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Organic-inorganic nanocomposites combine unique properties of 
both the constituents in one material. Among this group of materials, 
clay based as well as ZnO, TiO2 nanocomposites have been found to 
have diverse applications. Optoelectronic devices require polymer-
inorganic systems to meet certain desired properties. Dielectric 
properties of conventional polymers like poly(ethylene-co-vinyl acetate) 
(EVA) and polystyrene (PS) may also be tailor tuned with the 
incorporation of inorganic fillers in very small amounts. Electrical 
conductivity and surface resistivity of polymer matrices are found to 
improve with inorganic nanofillers. II-VI semiconductors and their nano 
materials have attracted material scientists because of their unique 
optical properties of photoluminescence, UV photodetection and light 
induced conductivity. Cadmium selenide (CdSe), zinc selenide (ZnSe) 
and zinc oxide (ZnO) are some of the most promising members of the II-
VI semiconductor family, used in light-emitting diodes, nanosensors, 
non-linear optical (NLO) absorption etc. EVA and PS materials were 
selected as the matrices in the present study because they are 
commercially used polymers and have not been the subject of research 
for opto-electronic properties with semiconductor nanomaterials.  

The current research investigates the possibility of using II-VI 
semiconductors as fillers to impart enhancement in dielectric, thermal, 
mechanical and optical properties of conventional polymers. To meet this 
requirement, nano materials were synthesized by hydro and solvothermal 
methods. Using solution casting and insitu polymerization, polymer 
nanocomposites were prepared. The morphological analysis of the 
nanocomposites indicated good interaction between the polymer and the 



fillers. The improvement in electrical, thermal and optical properties 
exhibited by the composites makes them suitable for various optoelectronic 
applications. 

The thesis entitled ‘Effect of II-VI Semiconductor Nanomaterials 
and Electron Irradiation on Polystyrene (PS) & Poly(ethylene-co-vinyl 
acetate) (EVA)’consists of ten chapters. The first chapter is an introduction 
of nanocomposites, nanofillers and their significance and applications. 
The state-of-the- art research in the field of semiconductor based 
polymer nanocomposites is also presented. At the end of the chapter the 
main objectives of the work are mentioned. 

Chapter 2 outlines the details and specifications of the materials used 
for the synthesis of the nanomaterial, preparation of nanocomposites as 
well as the equipment and procedures employed for characterizing it. 

Chapter 3 discusses the effect of ZnO nanoparticles (1%, 2%, 4%) 
on the electrical, optical, mechanical and thermal properties of poly 
(ethylene-co-vinyl acetate) (EVA) copolymer. 

Chapter 4 describes the synthesis and characterization of poly 
(ethylene-co-vinyl acetate) and EVA-nano zinc selenide (ZnSe) composite 
films prepared by solution casting. 

Chapter 5 explains the synthesis and characterization of poly 
(ethylene-co-vinyl acetate) and EVA-nano cadmium selenide (CdSe) 
composite films (with 1, 2 &4% CdSe) prepared by solution casting. 

Chapter 6 is devoted to the physico - chemical properties of in situ 
polymerised polystyrene on dispersion of ZnO (PS / ZnO) at different 
concentrations. 



Chapter 7 mainly focuses on the effect of zinc selenide (ZnSe) 
nanoparticles on the polystyrene (PS) matrix. 

Chapter 8 deals with the influence of cadmium selenide (CdSe) on 
polystyrene polymer matrices. 

The effects of electron irradiation on various properties of virgin 
polymers and nanocomposite derivatives are discussed in Chapter 9. 

Chapter 10 summarizes the results of the studies undertaken and 
concludes the investigation. 
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1.1  Composites – Introduction and Types 

Nature guided man to invent composites. Nature is replete with 

examples of composite materials in living beings and plants. Composites 

are heterogeneous materials created when two or more distinct 

components are combined. The beneficial properties of its component 

materials are combined, thereby producing a better product. Wood and 

bone are considered good examples for natural composites. Synthetic 

composites exhibit good strength to weight ratio and high modulus to 

weight ratio which makes them suitable for automobile industry and other 

engineering applications. Concrete used in building construction can 

provide superior and unique properties as it combines the most desirable 

properties of its constituents. Composites consist of matrix materials, 
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which form the continuous phase. Based on the continuous phase, 

composites are broadly classified into metal matrix (MMC), ceramic 

matrix (CMC) and polymer matrix composites (PMC).The reinforcement 

part of a composite may consist of fibres or fillers. Along with the 

presence of two or more distinct phases the composite also has got a 

recognizable interface or phase boundary. On the basis of the type of 

reinforcement used the composites are classified into particulate 

reinforced, fibre reinforced, laminates and hybrid composites. 

