IR spectra of composite confirmed the presence of Nd-TiO:
nanoparticles in the PBMA matrix. The UV-Visible spectra exhibited a
shift in absorption edge with the addition of Nd-TiO2 nanoparticles up
to 7 wt%. This indicated the enhancement in optical properties of
PBMA by the addition of Nd-TiO2 nanoparticles. The SEM study
revealed the homogenous distribution of nanoparticles in the polymer
matrix. XRD showed the appearance of crystalline peaks of Nd-TiO2in
PBMA. The glass transition temperature (Tg) from DSC and the
degradation temperature of nanocomposites from TGA were shifted to
higher temperatures and this indicated the enhanced thermal stability
of PBMA with the addition of Nd-TiO2 nanoparticles. The tensile
strength of PBMA/Nd-TiO2 nanocomposite also increased with the
addition of nanoparticles whereas the elongation at break was found to
be decreasing. The reinforcing nature of nano-filler in PBMA was
studied with various theoretical models based on Einstein, Mooney and
Pukanszky. Among the models, Pukanszky showed the best agreement
with the experimental tensile plots. The AC conductivity, dielectric
constant and dielectric loss of PBMA nanocomposites increased with
the addition of Nd-TiO, nanoparticles. The AC conductivity of hybrid
nanocomposites was increased with increase in the addition of
nanoparticles as well as with temperature and frequencies. The
parameters such as activation energy and the exponent values were

determined and the variations in their value denoted the hopping
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conduction  mechanism  present in the PBMA/Nd-TIO;
nanocomposites. Among the nanocomposites, the 7 wt% sample
shows the maximum AC conductivity. The DC conductivity of
nanocomposites was higher than the pure PBMA and the conductivity
increases with the loading of nanoparticles. The formation of
conducting network increases the chance for the hopping that results in
an increase in the DC conductivity. The applicability of DC
conductivity was investigated by various theoretical models like
McCullough, Bueche, Scarisbrick and Mamunya models. The
theoretical conductivity obtained from Mamunya model was more
suitable for the experimental conductivity of PBMA/Nd-TIO;
nanocomposites, suggest that in the case of PBMA/Nd-TiO:
nanocomposites, there have an effective interfacial interaction between
both the components and it was responsible for the improved
conducting properties of PBMA nanocomposites than the plane
PBMA.
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6.1 Introduction

Polymer composites became an inevitable material in our day to day
life, obviously due to their interesting optical, thermal, mechanical and
electrical properties [217]. In particular organic polymer-inorganic
nanocomposites got greater attention because they integrate the
properties of both polymer matrix and the nanofiller [218]. The
fabulous interfacial chemistry existing between the polymer matrix and
the filled nanoparticles attributed to the outstanding properties of the
polymer nanocomposites than the parent polymer [219]. Recently, the
polymer nanocomposite materials are widely used in thin-film devices,
owing to their attractive electrical properties [220]. In electronic
devices, the polymer composite materials are used as capacitors due to
their dielectric properties, here the space charge polarization between
the polymer matrix and the filler particles enable them to act as a
working capacitor [221]. Owing to the greater need for thin polymer-
based materials in electrostatic charge dissipation and electromagnetic
shielding applications, fabrication of new polymer nanocomposites
with higher conductivity properties is still going on [222]. Several
approaches were developed for the fabrication of polymer
nanocomposites such as solution casting, emulsion polymerization,
sol-gel technique, and in situ polymerization method [223, 224].
Amidst them in situ polymerization method is the best one, because the
agglomeration of nanoparticles inside the polymer can be controlled to
a greater extent and thereby ensure the uniform dispersion of

nanoparticles in the polymer matrix [225].



Poly (butylmethacrylate) belongs to methacrylic polymers are well
known for their excellent properties and wide applications in optical
and electrical devices. The transparent nature, better flexibility, higher
dimension stability and excellent strength of the PBMA polymer
further make them suitable to these devices. Significant efforts were
taken by researchers to improve the properties and hence the
application of methacrylic polymers in electrical applications [226].
Compared to the micro fillers, nanofillers can impart excellent
properties aroused from their nano-size [227]. Also, the nanofillers
possess better dispersion ability than that of micro fillers. Another
interesting fact regarding nanofiller addition is that even a small
amount of particle can bring unexpected change in the bulk properties
of parent polymer [228]. CeO: is a promising rare earth metal-oxide,
which has been used as filler in polymeric materials due to its immense
optical and electrical properties [229]. Several studies were reported
regarding the applications of polymer/CeO. based nanocomposites.
Aguirre et al. was reported about acrylic/CeO2 nanocomposites having
excellent UV-Visible absorption capacity [230], PMMA/CeO;
nanocomposites possessing better photo-catalytic activity as outlined
by Latha et al. [87].

In the present work, CeO. nanoparticles were incorporated into the
poly (butylmethacrylate) matrix and the effect of nanoparticles on the
thermal, mechanical and electrical properties of PBMA matrix were
studied well. As we know, the properties of the polymer matrix
dramatically change with the addition of small amount of fillers, the

chemistry behind this change is still a controversial subject. It has
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been proposed that the variables like volume fraction, size, shape and
geometry of fillers greatly influence the tensile properties of
composites. In order to explain the actual role of these variables in
improving the mechanical and electrical properties, many theoretical
models were suggested. In this study, some of the theoretical models
were used to predict the tensile and electrical properties of

PBMA/CeO2 nanocomposites.

6.2 Results and Discussion
6.2.1 FT-IR Spectra

The incorporation of CeO» nanoparticles in the PBMA matrix is well
established through FT-IR spectroscopy. The FT-IR spectra of CeO>
nanoparticles, pure PBMA and PBMA/CeO2 nanocomposite is given in
figure 6.1. The FT-IR spectra of CeO: exhibits strong and broad
absorption band at 527cm™ is the Ce-O vibration [231]. The band at
3500 cm™ and 1623 cm™ are assigned to the stretching and bending
vibrations of -OH group on the surface of CeO: particles. The
characteristics peaks of PBMA matrix are found to be at 2948 and
1380 cm™*(-C-H stretching vibrations), 1731 cm™ (-C=0 stretching
vibrations) and 1256 cm™ (-C-O stretching vibrations ). However, the
PBMA/CeO, composites exhibit a new peak at 521 cm™ indicating the
presence of nanoparticles in the polymer chain. In addition to this,
there is a slight shift in the absorption band of PBMA by the
incorporation of CeO. particles. The notable shift in the peaks
corresponds to C=0 (from 1731 to 1727 cm™) and C-O (from 1256 to
1250 cm™) bonds in PBMA/CeO, composites clearly indicate the

effective incorporation of nanoparticles, through the interaction of
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carbonyl group of PBMA with CeO2 nanoparticles. The formation of
polymer nanocomposite and schematic representation of the interaction
of PBMA with CeO: is given in scheme 6.1.
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Figure 6.1: The FT-IR spectra of bare PBMA, PBMA/CeO;
nanocomposite and CeO nanoparticle
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Scheme 6.1. Interaction of CeO nanoparticles with PBMA
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6.2.2 UV-Visible Spectra

The UV-Visible spectra of PBMA and PBMA/CeO nanocomposites
are illustrated in figure 6.2. The absence of peaks in the visible region
shows the highly transparent nature of all the samples. The pure
PBMA exhibits low absorption intensity, however by the addition of
CeO2 nanoparticles the absorption is gradually increasing up to 7 wt%
loading of nanoparticles. The PBMA with 10 wt% CeO> nanoparticles
exhibit lower absorption than the 7 wt% sample. The increase in
absorption with the addition of nanoparticles attributes to the increase
in surface area by the presence of nanosized CeO; nanoparticles, and
hence the absorption becomes more pronounced at higher loading of
nanofillers [232]. The better interfacial interaction between the CeO>
nanoparticles and the PBMA chain enhances the absorption of light by
the addition of nanoparticles. The slight decrease in intensity of UV
peak at 10 wt% loading is due to the poor polymer-filler interactions
and that leads to the agglomeration of nanoparticles.
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Figure 6.2: UV-Visible spectra of PBMA and PBMA/CeO:
nanocomposites
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6.2.3 XRD Analysis
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Figure 6.3a: XRD patterns of bare PBMA and CeO nanoparticle

The structural information of the synthesized CeO. nanoparticles,
PBMA and the PBMA/CeO2 nanocomposites are assigned from their
XRD analysis and the obtained patterns are shown in figure 6.3. The
synthesized CeQO2 nanoparticle shows several crystalline peaks at 20 =
28.37°, 32.9°, 47.17 and 56.33" corresponds to the (111), (200), (220)
and (311) plane of the CeO, crystal respectively. All the peaks in the
patterns are corresponding to the phase of pure CeO. [233]. The
average crystallite size of CeO, powder has been determined
fromcorresponding XRD data using Scherrer formula and the size is
7.2 nm. The pure PBMA shows a strong XRD peak centered at 260 =
17.65" indicating the amorphous nature of the polymer. It is evident
from the figure that the presence of crystalline peaks of nanoparticles
along with the amorphous peak of PBMA specifies the appearance of
some crystalline regions by the reinforcement of CeO2 nanoparticles. It
might be attributed due to the uniform distribution of CeO:>
nanoparticles with effective interfacial interaction with the PBMA
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matrix. Similar observations were also reported by Latha et al. [87].
Further, a decrease in intensity of amorphous peak (at 20 = 17.65") is
observed with the addition of CeO2 nanoparticles clearly indicate the
interfacial interaction between the PBMA matrix and the nanoparticles.
The percentage of crystallinity induced by the addition of nanoparticles
is 58.7 % for PBMA with 5 wt% CeO», 71.5 % for PBMA with 7 wt%
CeO2 and 63.2 % for PBMA with 10 wt% CeO: nanoparticles. As
cleared from the values, the percentage crystallinity is increased upon
the addition of nanoparticles. However, the maximum value of
percentage crystallinity is showed in the case of PBMA with 7 wt% of
CeO2 nanoparticles and beyond this loading the percentage
crystallinity is slightly decreased. This means that at higher loading of
fillers (10 wt%) there are some interruptions in the interfacial
interaction between the PBMA matrix and the CeO2 nanoparticles
which may be due to the presence of agglomerated nanoparticles.