1.1.1 Particulate reinforced composites 

A composite that contain reinforcement in the form of particles with 

all its dimensions roughly equal are classified as particulate reinforced 

composites. Particulate fillers are used to improve wear resistance, reduce 

friction and shrinkage and to enhance high temperature properties of the 

matrix [1]. Particles share load and improve stiffness of composites.  

1.1.2 Fibre reinforced composites 

A composite whose reinforcement is having length higher than its 

cross section are called fibre reinforced composites. Fibrous reinforcements 

physically change the material to meet the required properties. Glass fibres 

and aramid fibres are widely used in plastics and rubbers as reinforcement. 

1.1.3 Laminates 

A laminate is fabricated by stacking a number of layers in the 

thickness direction. Laminates can have unidirectional or bidirectional 

orientation of the fibre reinforcement. In laminated composites, synthetic 

fibers are used due to their physical, mechanical and thermal properties. 



Introduction 

3 

1.1.4 Hybrid composites 

Composites with two or more different types of fillers in a single 

matrix are commonly known as hybrid composites. There are different 

types of hybrid composites; classified on the basis of the way in which the 

materials are incorporated. Hybrid composites are classified as sandwich 

type, interplay, intraply and intimately mixed materials. In a sandwich 

hybrid composite, one material is sandwiched between layers of another. In 

interplay hybrids, alternate layers of two or more materials are stacked in a 

regular manner. Intraply hybrid contains two or more constituents in each 

row which can be arranged in a regular or random manner. The constituents 

are mixed as much as possible in intimately mixed hybrid composites. 

1.2  Nanocomposites 

Nanocomposites are defined as composite materials where at least 

one of its constituents is having a particle size in the range of 1-100nm at 

least in one dimension. Nanometer is an atomic dimension and hence the 

properties of the nanoparticles are akin to atoms than the bulk material. 

Nanostructured composite materials, when using both organic polymer and 

inorganic nanofillers, makes composites which are truly hybrid. Organic-

inorganic composites with nanoscale dimensions are of growing interest 

because of their unique properties, and numerous potential applications 

such as enhancement of conductivity [2,3], toughness [4], optical activity 

[5], catalytic activity [6], chemical selectivity [7] etc. In these materials, 

inorganic and organic components are mixed or hybridised at nanometer 

scale leading to the formation of hybrid/nanocomposite materials [8,9].  
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Nanocomposites can be broadly classified based on the type of 

matrix material. 

1.2.1 Classification based on matrices. 

According to the type of matrix or continuous forms, composites 

are broadly classified into metal matrix (MMC), ceramic matrix (CMC) 

and polymer matrix composites (PMC). 

1.2.1.1 Ceramic matrix composites 

Ceramics have good wear resistance and high thermal and 

chemical stability. Their major disadvantage is that they are always 

brittle. The low toughness of ceramics has remained a stumbling block 

for their wider use. In order to overcome this limitation, ceramic-matrix 

nanocomposites have been receiving attention, primarily due to the 

significant enhancement on mechanical properties that can be achieved. 

The incorporation of energy-dissipating components such as whiskers, 

fibres, platelets or particles in the ceramic matrix would lead to 

increased fracture toughness. The reinforcements in the composite 

structure may deflect the crack hindering further opening of the crack. 

The incorporated phase also undergoes phase transition in conjunction 

with the volume expansion initiated by the stress field of a propagating 

crack, contributing to toughening and strengthening. 

The potential of ceramic matrix nanocomposites (CMNC), mainly 

the Al2O3/SiC system, has been confirmed by the noticeable strengthening 

of the Al2O3 matrix after addition of a low (i.e. ~10%) volume fraction 

of SiC particles of suitable size and hot pressing of the resulting mixture. 
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Studies have explained this toughening mechanism based on the crack-

bridging role of the nanosized reinforcements. The incorporation of high 

strength nanofibres into ceramic matrices has allowed the preparation of 

advanced nanocomposites with high toughness and superior failure 

characteristics compared to the sudden failures of ceramic materials [10]. 