PBMA 3 wt% CeOy PBMA 5 wt% CeOy

20 40 60 80 20 40 60 30

Intensity (a. u)
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PBMA 10 wt% CeO,
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Figure 6.3b: XRD patterns of PBMA/CeO2 nanocomposites
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6.2.4 FE-SEM Analysis

Figure 6.4a: FE-SEM image of CeO2 hanocomposites

The surface morphology as well as the dispersion mode of the CeO>
nanoparticle in the PBMA matrix was analyzed using FE-SEM and the
obtained images were given in figure 6a and 6b. The FE-SEM image
of CeO2 suggests the formation of finely powdered nanoparticles. The
pure PBMA exhibits the smooth and plane surface morphology
indicating the homogeneous morphology of the synthesized polymer.
However, the uniform morphology of the polymer is changed into a
rough morphology with the presence nanoparticles in PBMA/CeO>
composites. Among the nanocomposites, 7 wt% CeO; nanoparticles
filled PBMA showed the good dispersion of filler with spherically
shaped particles. When the loading of nanoparticles in the polymer
reached to 10 wt% CeO-, the uniform dispersion of filler is not visible
in the composite. This means that a higher loading, the nanoparticles
have a tendency to undergo self-agglomeration which results in poor

compatibility between polymer and nanoparticles.
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Figure 6.4b: FE-SEM images of bare PBMA and PBMA/CeO;
nanocomposites

6.2.5 TEM Analysis

TEM measurements are important in the polymer nanocomposite
studies which give a direct evidence for the dispersion of fillers in the
polymer and also more detailed information regarding the arrangement
of PBMA and CeO; during the composite formation. The TEM images
given in figure 6.5 clearly indicate the better incorporation of CeO-
nanoparticles into the PBMA matrix. For CeO. nanoparticles, the
average particle size has been found to be ~8.8 nm. The TEM image of
PBMA with 5 wt% of composite reveals that CeO> has been
homogenously distribute on macromolecular chain of polymer (with
average size of 9.21 nm) giving maximum surface area with intimate
and close interaction between the host and guest components. The
SAED pattern with bright spots in figure denotes the crystalline
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character of PBMA/CeO. composites as evidenced by bright spots
with uniform diffusive circles. The TEM image of PBMA with 10 wt%
CeO, sample shows the randomly oriented polymeric nanostructures
with few layer of nano CeO: flakes in the PBMA network. Also, the
size of the nanoparticles is slightly increased at higher loading of nano-
fillers and the diameter of polymer composite appears to be in the

nano-regime confirming the formation of nanocomposites.

PBMA 10 wt% CeO,

g_(_)nm

Figure 6.5: TEM images of CeO2 and PBMA/CeO2 nanocomposites
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6.2.6 Thermal Properties
6.2.6.1 TG Analysis

Table 6.1: The different degradation temperature obtained from TGA
and DTG of PBMA/CeO2 nanocomposites

TGA DTG
Ti(OC) Tmax (OC) Tmax (OC)
It stage 11" stage
PBMA 256 279 365
PBMA/5 wt% CeO: 271 296 375
PBMA/10 wt% CeO> 280 305 379

The thermal stability of bare PBMA and its composites with different
contents of CeO2 nanoparticles is measured by TG analysis and the
corresponding TGA and DTG curves are presented in figure 6.6. The
initial degradation temperature (Ti) and major decomposition
temperature (Tmax) for the pure PBMA and PBMA/CeO:
nanocomposites are documented in table 6.1. The PBMA/CeO;
nanocomposite exhibits better thermal stability than pure PBMA. The
PBMA started to loss its weight at ~279°C upon heating with a weight
loss of 6 % due to the unzipping of the vinyl group. From the DTG
curve, it can be seen that PBMA with 5 wt% CeOz starts its first weight
loss at ~296°C and the PBMA with 10 wt% CeO starts its first weight
loss at ~305°C. All the sample shows another major weight loss around
~300°C, attributes to the degradation of the polymer backbone chain.
The major weight loss begins at ~365°C for bare PBMA, at ~375°C for
PBMA with 5 wt% CeO and at ~379°C for PBMA with 10 wt% CeO.
These observations suggest the enhanced thermal stability of PBMA
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by the incorporation of CeO- nanoparticles and it arises from the better
interfacial interaction between the PBMA matrix and CeO:
nanoparticles. Meanwhile, the major decomposition peak (Tmax) from
the DTG (Table 6.1) curve also increased correspondingly with an

increase in the loading of CeO2 nanoparticles.
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Figure 6.6: TGA and corresponding DTG curve of PBMA and
PBMA/CeO2 nanocomposites

6.2.6.2 DSC Analysis

Figure 6.7 illustrates the DSC thermograms of PBMA and
PBMA/CeO, nanocomposites. All the samples exhibit two
endothermic peaks, of which the first small dip corresponds to the
glass transition (Tg) and the second major dip attributes to the flow
point (Tf) or melting point (Tm). It is noticed that the T4 of PBMA has
substantially increased by the incorporation of CeO2 nanoparticles. The
PBMA has Tg at 21.54°'C while the PBMA with 5 wt% CeO2 shows Ty
at 25.66'C and PBMA with 10 wt% CeO- shows Tg at 30.96°C. This
clearly implies the interfacial interaction of CeO, nanoparticles with
the PBMA matrix. The better interaction between the matrix and the
filler restricts the mobility of chain segments of PBMA, leads to an
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increase in Tg of the composites. With an increase in the loading of
CeO2 nanoparticles, the Tm of PBMA is also increasing. This
observation shows that by the incorporation of nanoparticles, some
crystalline regions are created by the ordered arrangements of polymer
segments obviously through the interfacial interaction between the
polymer backbone and the filler [234].
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Figure 6.7: DSC curve of PBMA and PBMA/CeO nanocomposites

6.2.7 Mechanical Properties

The mechanical properties such as tensile strength and elongation at
break of PBMA with different contents of CeO. nanoparticles are
measured and the obtained result is presented in figure 6.8. The tensile
strength of all the composites is higher than the pure PBMA. The
uniform dispersion and the interfacial interaction of nanoparticles with
the PBMA matrix attribute to the higher tensile properties of the
composites. Here, the nanoparticles act as stress concentration sites for
accompanying the extra stress transferred from the PBMA matrix and
thus results in enhancing the tensile properties of composites. The
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improvement in tensile properties is becoming more pronounced on the
addition of nanoparticles and the composite with 7 wt% shows the
maximum property. The pure PBMA exhibits the tensile strength of
22.72 MPa and the PBMA with 7 wt% of CeOz nanoparticles show the
tensile strength around 38.14 MPa (i.e., 67.86 % increases). Beyond 7
wt% loading of composite, the composites exhibit a slight decrease in
tensile strength (36.01 MPa). As revealed from UV results, the 7 wt%
exhibits the maximum dispersion limit and after the homogenous
dispersion has been interrupted. At higher loading of fillers, there are
defects in the composites due to poor matrix-filler interactions by the
presence of agglomerated nanoparticles and this lead to the poor
tensile property. The elongation at break is found to be decreasing with
the incorporation of CeO2 nanoparticles shows the reinforcing effect of
CeO2 nanoparticles. The addition of nanoparticles increases the
stiffness of the composites and which in turn results in a decrease in
elongation at break [235].
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Figure 6.8: Variation of tensile strength and elongation at break with
filler concentration for PBMA/CeO2 nanocomposites
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6.2.8 Tensile Modeling

The tensile property of the polymer composites depend on various
factors such as size, shape, geometry and the extent of dispersion of
fillers and the stiffness of the polymer matrix. The theoretical
modeling approaches help to give an idea about the role of different
parameters responsible for the increased tensile properties of polymer
composites [136]. So in this study, various theoretical assumptions
made by Einstein, Mooney, Guth, Kerner and Pukanszky models are
employed to analyze the different parameters affecting the tensile
property and to predict the mechanism of the increase in tensile

strength of the PBMA/CeO2 nanocomposites.
6.2.8.1 Einstein Model

Einstein derived an equation for the prediction of the tensile property
of polymer composite systems containing rigid filler particle in the

non-rigid polymer matrix as follows [137]
Mc = Mm(1 + 2.5Vf) (6.1)

Where Mc and Mm are the tensile strength of composite and polymer
matrix respectively, and VT represents the filler volume fraction. The
experimental tensile data obtained for PBMA/CeO2 nanocomposites is
applied to the Einstein model and the results are given in figure 6.9.
As evident from the figure, the experimental values are more deviated
from that of the theoretical values. Einstein equation is mainly
employed for the polymeric systems containing rigid spherical

particles at a very lower concentration of fillers. So in most cases, the
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Einstein equation fails to predict the tensile property of polymer

composite systems.
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Figure 6.9: Experimental and theoretical tensile strength of
PBMA/CeO> nanocomposites based on Einstein model

6.2.8.2 Mooney Model

The major drawback of the Einstein model has been overcome by the
Mooney model by introducing a new parameter using the following
equation [138].

Mc = Mm * exp[%] (6.2)

Where ‘S’ denotes the crowding factor whose value lies between 1 to
1.35. The ‘S’ factor considers the strain field around the filler and the
polymer matrix. The experimental tensile strength of PBMA/CeO:
nanocomposites is compared with the theoretical tensile strength

obtained from the Mooney model and the results are given in figure
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6.10. It can be observed that the theoretical tensile strength values are
higher as compared to that of experimental values. This means that the
Mooney model also fails to explain the reinforcing nature of CeO:
nanofiller into the PBMA matrix. The Mooney equations are based on
the assumptions that the tensile values of filler are much higher than

the polymer matrix, hence the applicability of Mooney equations is

limited.
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Figure 6.10: Experimental and theoretical tensile strength of

PBMA/CeO> nanocomposites based on Mooney model

6.2.8.3 Guth Model

Guth modified the Einstein equation by adding a new term, based on
the assumption that there is a phase interaction between the particles
and polymer which enhances the tensile property of the polymer
composites [139]. The Guth equation is given as
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Mc = Mm(1 + 2.5Vf) + 14.1VfA2 (6.3)

The comparative tensile strength of PBMA/CeO2 nanocomposites from
the experimental results and the theoretical values from the Guth
equation are given in figure 6.11. Here also, the theoretical model does
not match with the experimental results in entire filler loadings. The
Guth model is based on spheres embedded in a continuous polymer
matrix. So in the present study, Guth model fails to predict the

reinforcing nature of the polymer composites.
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Figure 6.11: Experimental and theoretical tensile strength of
PBMA/CeO> nanocomposites based on Guth model

6.2.8.4 Kerner Model

Kerner derived an equation for predicting the tensile property of
polymer composites having moderate filler concentration as follows
[140].
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Mc = Mm « 1+ [ L2020 |

(1-vf)(8-10Vvm) (6.4)

Figure 6.12 shows the tensile strength of PBMA/CeO-
nanocomposites measured by using Kerner model along with the
experimental tensile value. It is evident from the figure that the
theoretical tensile values largely deviate from the experimental values.
This model is applicable to the reinforcement of spherically shaped
particles in which there should not be any interaction between particles
to particles or matrix to particles. The increase in tensile strength of
nanocomposite in the present study is mainly due to the interaction
between nanoparticles and polymer matrix, hence the experimental

tensile does not agree with the experimental results.
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Figure 6.12: Experimental and theoretical tensile strength of
PBMA/CeO> nanocomposites based on Kerner model
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6.2.8.4 Pukanszky Model

In all the models explained above, the basic assumption is that the
tensile property of the polymer composite systems mainly depends on
the number of filler particles as well as the particle interactions. They
negotiated the influence of matrix-filler interactions since it is the
major factor responsible for the improved tensile property of polymer
composites. Pukanszky considers the effect of interfacial interaction
between the matrix and filler to explain the tensile property of polymer
composite systems and suggested an equation as follows [141]

1-Vf
1+2.5Vf

Mc = Mm * exp(Bvf) (6.5)

where the parameter ‘B’ denotes the extent of polymer-filler
interaction as well as the vyield stress around the matrix. The
experimental tensile values are applied to the Pukanszky equation and
the resultant theoretical values with the experimental tensile values are
given in figure 6.13. It is clear from the figure that the theoretical
values are in good agreement with the experimental values in the entire
loading of fillers. So it can be concluded that the matrix-filler
interfacial interaction plays a major role in improving the tensile
property of PBMA/CeO2 nanocomposites and this result is in good
agreement with the electrical properties and UV studies.

176



N
n
1 "

—s— Experimental
1 —*— Theoretical

N
o
1

Tensile strength (MPa)
»

20 1 v ] v I v ] v I M ]
2 4 .6 8 10
Filler loading (wt%)

Figure 6.13: Experimental and theoretical tensile strength of
PBMA/CeO2 nanocomposites based on Pukanszky model

6.2.9 Dielectric Properties and AC Conductivity Studies

The variation of dielectric constant (er) with the frequency for PBMA
and PBMA/CeO, nanocomposites is given in figure 6.14. It can be
observed that the dielectric constant of the entire sample is decreasing
with frequency up to 10* Hz and after it remain almost the same. The
higher dielectric value at lower frequency might be due to the proper
orientation of the dipolar segments with the applied frequency. As the
frequency increases the polar groups fail to arrange themselves with
the applied frequency and there by the dielectric constant decreases.
But, it is noted that the dielectric constant increases appreciably in the
region of 102 Hz to 10* Hz with the addition of CeO, nanoparticles and

after it remains almost independent of frequency. Among the
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nanocomposites, PBMA with 7 wt% CeO;shows maximum value and
after the dielectric constant decreases. The increase in the dielectric
constant of composites is due to the additional contribution from the
space charge polarization that exists between the PBMA matrix and
the CeO: nanoparticles [143]. However, at higher loading of the
nanoparticles, due to the self-agglomeration of nanoparticles, the
effective interfacial interaction between the PBMA and the CeO:

nanoparticles gets interrupted and result in a decrease in the dielectric

value.
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Figure 6.14: The variation of dielectric constant with frequency of
PBMA/CeO2 nanocomposites

The dielectric loss of PBMA and PBMA/CeO> nanocomposites with
various frequencies is given in figure 6.15. The dielectric loss
decreases with frequency up to 10° Hz and then it remains almost

constant for all the composites under study. The higher dielectric loss
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at lower frequency is attributed to the interfacial polarization effect
[236]. Interestingly, the PBMA/CeO, nanocomposites show higher
dielectric loss value than pure PBMA and the dielectric loss value
further increased with the addition of CeO: nanoparticles. The
dielectric loss value @ 100 Hz for pure PBMA is 2.49 and it has
increased to 4.34 in the case of PBMA with 7 wt% CeO; loading. This
means the nanoparticle addition brought some modifications in the
PBMA matrix, which leads to overlapping of relaxation process and

results in higher dielectric loss in PBMA composites.
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Figure 6.15: The variation of dielectric loss with frequency for
PBMA/CeO2 nanocomposites

The AC conductivity (cac) of PBMA and its composites with CeO>
nanoparticles are given in figure 6.16. The conductivity is found to be
increased with the frequency in all cases in a not perfect linear manner.
The increase in AC conductivity at lower frequency region is might be

due to interfacial polarization effect and as the frequency increases the
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electronic polarization also comes to act. The conductivity is
significantly improved by the addition of CeO2 nanoparticles up to 7
wt% loading, which specifies the role of CeO> nanoparticles in
improving the conductivity properties of pure PBMA. It can be
explained as upon incorporation of nanoparticles, the number of charge
carriers increases and also there is a gradual development of
conducting network in the PBMA matrix which facilitates the transfer
of charge carriers in the polymer backbone [237]. The space charge
defects created by the CeO2 nanoparticles in the PBMA backbone also
contributes to the enhanced conductivity. The slight decrease in the
conductivity at higher concentration (10 wt%) might be due to a
decrease in conducting networks by the presence of agglomerated

nanoparticles.
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Figure 6.16: The AC conductivity of PBMA/CeO2 nanocomposites at
different frequencies
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6.2.10 Effect of Temperature on AC Conductivity

The variation of AC conductivity with the temperature for PBMA and
PBMA with different contents of CeO> nanoparticles is presented in
figure 6.17. The AC conductivity was increasing with temperature in
all cases. Since, in the polymer composites the conductivity is due to
the availability of charge carriers. As the temperature increases, the
available charge carriers get extra energy and therefore conductivity
enhances by an increase in the mobility of charge carriers [238].
Besides, more vacant sites are created by the thermal excitation of

charge carriers, further facilitate the movement of charge carriers.
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The dependence of conductivity on temperature can be explained by
two mechanisms large polaron theory and small polaron theory [239,
240]. According to large polaron theory, the conductivity decrease
with temperature, while in the case of small polaron theory
conductivity increases with temperature which means the system
follows the hopping conduction mechanism. In the present case, the
conductivity increases with temperature and therefore the PBMA/CeO;
nanocomposites follow the small polaron model. Further, it indicates
that the increase in hopping of charge carriers is responsible for the

enhanced conductivity with temperature in the present composite
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Figure 6.18: Log(cac) vs 1/T plot for PBMA and PBMA/CeO>
nanocomposites at different frequencies
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The activation energy of PBMA/CeO> nanocomposites is measured
from the plot of log(cac) vs L/T at different frequencies and the plots
are given in figure 6.18. The linear nature of the graph in the entire
temperature region shows the thermally activated conduction in the
composites [238]. The obtained activation energy values in various
frequencies are documented in table 6.2. The decrease in activation
energy value with frequency specifies the hopping conduction in the
PBMA/CeO, nanocomposites. Moreover, the activation energy values
are higher for pure PBMA as compared to that of composites, shows
the significantly improved conductivity by the incorporation of CeO>

nanoparticles in the PBMA matrix.

TABLE 6.2. The activation energy values at different frequencies for
PBMA and PBMA/CeO. nanocomposites.

Samples Frequency (Hz)
102 103 10* 10° 10°
PBMA -3.834 -3.414 -3.531 -4.005 -4.167

PBMA/3 wt% CeO, -3.965 -4.065 -4.091 -4.117 -4.157
PBMA/5 wt% CeO2 -3.998 -4.010 -4.096 -4.121 -4.169
PBMA/7 wt% CeO, -4.048 -4.182 -4.189 -4.201 -4.209
PBMA/10 wt% CeO, -4.006 -4.033 -4.232 -4.200 -4.352

The dependence of AC conductivity on frequency can be explained by
the equation cac = A®®, where A is the frequency factor and ‘s’ implies
the exponential factor. The value‘s’ indicates the mechanism of
conductivity in the given system and it can be obtained by plotting
log(ocac) vs log(w). If the value of s<1, the conductivity is from the
hopping conduction and if s >1 the conduction is from the localised
sites [241]. The ‘s’ value obtained for PBMA/CeO2 nanocomposites in
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the various temperatures is given in table 6.3. As it cleared from the
table, the ‘s’ value is decreases with temperature for all the composites.
It is also noted that, the value of ‘s’ is less than 1, indicates the hopping
conduction present in the PBMA/CeO2 nanocomposites.

TABLE 6.3. The ‘s’ value at different temperatures for PBMA and
PBMA/CeO2 nanocomposites.

Temperature ('C)

Samples 30 40 50 60 70 80

PBMA 0.6018 0.6017 0.6168 0.6159 0.6141 0.6138

?:Eg/leBWt% 0.6286 0.6194 0.6120 0.6093 0.5998 0.5962
EEg"ZABWt% 0.6444 06401 0.6372 0.6300 0.6294 0.6273
cP:EgLA/? W% 06606 0.6536 0.6423 0.6405 0.6385 0.6379
(P:S(';/lA”OWt% 0.6302 0.6285 0.6271 0.6254 0.6223 0.6113

6.2.11 DC Conductivity Studies

Figure 6.19 represents the variation of DC conductivity (log cq.c) of
PBMA with different loading of CeO2 nanoparticles. It appears that the
conductivity increases with the addition of CeO2 nanoparticles. The
addition of nanoparticle increases the number of charge carriers and it
leads to the enhanced conductivity for the PBMA/CeO;
nanocomposites than the pure PBMA. Further, with an increase in the
amount of nanoparticles, the distance between the active centers gets
reduced and this facilitates the easy transfer of charge carriers
throughout the polymer surface. It can be secen that the oqc Of
composite shows a significant increase in value at an initial loading
from ~1012 S/cm (pure PBMA) to 10! S/cm (PBMA with 3 wt%
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Ce0O2). Beyond this loading, there is only a slight increase in value
with a further addition of filler particles and the maximum
conductivity is observed by PBMA with 7 wt% CeO. nanoparticles.
So, it can be explained that in the case of PBMA/CeO2 nanocomposite,
a better conductive network is formed in the initial stage as well by the

proper arrangement of filler particles in the PBMA backbone [145].
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Figure 6.19: The wvariation of DC conductivity with filler
concentrations for PBMA/CeO2 nanocomposites

6.2.12 Applicability of Theoretical Modeling to the DC
Conductivity

Various theoretical models are applicable to filler reinforced polymeric
systems for predicting the conductivity mechanism of the prepared
polymer nanocomposites. The assumptions behind each of the models
that the conductivity mainly depends on the inter-particle contact as
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well as the interaction of filler with the polymer matrix, which in turn
depends on the size, shape, aspect ratio, volume fraction and the
arrangement of filler in the polymer matrix. In the present study, the
experimental result obtained for PBMA/CeO2 nancomposites is
compared with various theoretical assumptions such as Bueche,
McCullough and Scarisbrick models. But these models fail in our case.

So we introduced a new model and was explained below.
6.2.12.1 Bueche Model

The main theory behind Bueche model is that the conducting particles
are segregated in the insulating polymer matrix in such a way that it
forms a complete conductive network [151]. So that the total
conductivity of the two-phase polymer composite system is the sum of

the conductivities of two individual components and can be given as
oc=®fof +(1—Df)op (6.6)

Where oc, of and op denotes the conductivities of composite, filler
(0.044 S/cm) and polymer matrix (4.23 x 10°*2 S/cm) respectively and

Of denotes the volume fraction of filler.