1.2.1.2 Metal matrix composites 

Metal matrix nanocomposite (MMNC) describes materials consist-

ing of a ductile metal or alloy matrix in which some nanosized rein-

forcement material is incorporated. These materials combine metal and 

ceramic features, i.e., ductility and toughness with high strength and 

modulus. Thus, metal matrix nanocomposites are suitable for production 

of materials with high strength in shear/compression and high service 

temperature capabilities. They show an extraordinary potential for 

application in many areas, such as aerospace and automotive industries 

and development of structural materials [11]. 

1.2.1.3 Polymer matrix composites 

Polymer matrix nanocomposites (PMNC) are used in diverse fields of 

application. This include microelectronics which could now be referred to 

as nanoelectronics as the critical dimension scale for modern devices is now 

below 100 nm. Other areas include polymer-based biomaterials, nanoparticle 

drug delivery, fuel cell electrode polymer bound catalysts, layer-by-layer self-

assembled polymer films, electrospun nanofibers, imprint lithography and 

nanocomposites. The field of nanocomposites offer many diverse properties 

including composite reinforcement, barrier properties, flame resistance, 
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electro-optical properties, cosmetic application and even bactericidal 

properties. Recent developments in polymer matrix based nanocomposites 

have led to interesting observations involving exfoliated clay. More recent 

investigations are progressing with carbon nanotubes, carbon nanofibers, 

exfoliated graphite (graphene), nanocrystalline metals and a lot of additional 

nanoscale inorganic filler or fiber modifications. 
 

Examples of polymer-matrix nanocomposites and their properties 

Matrix/reinforcement  Properties  

Polypropylene/montmorillonite  Improved tensile strength, stiffness, 
Young’s modulus and tensile stress  

Nylon-6/Layered-silicates  Improved storage modulus, tensile 
modulus, HDT, reduced flammability.  

Polylactide/Layered-silicates  Improved bending modulus, storage 
modulus, gas barrier properties and 
biodegradability.  

Polyvinilidine fluoride/carbon 
nanotube 

Dielectric permittivity and conductivity 
increased 

Epoxy/Layered-silicates  Improved tensile strength and modulus.  

Polyimide/montmorillonite  Improved tensile strength, elongation at 
break and gas barrier properties.  

Polystyrene/Layered-silicates  Improved tensile stress and reduced 
flammability.  

Polyethylene oxide/Layered-silicates Improved ionic conductivity.  

Poly(methyl methacrylate)/Pd  Improved thermal stability.  

Polyester/TiO2  Improved fracture toughness and tensile 
strength.  

Epoxy/SiC  Improved microhardness and storage 
modulus. 
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1.3  Nano materials- Types and properties 

The transition from microfillers to nanofillers yields dramatic 

changes in physical properties. Nanoscale materials have a large surface 

area for a given volume [12]. Inorganic nanoparticles can be easily 

prepared as metals, metal oxides, sulfides, and carbonates with diameters 

ranging from several hundred to a few nanometers. Due to their high 

surface to volume ratios, they show properties distinctly different from 

bulk materials. Nanoparticles can be considered as a single “crystal” of a 

typical size of a few nanometers consisting of 100’s to 1,000,000’s of 

atoms, which preserve some of the attributes of the bulk material but 

exhibits in addition very interesting properties due to the size quantization 

effect.  

Typical nanomaterials currently under investigation include 

nanoparticles, nanotubes, nanofibres, fullerenes and nanowires. These 

materials are classified by their geometry as particle, layered and fibrous 

materials. Carbon black, silica, etc. can be classified as nanoparticles while 

nanofibres and carbon nanotubes are examples of fiberous materials. When 

the fillers have a nanometer thickness and a high aspect ratio plate like 

structure, it is considered as a layered nanomaterial [13]. 

In polymer nanocomposites (PNCs), dispersion of the nanoparticle 

and adhesion at the particle-matrix interface play a vital role in 

determining the mechanical properties of the nanocomposite. Poorly 

dispersed nanomaterial may shows poorer physical / mechanical properties 

than conventional composites [14]. Heterogeneity in composition adversely 
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affects the quality of the nanocomposite.   Good adhesion at the interface 

will improve interlaminar shear strength, delamination resistance, fatigue, 

and corrosion resistance.  