The o4c of PBMA/CeO> nanocomposites at different filler loading is
theoretically calculated by the Bueche model. The theoretical and
experimental conductivity of the composites is given in figure 6.20.
The theoretically calculated conductivity shows large deviations from
that of experimental values in the entire loading of fillers, indicate that
the Bueche model is not applicable to the conductivity study of

PBMA/CeO> nanocomposites. The Bueche model is working on the

186



additive rule and so it is most suitable for multi-component systems in
which the conductivity of components present in the polymer
composite has no much difference. In the present case, the
conductivity of PBMA matrix is widely different from that of CeO>

nanoparticles. So, the Bueche model fails in the present study.
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Figure 6.20: Theoretical conductivity using Bueche model and
experimental conductivity of PBMA/ CeO2 nanocomposites

6.2.12.2 Scarisbrick Model

Based on Scarisbrick model the conductivity is governed by inter-
particle contact and thus the conductivity is ohmic in nature [152]. He
suggested that the conducting particles are randomly distributed in the
polymer matrix and there should be an electrical contact between the
particles. The equation is given as follows
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Z—; = Cz.cb.cb[exp(cb_g)] (6.7)

“ =90 [exp (¢-§)](When c2=1) (6.8)

2
Gif" =3x1073.®.®[exp(®3)](When C %= 3x107) (6.9)

Where C? is a geometrical element that determines the arrangements as
well as the extent of inter-particle contact in the polymer matrix (value
lies between 1 and 3x10®) and other parameters have their usual
meanings. The experimental conductivity and conductivity measured
from the Scarisbrick model (equations: 6.7-6.9) of PBMA/CeO;
nanocomposites are given in figure 6.21. The theoretical conductivity
shows a large difference with the experimental conductivity at entire
loading of CeO- for both ranges of C2. The mismatch in the case of
PBMA/CeO, composites might be due to the formation of conducting
networks even at low concentrations, as revealed from the DC
conductivity study. Further, in the case of Scarisbrick model the
contribution from the polymer matrix does not consider. So in most
cases, the theoretical conductivity using the Scarisbrick model shows a
large deviation from the experimental conductivity especially at lower

concentrations of filler in the polymer.
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Figure 6.21: Theoretical conductivity using Scarisbrick model and
experimental conductivity of PBMA/CeO2 nanocomposites

6.2.12.3 McCullough Model

According to McCullough model, the conductivity of binary
composites not only depends on the amount of filler but also on the
extent of conductive networks formed by the filler particles [150] and

can be expressed as

— _ [A@p.@f+(af-0p)?
oc=o0p.Pp + of. Of [ Sy —— (6.10)

Where A is the structural factor, indicate the extent of conductive
network formation in the polymer matrix and its value differ from 0 to

1, vf and vp are given as
vf=(1-21).9f + dp. A (6.11)

vp=(1-21).9p+ of. 2 (6.12)
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The o4 of PBMA/CeO, nanocomposites are theoretically calculated
by the McCullough model (equations: 6.10-6.12). The experimental
and theoretical conductivity of the polymer composite is presented in
figure 6.22. In the McCullough model, the conductivity value is
determined by the parameter A, whose exact value is difficult to
measure. So that in most cases the McCullough model fails to predicts
the exact conductivity of the composites. So, in order to validate the
McCullough model the conductivity is measured for different values of
L. However, in the case of PBMA/CeO2 nanocomposites, theoretical
conductivity values not at all agree with the experimental conductivity
for all A values. The theoretical conductivity largely deviates from
experimental conductivity in all cases. So McCullough model also fails

in the case of PBMA/CeO2 nanocomposites.
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Figure 6.22: Theoretical conductivity using McCullough model and
experimental conductivity of PBMA/CeO2 nanocomposites
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6.2.12.4. Proposed Model for PBMA/CeO2 Nanocomposites

The conductivity of binary composites depends on the shape,
geometry, aspect ratio and surface to volume ratio of the filler.
However, these factors are not considered in the above discussed
models (Bueche, McCullough and Scarisbrick models) and this might
be the reason to the large deviations between the experimental and
theoretical values. So we have proposed a new model by considering
the shape factor (S) of the polymer composite and the proposed
equation is

dp.logop+@f.Slogof
®op.e?f+of.S.ePP

logoc = (6.13)

The theoretical conductivity of the samples estimated from above
model along with the experimental values are presented in figure 6.23.
The theoretical and experimental plots coincide with the loading of
nanoparticles and, therefore, the proposed model used to predict the
conductive mechanism of PBMA/CeO, nanocomposites. This finding
has been considered encouraging for developing new and innovative
thermoplastic materials for fabricating or improving the properties of

nanoelectronic devices.
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Figure 6.23: Theoretical conductivity using proposed model and
experimental conductivity of PBMA/CeO nanocomposites

6.3 Conclusion

PBMA nanocomposites with enhanced electrical conductivity were
prepared by incorporating various amounts of CeO nanoparticles via
in situ polymerization method. The FT-IR spectra revealed that the
CeO2 nanoparticles were effectively incorporated in the PBMA matrix
through the interactions of nanoparticles with the carbonyl group in the
PBMA matrix. The UV-Visible absorption spectra exhibits an increase
in intensity with the addition of nanoparticles, indicates the better
dispersion of CeO: nanoparticles by effective interfacial interaction
with the PBMA matrix. The appearance of crystalline peaks in
PBMA/CeO> nanocomposites obtained from the XRD profile showed
the more ordered dispersion of nanoparticles in the polymer matrix.

The FE-SEM images showed a better dispersion of nanoparticles in the
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PBMA matrix. The TEM results showed the successful incorporation
of CeOz nanoparticles with particle clustering in the 9.21 nm scale. The
glass transition temperature of composites also gradually increased
with the amount of CeO> particles. The thermal stability of PBMA
composites was found to be increased with the addition of CeO:
nanoparticles. PBMA/CeO, nanocomposite exhibited higher tensile
strength than pure PBMA and it denotes that nanoparticles act as
stress-relieving sites by the effective interaction with the PBMA
matrix. The decrease in elongation at break with the loading of CeO>
nanoparticles shows the higher compatibility between the filler and
polymer. The comparison of experimental tensile strength with
theoretical models like Einstein, Mooney, Guth, Kerner and Pukanszky
equation was carried out and the results shows the Pukanszky model
was more applicable in the case of PBMA/CeO2 nanocomposites.The
effect of loading of CeO> on AC conductivity and activation energy of
PBMA nanocomposites was studied at different temperatures and
various frequencies. The AC conductivity was substantially enhanced
with an increase in temperature as well as with the frequencies. The
activation energy shows a drastic reduction in values upon the addition
of CeO2 nanoparticles further implies the improved conductivity of
composites. The value of exponential parameter indicates that the
PBMA/CeO, nanocomposites follow hopping conduction. Increased
DC conductivity of composites was observed with the addition of
CeO2 nanoparticles. The changes in DC conductivity of PBMA/CeO>
nanocomposites were correlated with theoretical models like Bueche,
Scarisbrick and McCullough models. The Bueche, Scarisbrick and

McCullough model fails to explain the conductivity of polymer
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composite in the entire loading of fillers. So we proposed a new model
for theoretical conductivity, which is in good agreement with the
experimentally observed conductivity and therefore this proposed
model can be applied to thermoplastic polymers nanocomposite

system.
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7.1 Introduction

Composite materials are becoming an inevitable product in our daily
life due to the advantage of having low weight, better heat and
chemical resistance, remarkable thermal and electrical properties [242,
243]. Amidst, polymer nanocomposites got greater importance owing
to outstanding properties. The interest of polymeric nanocomposite
materials is mainly arising from their ease of processing and flexible
nature [244]. Moreover, polymer nanocomposites can exhibit the
properties of both the polymer and nanoparticle components and so
finds numerous applications in various areas. Therefore, in some
cases, the polymer composites may replace other materials exhibiting
similar properties [245]. For example, ceramic materials have
considerable dielectric properties, but due to the brittle nature and
requirement of high temperature for the fabrication, their use is very
limited [246].

Recently, there is greater importance in the development of polymer
nanocomposites with convenient weight, appropriate thermal,
mechanical and conductivity properties due to their immense
applications in various fields [247]. However, the properties of
polymer nanocomposite greatly depend on the nano-component
present in the polymer matrix and the nature of the polymer itself. So
that judicial selection of components is an important thing for the
fabrication of polymer nanocomposites with desirable properties. Poly
(butylmethacrylate) (PBMA) is one of the transparent material with
light-weight, flexible and can be made to thin films very easily. Further

their innate properties can be improved by incorporating nanofillers



and thus can be applied in various fields. The reinforcement of
nanofillers with PBMA was reported recently [123, 127].

The importance of nanoparticle is the availability of adequate surface
area for interactions with the polymer matrix. Therefore, even a small
amount of nanoparticles brought unexpected modifications to the
polymer properties and the changes are reflected in the improved
thermal, electrical, mechanical and optical properties [248]. Metal
oxide nanoparticles with outstanding properties are widely used as
fillers for the development of polymer composites with remarkable
properties [249]. Amidst, rare earth metal oxides especially the Nd2Os,
got greater attention owing to their immense optical and electrical
properties [250]. The Nd>Oz nanoparticles have been widely used in
various electronic applications [251]. Compared to conventional
Nd2Os particles, the nano Nd2Osz nanoparticles are most interesting due
to its potential applications arises from the well-defined surface

morphology.

Based on this, the present study focused on fabrication of
PBMA/Nd2O3 nanocomposite by simple in situ polymerization method
and their characterization by FT-IR, UV, XRD, FE-SEM and TEM
analysis. The effect of Nd2O3z nanoparticles on the thermal properties
of PBMA was analyzed by DSC and TGA analysis. Further, the
influence of Nd20Os nanoparticles on the tensile strength, AC and DC
conductivity of the PBMA matrix are studied in detail with respect to
different loading of nanoparticles. The mechanism behind the
enhanced tensile properties and DC conductivity were studied by

correlating the experimental data with various theoretical modeling.
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7.2 Results and Discussion
7.2.1 FT-IR Spectra

The FT-IR spectra of Nd.Os nanoparticles, PBMA and the
PBMA/Nd.O3 nanocomposite are given in figure 7.1. The peaks at 411
and 533 cm™ correspond to the characteristics Nd-O vibrations of
Nd2Os nanoparticles [252]. From the FT-IR spectra of PBMA, the
strong peak at 1731 cm™ attributes to the C=0 stretching vibrations
and the peaks appears at 1149 cm™ and 1242 cm™ are ascribed to the
C-O-C stretching vibrations of ester group present in PBMA backbone.
Another peak at 1060 cm™ and 1262 cm™ correspond to the C-O
stretching and C-H wagging vibrations respectively [253]. The FT-IR
spectra of PBMA/Nd>03 nanocomposite show the characteristic peaks
of PBMA with the characteristic stretching of Nd,Os at 522 cm™. It is
interesting to observe that the C=0 group (1731 cm™) of PBMA is
found to be shifted to a lower wave number at 1726 cm™ by the
insertion of Nd2Os clearly indicated the attachment of nanoparticles in
the macromolecular chain of PBMA.
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Figure 7.1: The FT-IR spectra of PBMA and PBMA/Nd203
nanocomposites
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7.2.2 Optical Properties
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Figure 7.2: The UV-Visible spectra of PBMA and PBMA/Nd203
nanocomposites

The optical property of PBMA and synthesized PBMA/Nd.Os
nanocomposites are analyzed through UV-Visible spectra and the
result is presented in figure 7.2. There are no absorption peaks in the
visible region (400 to 800 nm) in all cases shows the transparent nature
of the PBMA and the developed PBMA/Nd>O3 nanocomposites. Also,
in the case of composites, the better polymer-filler interface attributes
to the absence of peaks in the visible region. The PBMA and PBMA
composites exhibit similar types of absorption spectra with a strong
intense peak at 246 nm attributes to the n- r* transitions in C=0 group
present in the PBMA matrix. It can be seen from the figure that the
absorption intensity increases with the loading of Nd>Os nanoparticles

up to a certain limit (5 wt%), shows the influence of nanoparticles in
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enhancing the UV absorption of PBMA. The increase in intensity of
UV peak might be arises from the interaction of nanoparticles with the
PBMA matrix. Further, due to the nano-size of Nd>Oz provides high
surface area for the interaction zone and so large absorption is
produced. The decrease in absorption at higher loading of filler (after
10 wt%) might be due to poor polymer-filler interface by the presence

of agglomerated nanoparticles.
7.2.3 XRD Analysis

Structural information of the prepared PBMA and PBMA/Nd.O3
nanocomposites are analysed by XRD and the results are presented in
figure 7.3. As seen in the figure, the synthesised PBMA exhibits an
amorphous peak at 20=17.65". However, the XRD patterns of the
composites are distinct from that of plane PBMA. The composite
exhibits the characteristic crystalline peaks of Nd2Os nanoparticles
along with the amorphous peak of pure PBMA which implies the
better compatibility between the polymer matrix and nanoparticles. It
can be seen from the figure that the intensity of the Nd»Os peaks
increases with the loading of nanoparticles in the polymer composite.
The increase in the crystalline nature of composites signified the better

reinforcement of Nd>Oz nanoparticles into the PBMA.
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Figure 7.3: XRD pattern of Nd.0s3, PBMA and PBMA/Nd2Os
nanocomposites

7.2.4 FE-SEM Analysis

Surface morphological assessments of Nd.Oz nanoparticle, PBMA and
PBMA with different contents of Nd2Os nanoparticles are presented in
figure 7.4. The as prepared nanoparticles are seemed to be
agglomerated and the bare PBMA exhibited a smooth surface.
However, the smooth morphology of PBMA is changed by the
insertion of nanoparticles into PBMA matrix and the presence of
nanoparticles is clearly visible in the images of composites. The better
dispersion of nanoparticles in the PBMA phase is observed at 5 wt%
Nd20s loading which indicated the better adhesion between the

polymer and the nanoparticles. However, the uniform dispersion of
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filler in the polymer is slightly changed into an agglomerated structure
at higher loading of Nd2Os particles (at 10 wt% loading). The coupling
of adjacent nanoparticles creates more stress in the polymer composite
which ultimately results in the clustering of nanoparticles at higher

loading.

- PBMA 5 wt% Nd,¢

Figure 7.4: FE-SEM images of Nd.O3, PBMA and PBMA/Nd;03
nanocomposites

7.2.5. TEM Analysis

TEM measurements of PBMA/Nd2O3 composite reveals more detailed
information regarding the arrangement of nanoparticles in PBMA
during composite formation and it also provides additional supporting
information that will aid in the interpretation of other results. TEM
images of Nd.Os nanoparticle and different contents of Nd2O3

incorporated PBMA samples are given in figure 7.5. The Nd2O3
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nanoparticle has elongated structure with average size of 27.30 nm.
The images of PBMA composites hinted that the nanoparticles are well
dispersed in the PBMA matrix with maximum surface area of contact
and close interaction between the host and guest components. From the
selected are diffraction pattern, the PBMA/Nd>O3 composite is
crystalline in nature as evidenced by bright spots with concentric ring.
The particle size of PBMA with 5 wt% Nd>Os sample is ~28.36 nm
whereas the size of the nanoparticle increased to ~30.72 nm for 10
wt% Nd>03 sample. It can be seen that Nd>O3 nanoparticles are evenly
dispersed inside the PBMA matrix at 10 wt% loading with few
agglomeration of nanoparticles and this result is in good agreement
with the SEM result.

PBMA 5wt% Nd,0;

20 nm

Figure 7.5: TEM images of Nd2Os nanoparticle and PBMA/Nd203
nanocomposites
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7.2.6 Thermal Studies
7.2.6.1 TG Analysis

The effect of nanoparticles on the thermal stability of PBMA has been
observed by TGA and the corresponding DTG curves are presented in
figure 7.6. Generally, the PBMA degrades in two steps, the first begins
with cleavage of the head to head linkages by unzipping of vinyl
groups (~250°C) and followed by cleavage of end chain through
random scission of backbone (~300-400°C) [33, 254]. The pure PBMA
and PBMA/Nd2O3 nanocomposites exhibit two step degradation
processes. As clear from the figure, the Nd>Oz nanoparticles
significantly improve the initial degradation temperature (Tonset) and
major decomposition temperature (Tmax) of the pure PBMA,
obviously due to the better interfacial interaction and compatibility of
Nd2Os nanoparticles with the PBMA matrix. In PBMA, the T onset is
at ~256°C, but for PBMA with 5 wt% Nd>Osthe T onset is at ~264°C
and for PBMA with 10 wt% Nd.Os the T onset is at ~268°C.
Similarly, the T max from DTA for PBMA is about 280°C. However,
the PBMA with 5 wt% Nd>O3 shows Tmax around 292°C and PBMA
with 10 wt% Nd,O3 shows Tmax around 300°C. These results clearly
indicate the role of Nd>Os nanoparticles in improving the thermal
stability of PBMA. The nanoparticles hinder or resist the diffusion of
volatile components from the polymer backbone through better
interaction with the polymer matrix. The residue after complete
degradation is expected to be zero, but in the present case, it is
observed that the pure PBMA has 2% residue at 400°C and has 4% and
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7% residues for PBMA with 5 wt% Nd2O3 and PBMA with 10 wt%
Nd2Os respectively.
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Figure 7.6: TGA and corresponding DTG curve of PBMA and
PBMA/Nd2O3 nanocomposites

7.2.6.2 DSC Analysis

The effect of Nd2Os nanoparticles on the glass transition temperature
(Tg) of PBMA is also investigated through DSC analysis and the
thermogram is given in figure 7.7. It is known that the better
interaction of nanofillers restricts the molecular mobility of polymer
segments by the addition of nanoparticles and it reflects in the higher
Ty value of composites than the plane polymer matrix [255]. It can be
seen from the figure that the T4 value of PBMA/Nd>O3 nanocomposites
are higher than the pure PBMA revealed the better interaction between
the PBMA and Nd2Os nanoparticles. The T4 of neat PBMA is 21.54°C
while that of PBMA with 5 wt% Nd>Os and PBMA with 10 wt%
Nd2Os is 35.16°C and 41.75°C respectively. The significant
enhancement in Ty value shows that the Nd>Os nanoparticles has a

major role in increasing the thermal behavior and this might be
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attributed to the restricted movement of molecular segments of
polymer backbone at the polymer-filler interface [256]. The melting
point of the PBMA and PBMA/Nd.Oz nanocomposites are also
evaluated from the DSC study. The second sharp endothermic dip
corresponds to the melting point (Tm) and it is at 285°C for pure
PBMA. Further, on the addition of Nd2O3 nanoparticles the Tn is also
shifted to higher values, shows the ordered arrangement of Nd>Os
nanoparticles in the PBMA matrix obviously through better polymer-

filler interaction.
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Figure 7.7 The DSC curve of PBMA and PBMA/Nd.03
nanocomposites

7.2.7 Mechanical Studies

Mechanical properties of polymer composites have a major role in the
application of polymer products in many fields. In the present study,
the tensile strength and elongation at break of the pure PBMA as well

as PBMA/Nd>O3 nanocomposites are analysed and the results are
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given in table 7.1. The interfacial interaction and the extent of stress
transfer play a key role in improving the tensile properties of
composites. The tensile strength of nanocomposite increases with the
loading of nanoparticles up to 5 wt% loading. The incorporation of
nanoparticles creates additional stress-bearing sites and therefore an
effective stress transfer from the polymer matrix to the nanoparticles
through the better interface between them [257]. So, the increase in
tensile strength for PBMA/Nd2.O3 nanocomposites attributed to the
better reinforcement effect of Nd>Os nanoparticles in the PBMA
matrix. However, the maximum tensile strength of the composite
decreased slightly beyond 5 wt% loading. The decrease in tensile
strength at higher loading arises from the incomplete interface between
the matrix and nanoparticles due to the presence of agglomerated
particles, as revealed from SEM images. The elongation at break of the
composite is found to decrease with the addition of Nd2Os
nanoparticles is due to the presence of brittle nanoparticles in the

polymeric chain.

Table 7.1: Tensile strength and elongation at break of PBMA and
PBMA/Nd>O3 nanocomposites

Tensile strength Elongation at break

(MPa) (%)

PBMA 22.72 50.87
0,

E%Dg?’ 3 wi% 24.32 45.55
0,

E%Dg?’ 5 with 27.59 44.62
0,

iﬁ!\éﬁ/ [ 26.45 42.14
0,

iﬁ!\éﬁ/ 10wt% 25.92 40.32
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7.2.7 Tensile Modeling Studies

Many theoretical equations are used to predict the effect of various
factors (size, shape, aspect ratio, filler concentration, the extent of
interfacial interaction between filler and polymer matrix) towards the
improved tensile properties of polymer nanocomposites [135, 136]. In
the present work theoretical models suggested by Einstein, Mooney,
Guth, Kerner and Pukanszky equations are employed to predict the
tensile properties of PBMA/Nd2O3z nanocomposites. The experimental
value obtained from the tensile analysis is compared with the
theoretical tensile strength to predict the reinforcing factors behind the

enhanced mechanical properties of polymers.
7.2.7.1 Einstein Model

Einstein suggested the following equation to predict the tensile

properties of polymer composites [137].
Mc = Mm(1 + 2.5Vf) (7.2)

where Mc and Mm denote the tensile properties of composite and
polymer matrix respectively and Vf denotes the filler volume fraction.
The tensile strength of composites is applied to the Einstein equation
and the theoretical tensile values are compared with experimental
values and the results are given in figure 7.8. It shows that the
theoretical values based on the Einstein model is much lower than the
experimental tensile values. This is because the Einstein model is

applies to polymer composite with a very low concentration of fillers
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(>1) and hence this model fails in most cases to predict the tensile

mechanism of polymer composites.
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Figure 7.8: Theoretical and experimental curve of tensile strength
based on Einstein model

7.2.7.2 Mooney Model

Mooney modified the Einstein equation by introducing a parameter ‘S’
to make it suitable in all concentrations [138]. The value of S’
signifies the strain field around the polymer matrix and the filler. For

filler particles the S = 1.35. The Mooney equation can be expressed as

Mc = Mm x exp [12_1‘:/];] (7.2)

where, the parameters have their usual meanings as explained above.
The tensile strength of PBMA/Nd20O3 nanocomposites is calculated
using the Mooney equation and the results obtained are given in figure
7.9 along with the experimental tensile value. The theoretical value
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using the Mooney equation and the experimental value shows a close
match at lower filler concentrations, but the theoretical tensile values
lie far away from that of experimental values at higher filler loading.
The Mooney model assumes that the filler and polymer matrix have
comparable tensile values and so it fails in predicting the tensile
properties especially in systems with large differences in tensile
properties of components like PBMA/Nd.O3 hanocomposites.
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Figure 7.9: Theoretical and experimental curve of tensile strength
based on Mooney model
7.2.7.3 Guth Model

Guth considered the role of inter-particle interactions along with the
amount of filler to the tensile strength and then he modified the

Einstein equation by adding a term as follows [139]

Mc = Mm(1 + 2.5Vf) + 141 VfA2 (7.3)
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The Guth equation is generally used to calculate the tensile strength of
polymer nanocomposites and the obtained theoretical tensile values
along with the experimental values obtained for PBMA/Nd.O3
nanocomposites are presented in figure 7.10. It can be seen that the
tensile value using the Guth model is close to experimental values at
lower filler concentrations but it is much higher than the experimental
tensile values at higher concentrations. Similarly with Mooney model,
the trend of increase in the tensile strength using Guth model is not
comparable with that of experimental values. So the Guth model also

fails to explain the tensile strength of PBMA/Nd>O3 nanocomposites.
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Figure 7.10: Theoretical and experimental curve of tensile strength
based on Guth model

7.2.7.4 Kerner Model

Kerner proposed another theoretical model for predicting the tensile

strength up to moderate concentrations as follows [140]
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Vf 15(1-Vm)

Mc=Mm=1+ [(1—Vf)(8—1OVm)

(7.4)

Where Vm represents the poisons ratio and other parameters have their
usual meanings. The value of Vm = 0.35. The tensile strength of
composite from the Kerner model and the experimental tensile values
are of PBMA/Nd203 nanocomposites is given in figure 7.11. It can be
seen that theoretical tensile values show large deviations from that of
experimental values. This is because the Kerner model is applicable to
study the reinforcement of spherically shaped particles incorporated
polymer composite and also there is no interaction between particles to
particles or matrix to particles. The increase in tensile strength of
PBMA/Nd2O3 composite in the present study is mainly due to the
interaction between nanoparticles and polymer matrix, hence the

experimental tensile values do not agree with the experimental results.

= 50
o
=
K e
)
g’ 40 —=— Experimental
) —e— Theoretical
5
(7))
Q
= 304
(72]
c
(<))
l—
20 T

2 4 6 8 10
Filler loading (wt%)

Figure 7.11: Theoretical and experimental curve of tensile strength
based on Kerner model
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7.2.7.4 Pukanszky Model

Pukanszky put forward a theoretical model for the polymer composite
in which the interfacial interaction between the polymer matrix and
filler major role in the enhancement of tensile strength by the
following equation.

1-Vf

Mc = Mm %
1+42.5Vf

* exp(Bvf) (7.5)

where the parameter ‘B’ determines the level of interfacial interaction
between the polymer matrix and the filled nanoparticles. The value of
B depends on the size and loading of filler as well as on the thickness
and extent of interphase [141]. The correlating graph of experimental
tensile value with that of theoretical value obtained using the
Pukanszky model is shown in figure 7.12. As clear from the figure, the
Pukanszky model exhibits better fit in the case of PBMA/Nd203
nanocomposites. Both the theoretical tensile values using the
Pukanszky equation and experimental values show a close match at
entire filler loading. So it can be concluded that the effective loading of
filler in the polymer depends on the interfacial interaction between the
PBMA and Nd>O3z nanoparticles and these interactions lead to the

improved tensile properties of PBMA/Nd>O3 nanocomposites.
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Figure 7.12: Theoretical and experimental curve of tensile strength
based on Pukanszky model

7.2.8 Electrical Properties

The change in electrical properties such as dielectric loss and dielectric
constant of PBMA by the addition of Nd>Oz nanoparticles are
measured at different frequencies 10% to 10° Hz. Figure 7.13 shows the
variation of dielectric loss (tand) value with frequency for the PBMA
and PBMA/Nd>O3z nanocomposites. As seen from the figure, the
dielectric loss value of all the composites decreases with frequency up
to 10° Hz and then it remains constant. However, the introduction of
Nd>O3 nanoparticles increases the dielectric loss value indicate that the
nanoparticles brought some modifications in the PBMA matrix
obviously by the better interface between them [258, 259]. But, in the
present case, though the dielectric loss value increases with the
addition of nanoparticles, the composites with 7 and 10 wt% Nd>O3
nanoparticles exhibit lower dielectric loss value than the PBMA with 5
wt% Nd203 nanoparticles. This might be due to poor polymer-filler
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interface by the presence of agglomerated nanoparticles at higher
concentrations, as revealed from SEM images.
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Figure 7.13: Variation of dielectric loss (tand) of PBMA and
PBMA/Nd20O3 nanocomposites at different frequencies

The variation in dielectric constant (gr) with frequency for PBMA and
PBMA/Nd203 nanocomposites is shown in figure 7.14. The dielectric
constant decreases with frequency in all cases up to 10* Hz and after it
remains independent of frequency. The higher value of dielectric
constant at lower frequency attributes to the proper alignment of
polymer dipoles with the applied frequency. As the frequency
increases the dipoles fail to arrange themselves with the applied
frequency and so the dielectric constant remains independent of
frequency at higher frequency [260]. But, interestingly the dielectric
constant increases with the addition of Nd>Os nanoparticles up to 5
wt% and after it shows a slight decrease in value. The contribution
from space charge polarization arises from better interfacial interaction
between the polymer and filler results in higher dielectric constant for
polymer composites. The slight decrease in dielectric constant at
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higher loading of nanoparticles (7 and 10 wt%) might be due to poor
interface between the PBMA and Nd2O3 nanoparticles by the presence
of aggregated nanoparticles.
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Figure 7.14: Variation of dielectric constant (¢;) of PBMA and
PBMA/Nd20O3 nanocomposites at different frequencies

Figure 7.15 shows the variation of AC conductivity (cac) With
frequency for PBMA and PBMA/Nd.Oz nanocomposites. It can be
seen that the conductivity increases with applied frequency in all cases
in a non-perfect linear manner, which implies the composites follows
non-ohmic type conduction. Further, the ocac Of bare PBMA is
significantly improved by the addition of Nd>O3z nanoparticles up to 5
wt% loading and then a slight decrease is observed. However, the
increase in cac With the addition of nanoparticles is more pronounced
at a lower frequency and at the higher frequency, it remains almost the
same for all the composites. By the addition of nanoparticles, there is
number of charge carriers as well as there is a gradual development of
the conductive network. Moreover, the contribution from interfacial
polarization by the better polymer-filler interface along with the
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electronic polarization also added to higher conductivity with the
addition of nanoparticles [214]. The decrease in conductivity at higher
concentration might be due to poor polymer-filler interface by the
presence of agglomerated nanoparticles.
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Figure 7.15: Variation of AC conductivity (cac) with frequency for
the PBMA and PBMA/Nd>O3 nanocomposites

The dependence of conductivity on temperature has been explained by
two models, small polaron and large polaron model [261]. Based on
the small polaron model, the conductivity arises from the thermally
activated hopping of charge carries and so here the conductivity
increases with the temperature. But, in large polaron model, the
conductivity decreases with temperature. For PBMA/Nd.O3
nanocomposites, the conductivity measurements are carried out at
different temperatures (from 303 to 353 K) and the plot showing the
variation of cac With frequency at different temperatures are given in
figure 7.16. As seen from the plot, the conductivity increases with
temperature in all cases, which means that the PBMA/Nd.O3

216



composites follow hopping conduction model. The reason for the
increase in conductivity can be explained as, with a rise in temperature
the polymer segment gets extra mobility and thus creates the free
volume which facilitates more hoping of charge carriers [262]. In
addition to this, the charge carriers also get activated by the extra
thermal energy and thus increase the rate of hopping and exhibit more
conductivity. Further, the thermally activated charge carriers may
create space charge centers by the accumulation of charge carriers and
at still high temperature, there is the formation of more space charge
sites and creates more polarization, which also added to enhanced
conductivity at high temperatures [263].
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Figure 7.16: Temperature dependent AC conductivity of PBMA and
PBMA/Nd>O3 nanocomposites
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The activation energy values of PBMA and PBMA/Nd.O3
nanocomposites are measured from the plot of log(cac) vs 1000/T at
different frequencies. The plot is presented in figure 7.17 and the
obtained activation energy values are given in table 7.2. The linear
nature of the plots in all cases implies the thermally activated hopping
conduction in the PBMA/Nd2O3 nanocomposites, as explained above.
As clear from the table, the activation energy values are decreasing
with frequency also shows the hopping conduction in PBMA/Nd203
nanocomposites. Further, the activation energy values are decreasing
with the addition of Nd2Oz nanoparticles indicates the significantly
improved conductivity of PBMA/Nd>O3 nanocomposites than the pure
PBMA.
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Figure 7.17: Log(cac) versus 1000/T plot for PBMA and
PBMA/Nd>O3 nanocomposites at different frequencies
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Table 7.2: The activation energy values of PBMA and PBMA/Nd203
nanocomposites

Samples Freg_t:;; cy
10° 103 10 10° 10°
PBMA -3.834 -3.414 -3531 -4.005 -4.167
PBMA/3 wt% Nd203 -4.078 -4.205 -4.331 -4.369 -4.513
PBMA/5 wt% Nd2O3 -4.329 -4598 -4.736 -4.762 -4.801
PBMA/7 wt% Nd2O3 -4.198 -4.203 -4.282 -4.303 -4.324

PBMA/10 wt% Nd203 -3.906 -3.933 -4.018 -4.208 -4.221

The dependence of conductivity on frequency at different temperatures
is given as oac =A®°, where A is the pre-exponential factor, constant at
a particular temperature and ‘s’ is the exponential factor, its value
determines the degree of interaction of charge carriers with the
surroundings [146]. Generally, the value of s lies between 0 and 1.
Further, if the ‘s’ value decreases with temperature the system follows
hopping conduction and if the ‘s’ value increases with temperature the
system possess localized sites for conduction. The ‘s’ value is
measured from the plot of log(cac) VS log(w). In the case of
PBMA/Nd,O3 nanocomposites the ‘s’ value is calculated at different
temperatures and the obtained values are documented in table 7.3. It is
clear from the table that the ‘s’ value is less than one in all the cases
and further the ‘s’ value decreases with temperature which further
confirms the hopping conduction in PBMA/Nd>O3 composites.
Moreover, the dependence of ‘s’ value on temperature indicates that a
thermally activated polaron hopping conduction takes place in the case
of PBMA/Nd203 nanocomposites.
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Table 7.3: Frequency exponential factor ‘s’ at different temperatures
for PBMA and PBMA/Nd2O3 nanocomposites.

Temperature('C)

Samples 30 40 50 60 70 80

PBMA 0.6018 0.6017 0.6168 0.6159 0.6141 0.6138
PBMA/3 wt% Nd20s  0.7454 0.7432 0.7426 0.7422 0.7419 0.7415
PBMA/5 wt% Nd20s  0.7544 0.7540 0.7536 0.7533 0.7529 0.7525
PBMA/7 wt% Nd.Os3  0.7481 0.7476 0.7470 0.7463 0.7460 0.7458

0,
Zﬁgg?’lowt/" 0.7352 0.7348 0.7345 0.7341 0.7334 0.7330

7.2.9 DC Conductivity Studies

Metal oxide nanoparticles, especially Nd>Oz nanoparticles having
considerable semiconducting properties can impart good electrical
properties to the insulating polymer matrix. The variation in DC
conductivity (cdc) of PBMA with different loading of Nd.O3
nanoparticles is presented in figure 7.18. It is clear that the cq.c Of
PBMA is substantially improved by the addition of Nd.O3
nanoparticles. Further, the od.c value is increasing with the loading of
Nd2Os nanoparticles. However, from 0 to 3 wt% the composites
exhibit a drastic change in the 4. (from 4.23 x102 to 4.3x10° S/cm)
and after that, there is not much variation in the values especially after
5 Wt% loading. The oq.cof the 3 wt% composite is obtained at 4.3x10°°
S/cm, while that of 5, 7 and 10 wt% composites are measured at
5.9x10° 4.6x10™ 4.4x10° S/cm respectively. The conductivity of
PBMA arises from the restricted movement of bipolaron charge
centers under the applied voltage [150]. But in the case of composites
there is a gradual formation of conducting network within the polymer

matrix by the insertion of Nd2O3z nanoparticles, which results in higher
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conductivity of composites than the bare PBMA. Also, the interfacial
polarization at the interface between the nanoparticles and PBMA
matrix further contributes to the enhanced conductivity of
PBMA/Nd2O3 nanocomposites [264]. The maximum conductivity is
obtained for PBMA with 5 wt% Nd2O3 and beyond the 5 wt% loading
the conductivity is slightly decreasing which might be due to the
presence of agglomerated nanoparticles in the PBMA matrix at higher

concentrations.
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Figure 7.18: The variation of DC conductivity of PBMA/Nd.O3
nanocomposites as a function of filler loading

7.2.10. Theoretical Modeling to DC Conductivity

Several theoretical models have been used to investigate the role of
fillers in the conductive mechanism in a polymer matrix. These models

have been formulated on the basis of various assumptions. The main
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focus of these models is to explain how the conducting network is
formed in the polymer composite and also to explain the effect of other
parameters like the interaction of filler and polymer, nature of fillers,
the arrangement and concentration of fillers for enhancing the
conductivity properties of the composite materials. In the present work
different theoretical models like Bueche, Scarisbrick and McCullough
models are employed to predict the conductivity of PBMA
nanocomposites containing different loading of Nd>Os nanoparticles.

7.2.10.1 Bueche Model

Bueche model describes that the conductivity of binary systems like
polymer nanocomposites consisting of conducting nanoparticles
dispersed in an insulating polymer matrix is a parallel connection of
individual conductivity of these two phases [151]. The basic
assumption in this model is that the conductivity in composites occurs
through the conducting network formed by the particle aggregation and

therefore, the conductivity of polymer composites can be expressed as:
oc=®fof +(1—Pf)op (7.6)

where oc, op and of represent the DC conductivity (odc) of the
composite, polymer matrix and the filler respectively and ®f represents
the filler volume fraction. The measured value of 64 for PBMA (op)
is 4.23 x102 S/cm and for Nd2O3 nanoparticles (of) is 7.96x 107S/cm.
Using the Bueche model, the theoretical og4c of PBMA/Nd203
nanocomposites at different loading of nanoparticles are calculated and
a comparative graph of theoretically calculated conductivity and
experimental conductivity is presented in figure 7.19. As seen, though

222



the trend in increasing the cq4.c with nanoparticle loadings is the same in
both cases, the theoretically calculated conductivity using Bueche
equations shows much deviation from the experimental conductivity.
So Bueche model is not a suitable one to predict the conductivity of
PBMA/Nd20O3 nanocomposites. Since the Bueche model is based on
the additive rule and it is suitable to binary systems in which there is
not much difference in the conductivity values of individual

components.
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Figure 7.19: Theoretical odc obtained from Bueche model and
experimental conductivity of PBMA/Nd2>03 hanocomposites

7.2.10.2 Scarisbrick Model

Scarisbrick assumed that the conductivity is accompanied by inter-
particle contact within the polymer matrix and thus conductivity

mainly depends on the amount as well as the arrangement of filler
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present in the matrix [152]. The Scarisbrick model can be expressed as

the following equations.

ac

L= D[exp(d5)] (7.7)

oc
of

®.0[exp (¢75)|(When c2=1) (7.8)

—-=3x107.0. @lexp(#7)] (When C2=3x109)  (7.9)

where C?is the geometric factor, its value defines the dispersion mode
of filler in the polymer matrix and also the interface between the
polymer matrix and the filler. The value of C? lies between 1 and 3 x
103, The conductivity (cqc) of PBMA/Nd2Os nanocomposites are
calculated using the Scarisbrick model (equations: 7.7-7.9) and the
comparative graph of theoretical and experimental cqc is given in
figure 7.20. From figure, it can be seen that the experimental
conductivity is remarkably lower than the theoretical conductivity at
the entire loading of Nd>Os nanoparticles for both C2 values. At lower
filler concentrations the theoretical conductivity value and
experimental conductivity value shows large deviations compared to
the case at higher concentrations. The exact value of C? is difficult to
find and also in this model the contribution from the polymer matrix
does not consider. Therefore the theoretical conductivity using the
Scarisbrick model exhibits large deviations from the experimentally
determined conductivity for all composites, especially at lower

concentrations.
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Figure 7.20: Theoretical o4 obtained from Scarisbrick model and
experimental conductivity of PBMA/Nd2O3 nanocomposites

7.2.10.3 McCullough Model

McCullough proposed a model for predicting the transport properties
of binary systems and can also use for calculating the conductivity
polymer composites [150]. The equation is as follows.

APp.df+(af—op)?
vf.of+vp.op

oc =0p.Pp + of.Df — [ (7.10)

Where A is the structural factor, indicate the extent of conductive
network formation in the polymer matrix and its value differ from 0 to

1, vf and vp are given as
vf=(1—-21).9f + dp. A (7.11)

vp=(1-21).9p+ &f. A (7.12)
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The theoretical conductivity of PBMA/Nd2Os nanocomposites is
determined from the McCullough model (equations: 7.10-7.12) for
different A values and the comparative graph of theoretical and
experimental conductivity is presented in figure 7.21. The theoretical
conductivity using the McCullough model greatly depends on the A
values which in turn dependent on filler properties and so the exact
value of A is not known. So to validate the McCullough model the
conductivity is calculated for various A values. Interestingly, in the of
PBMA/Nd20O3 nanocomposites, the experimental conductivity shows
large deviations from that of the theoretical conductivities. So
McCullough model also fails in the case of PBMA/Nd2O3

nanocomposites.
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Figure 7.21: Theoretical cq.c obtained from McCullough model and
experimental conductivity of PBMA/Nd2O3 nanocomposites
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7.2.10.4 Proposed Model for PBMA/Nd203 Composites

The electrical conductivity determined from Scarisbrick, Bueche and
McCullough model are fails to explain the conductivity of
PBMA/Nd.O3 composites because of the difference in conductivity of
pure polymer and the nanoparticles. The mismatch between theoretical
and experimental conductivity can be overcome by considering the
factors affecting the composite properties such as geometry,
morphology, aspect ratio, shape and size. Here we suggest a new
model by considering the shape factor (S) of the composite system as:

®dp.logop+@f.Slogof
op.e?f+of.5.ePP

logoc = (7.13)

The experimental conductivity values are applied to the above
proposed equation and the result is given in figure 7.22. The resultant
conductivity value from proposed model is in good agreement with the
experimentally measured values. This finding has been considered
encouraging for developing new and innovative thermoplastic
composite materials for using augmented tensile strength and nano-

electronics devices.
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Figure 7.22: Theoretical oqc obtained from proposed model and
experimental conductivity of PBMA/Nd2O3 nanocomposites

7.3 Conclusion

The PBMA/Nd20z nanocomposites were prepared by in situ
polymerization method. It was characterized by different analytical
techniques. The FT-IR and UV spectra revealed the successful
incorporation of Nd2O3z nanoparticles in the PBMA matrix. The result
from XRD revealed a systematic and ordered arrangement of Nd»Os
nanoparticles in the PBMA matrix. The SEM images showed the
uniform dispersion of nanoparticles and the TEM images revealed that
the size of nanoparticles in the polymer was in nano-regime. The DSC
results showed that the prepared composites showed a higher glass

transition temperature than pure PBMA. Also, the thermal stability of
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nanocomposite was higher than PBMA and the thermal stability
increased with the loading of nanoparticles in the polymer. The tensile
strength of PBMA composites was substantially enhanced with the
loading of nanoparticles, however, the elongation at break decreased
with the addition of nanoparticles. The nanocomposite reinforced with
5 wt% Nd2O3 nanoparticles showed the highest mechanical strength
compared with loading of fillers. The experimental data of the tensile
strength were compared with those from the Einstein, Mooney, and
Pukanszky models, and were found to be in good agreement with the
Pukanszky model indicating the better interfacial interaction between
the PBMA and Nd>O3 nanoparticles. The effect of loading of Nd>O3 on
AC conductivity and activation energy of PBMA nanocomposites was
studied at different temperatures and frequencies and these properties
were substantially improved with the addition of Nd2Os nanoparticles.
The AC conductivity of nanocomposites was higher than pure PBMA
and the magnitude of conductivity increased with an increase in
temperatures. The higher AC conductivity of nanocomposite at higher
temperatures was due to the increased segmental movement of
composite material. Among the nanocomposites, the 5 wt% composite
shows the maximum AC conductivity. The activation energy, as well
as exponential parameter calculations, showed that the PBMA/Nd>03
nanocomposites were following the hopping conduction mechanism.
The DC conductivity of PBMA was also significantly improved with
the addition of Nd.Os nanoparticles. The experimental DC

conductivity values were also correlated with the various theoretical

229



assumptions by Bueche, Scarisbrick and McCullough models. All
these model fails to explain the conductivity of composite material and
therefore we proposed a new model for theoretical conductivity which

fit very well with experimental conductivity.
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8.1 Conclusion

The effect of metal oxide nanoparticles on the structural, thermal,
mechanical and electrical properties of poly (butylmethacrylate)
(PBMA) has been studied in detail. PBMA belongs to the family of
acrylate thermoplastic polymers with good flexibility, light weight,
transparency, good processability, protection against ultraviolet
radiation, good weather stability, high strength, and dimensional
stability. Moreover, the combination of polyacrylates with metal oxide
nanoparticles results in composites having better electrical property,
thermal, and mechanical stability. The electrical conductivity of
insulating polymer can be enhanced by proper dispersion of conductive
fillers. Recently, there is an increased demand for flexible conductive
composite by the incorporation of the relatively small amount (1-15
phr) of conductive fillers, which convert the thermoplastic material
into a semi-conductive one. Fillers such as transition as well as rare
earth metal oxide nanoparticles are promising reinforcement for
developing polymer nanocomposites possessing excellent mechanical
and electrical properties. TiO2, CeO2 and Nd203 have been widely used
owing to their outstanding properties including good optical properties,
better surface properties and thermal and electrical conductivity.
Reports showed that incorporation of metal oxide nanoparticles like
TiO2, CeO2 and Nd20s3 into polymer matrix results nanocomposites
with excellent conductivity, better mechanical properties and superior

structural stability.

In this work, TiO2, Ce doped TiO2, Nd doped TiO2, CeO2 and Nd203

nanoparticles were incorporated into PBMA polymer via in situ



polymerization method. The structural and morphological
characteristics of developed PBMA nanocomposites were analyzed via
FT-IR, UV, XRD, FE-SEM and TEM analysis. The thermal properties
were studied by DSC and TGA. The effect of nanoparticle addition on
tensile properties was studied in detail. Moreover, the electrical
properties like AC and DC conductivity of the developed
nanocomposites were studied. Further, various theoretical modeling
studies were employed in order to investigate the mechanism behind

the enhanced tensile and DC conductivity properties.

The PBMA nanocomposites with different loading of TiO:
nanoparticles were successfully developed. The FT-IR spectra of the
nanocomposites showed the better interface between the PBMA matrix
and the TiO; filler. The UV studies showed that the nanocomposite
with 7 wt% exhibits the maximum absorption and after the absorption
intensity was decreasing indicate the maximum limit of homogenous
dispersion in the case of 7 wt% loading. At higher loading of fillers the
homogenous dispersion was interrupted might be due to the presence
of agglomerated particles. The XRD results showed the ordered
dispersion and better compatibility between the matrix and filler by
increase in percentage crystallinity upon addition of TiO:
nanoparticles. The morphological studies showed the homogenous
dispersion of TiO2 nanoparticles in the PBMA matrix and the
maximum dispersion of filler was observed in 7 wt% loading. The
TEM images confirmed the better compatibility between the
incorporated TiO2 nanoparticle and the PBMA matrix. The DSC and
TGA studies revealed the enhanced thermal stability of PBMA/TiO;

232



nanocomposites than the bare PBMA obviously due to the better
interface  between the matrix and filler. The PBMA/TIO;
nanocomposites also showed significant improvement in the tensile
properties and here also the 7 wt% loading exhibits the maximum
property. Theoretical predictions based on Einstein, Mooney, Guth and
Pukanszky equations for tensile properties of composites were carried
out and among these models Pukanszky shows close match with the
experimental tensile values. The dielectric, AC and DC conductivity of
composites also substantially enhanced by the TiO2 nanoparticle
addition. The studies showed that the conductivity of composites
increases with loading of nanoparticle (maximum is in 7 wt% loading)
and increase in temperature. The DC conductivity of the polymer
composites were also predicted using theoretical models based on
Bueche, Scarisbrick, McCullough and Mamunya models. In Bueche,
Scarisbrick and McCullough models the theoretical value exceeds than
that of experimental values. However, Mamunya model exhibits better
fit that of experimental conductivity. Thus it can be concluded that the
conductivity of PBMA/TiO2 nanocomposites was mainly governed by
the interface between PBMA matrix and the filler.

The effect of Ce doped TiO2 nanoparticle on the structural, thermal,
mechanical and electrical properties of PBMA was systematically
studied. The FT-IR, UV-Visible and XRD studies showed the
successful and homogenous incorporation of Ce-TiO2 nanoparticle in
the PBMA matrix with better interface between them. The SEM
images also revealed the homogenous dispersion and 7 wt% shows the

maximum limit. Above 7 wt% the presence of agglomerated
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nanoparticles were visible in SEM images. The higher Tg and thermal
stability of PBMA/Ce-TiO2 nanocomposites indicate the favourable
thermal properties of composites than the bare PBMA. The
nanocomposite shows excellent tensile strength than pure PBMA and
the composite with 7 wit% sample shows the maximum tensile
strength. The reinforcing nature of Ce-TiO2 nanoparticles in PBMA
was also carried with different theoretical modeling such as Einstein,
Mooney and Pukanszky equations. Among these models, Pukanszky
model showed better agreement in PBMA/Ce-TiO2 nanocomposites.
The AC conductivity, dielectric properties of the PBMA/Ce-TiO>
nanocomposites was significantly higher than pure PBMA and these
properties increases with filler loading up to 7 wt% and after that it
decreases. Further, the AC conductivity of PBMA and all PBMA/Ce-
TiO2 nanocomposites showed direct dependence on the temperature as
well as frequency. The activation energy and exponential parameter
was determined from temperature dependent AC conductivity studies
and the values showed that the PBMA/Ce-TiO2 hanocomposites follow
hopping conduction model. The DC conductivity of all the
nanocomposites was higher than pure PBMA and the conductivity
increased regularly with the loading of nanoparticles. Various
theoretical models were studied based on Scarisbrick, McCullough,
Bueche and Mamunya equations to predict the DC conductivity nature
of PBMA/Ce-TiO2 nanocomposites. The conductivity calculated using
the thermodynamic model introduced by Mamunya showed the best
agreement with that of the experimental data. However, the statistical
approaches given by Scarisbrick, McCullough and Bueche models fail

to predict the conductivity of PBMA/Ce-TiO2 nanocomposites. Thus
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the prepared PBMA/Ce-TiO2 nanocomposites showed excellent tensile
strength, thermal stability, and electrical properties, and therefore this
composite can be used as a promising material for nanoelectronic

devices and various electromagnetic shielding.

The change in the structural, thermal and mechanical properties of
PBMA with the loading of Nd-TiO2 nanoparticles was studied. The
FT-IR spectra clearly indicated the successful addition of Nd-TiO:
nanoparticles in the PBMA matrix by the presence of Ti-O vibration
peak. The shift in absorption edge of UV-Visible spectra indicated the
enhancement in optical properties of PBMA by the addition of Nd-
TiO2 nanoparticles and the 7 wt% loaded sample showed the maximum
property. The appearance of crystalline peaks of Nd-TiO2 in the XRD
of PBMA composite shows better compatibility between the matrix
and filler. The SEM study further revealed the homogenous
distribution of nanoparticles in the polymer matrix. The glass transition
temperature (Tg) from DSC and the degradation temperature of
nanocomposites from TGA were shifted to higher temperatures and
this indicated the enhanced thermal stability of PBMA with the
addition of Nd-TiO2 nanoparticles. The improved tensile strength of
composites showed the effective interfacial interaction between the
nanoparticle and matrix. The reinforcing nature of nano-filler in
PBMA was studied with various theoretical models based on Einstein,
Mooney and Pukanszky. Among the models, Pukanszky showed the
best agreement with the experimental tensile plots. The AC
conductivity of hybrid nanocomposites was increased with increase in

loading of nanoparticles as well as with temperature and frequencies.
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The parameters such as activation energy and the exponent values
were determined and the variations in their value denoted the hopping
conduction  mechanism  present in the PBMA/Nd-TIO;
nanocomposites. Among the nanocomposites, the 7 wt% sample
shows the maximum AC conductivity. The DC conductivity also
showed the significant enhancement with loading of nanoparticles. The
loading of nanoparticles creates continuous conducting network which
facilitate the hopping of charge carriers results in an increase in the DC
conductivity. The applicability of DC conductivity was investigated by
various theoretical models like McCullough, Bueche, Scarisbrick and
Mamunya models. The theoretical conductivity obtained from
Mamunya model was more suitable for the experimental conductivity
of PBMA/Nd-TiO2 nanocomposites, suggest that in the case of
PBMA/Nd-TiO2 nanocomposites, there have an effective interfacial
interaction between both the components and it was responsible for the
improved conducting properties of PBMA nanocomposites than the
plane PBMA.

PBMA nanocomposites reinforced with CeO. nanoparticles also
displayed outstanding mechanical and electrical properties due to the
effective dispersion of CeO nanoparticles in the PBMA matrix. The
FT-IR spectra showed the better incorporation of nanoparticles and the
UV-Visible spectra revealed the effective interfacial interaction of
nanoparticles with the PBMA matrix. The appearance of crystalline
peaks in PBMA/CeO, nanocomposites obtained from the XRD profile
showed the more ordered dispersion of nanoparticles in the polymer
matrix. The morphologies (from SEM and TEM) of PBMA/CeO>
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nanocomposites clearly showed the homogenous dispersion of
nanoparticles. The higher glass transition temperature as well as
decomposition temperature showed the enhanced thermal properties of
PBMA with the addition of CeO2 nanoparticles. The addition of CeO-
nanoparticles increased the tensile property of PBMA by the interfacial
interaction between them and the 7 wt% loaded sample shows the
maximum. The nanoparticles act as stress relieving sites and therefore
the composites exhibits maximum property. The comparison of
experimental tensile strength with theoretical models like Einstein,
Mooney, Guth, Kerner and Pukanszky equation was carried out and
the results shows the Pukanszky model was more applicable in the case
of PBMA/CeO2 nanocomposites. The dielectric, AC conductivity and
DC conductivity also showed significant improvement with the
loading of CeO2 nanoparticles. The changes in DC conductivity values
of PBMA/CeO, nanocomposites were correlated with theoretical
models like Bueche, Scarisbrick and McCullough models. The Bueche,
Scarisbrick and McCullough model fails to explain the conductivity of
polymer composite in the entire loading of fillers. So we proposed a
new model for theoretical conductivity, which is in good agreement
with the experimentally observed conductivity and therefore this
proposed model can be applied to thermoplastic polymers

nanocomposite system.

Nd>O3 nanocomposites were also introduced into PBMA matrix in
different weight percentages and study the changes in structure,
morphology, thermal, mechanical and electrical properties were

studied systematically. Both FT-IR and UV spectra revealed the
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successful incorporation of Nd>Os nanoparticles in the PBMA matrix.
The presence of crystalline peaks and the decrease in intensity of
amorphous peak in the XRD spectra revealed a systematic and ordered
arrangement of Nd2Oz nanoparticles in the PBMA matrix. The SEM
images showed the uniform dispersion of nanoparticles and the TEM
images revealed that the size of nanoparticles in the polymer was in
nano-regime. However, in the case of PBMA/Nd>O3 nanocomposites
the 5 wt% sample showed the maximum limit of homogenous
dispersion. Both DSC and TGA results showed the enhanced thermal
properties of PBMA composites than bare PBMA by increase in the
value of glass transition and degradation temperature respectively. The
nanocomposite reinforced with 5 wt% Nd>Oz nanoparticles showed the
highest mechanical strength compared with other percentages. The
experimental data of the tensile strength were compared with those
from the Einstein, Mooney, and Pukanszky models, and were found to
be in good agreement with the Pukanszky model indicating the better
interfacial interaction between the PBMA and Nd.Os nanoparticles.
The AC conductivity and activation energy of PBMA nanocomposites
was studied at different temperatures and frequencies and these
properties were substantially improved with the addition of Nd>O3
nanoparticles. The higher AC conductivity of nanocomposite at higher
temperatures was due to the increased segmental movement of
composite material. Among the nanocomposites, the 5 wt% composite
shows the maximum AC conductivity. The activation energy, as well
as exponential parameter calculations, showed that the PBMA/Nd>O3
nanocomposites were following the hopping conduction mechanism.

The DC conductivity of PBMA was also significantly improved with
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the addition of Nd.Os: nanoparticles. The experimental DC
conductivity values were also correlated with the various theoretical
assumptions by Bueche, Scarisbrick and McCullough models. These
entire models fail to explain the conductivity of composite material
and therefore we proposed a new model for theoretical conductivity

which fit very well with experimental conductivity.

All the experimental results in this work revealed that the PBMA
nanocomposites incorporated with doped and un doped metal oxide
nanoparticles are applicable in electronic devices owing to their

considerable mechanical and electrical properties.
8.2 Future outlooks

The properties of polymer nanocomposites greatly depend on the type
of filler, matrix, the mode of distribution of filler in the matrix and the
compatibility between the filler and matrix. So, more systematic
studies are further needed for developing polymer composites
exhibiting outstanding properties. From this point of view, we pointed

some future works to be undertaken.

X/

X2 Development of nanocomposites using the butylmethacrylate

with various functional metal oxide nanoparticles

X/
L X4

Investigate the more suitable nanofillers by examining various
types of conducting fillers for developing composites with

better properties

X Explore the optical applications of PBMA composites

L)

containing TiO2 and CeO nanoparticles.
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Detailed study on dielectric constant and dielectric loss at

various temperatures

Fabrication of copolymers based on butylmethacrylate with

other functional monomers

Reinforcement of various functional nanoparticles with

copolymer based on butylmethacrylate

Development of nanocomposites applicable for nanoelectronic

devices
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