1.3.1 Features of nanoparticles 

Nanoparticles are particles with diameters below the micron 

dimension, below 0.1µm (100 nm). The smaller the particle size, the more 

important would be the surface properties and the physical properties.  

The following are some common features of nanomaterials. 

(i) Properties are particle size dependent 

Nanomaterial particle size has a strong influence on the dielectric, 

optical, magnetic and structural properties. For example, TiO2 is a filler 

used to modify the optical and electrical properties of polymers. It was 

found that a decrease of particle size affects refractive index and band 

gap [15]. 

(ii) Large specific surface area 

The large specific surface area of the filler causes the formation of 

an interfacial matrix (polymer) layer attached to the particle core [16]. 

The properties of the polymer localized in the shell are different from the 

bulk polymer due to immobilization. The interaction of the interfacial layer 

with the particle and the free bulk polymer is responsible for the changes in 

thermo-mechanical and electrical properties. To control the polymer-

nanoparticle-composite properties and its processability, tailoring of the 

nanoparticle surfaces and tuning its interfacial layer is quite significant 

[17]. 
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1.3.2 Nano materials - Major types 

1.3.2.1 Nanoclays  

Among all the available nanofillers used for preparation of 

polymer nanocomposites, layered silicates (nanoclays) are the most 

studied. Clays are chemically hydrous silicates of Al, Mg, Fe, and other 

less abundant elements. The main structural feature of clay is that it is 

layered.Clay based nanocomposites were studied in detail by LeBaron  

et al. [18], Schmidt et al. [19] and Alexandre et al. [20]. By the addition of 

small amounts of clay nanofillers it is possible to achieve consistent 

increments in mechanical properties including elastic modulus and 

strength. Well dispersed nano clay can decrease the gas permeability, 

improve solvent and heat resistance and increase the flame retardancy 

characteristics in polymer matrices. Clay minerals consist of  phyllosilicates 

which can be divided into four groups based on their crystalline structure: 

kaolinite group, montmorillonite/smectite group, illite group and chlorite 

group [21,22]. Among them, montmorillonites are the most investigated in 

nanocomposites, due to their potentially high aspect ratio and the unique 

intercalation/exfoliation properties. 

1.3.2.2 Nanosilica 

Nanosilica finds application in diverse fields including optoelectronics 

and elastomer compounding. Sol-gel technique has been used 

extensively in the manufacturing of nanosilica [23]. It has been used in 

different matrices for reinforcement and as additive for special applications. 

Epoxy-nanosilica composites [24] are found to give enhanced thermal and 

mechanical properties as the filler loading is increased. Unsaturated 
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polyester resins were modified by the incorporation of nanosilica to 

obtain enhanced mechanical and thermal properties [25]. 

1.3.2.3 Metal nanoparticles 

Metals undergo drastic property change by size reduction, and 

their composites with polymers are very interesting for functional 

properties especially for electrical applications. The enhanced properties 

observed in nano-sized metals are very unstable due to quantum-size 

effects (i.e. electron confinement and surface effect). These properties 

are size-dependent and can be simply tuned by altering the nanoparticles 

structure and dimension. Surface effects become more significant with  

reduction of  size, as the matter consists of more surface atoms than 

inner ones. 

Nano-sized metals have special characteristics that can be used for 

a number of advanced technological applications. The difficulties in 

handling nanomaterials have represented a strong limitation to their use. 

In addition, most of nano-sized metals are very unstable as they can 

aggregate because of the high surface free energy and can be oxidized, 

contaminated by air, moisture, SO2, etc. The production of nanoparticles 

of practically all metals has been reported, but the more widely used for 

polymer nanocomposites are silver, gold, platinum, iron, copper, etc., 

The main functionalities developed inside the  polymer matrix by these 

nanomaterials are improved electrical and thermal conductivity [26], 

antibacterial properties [27], magnetic [28] and  catalytic effects [29]. 
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1.3.2.4 Cellulose nanomaterials 

Cellulose nanomaterials (nanocellulose) denote materials composed 

by cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), cellulose 

microcrystals and cellulose microfibrils. Cellulose nanocrystal also known 

as nanocrystalline cellulose is a type of cellulose nanofiber with pure 

crystalline structure with dimensions of 3–10 nm in width and an aspect 

ratio range of 5-50. Cellulose nanofibril is another type of cellulose 

nanofiber that contains both crystalline and amorphous regions with 

dimensions of 5–30 nm in width and aspect ratio usually greater than 50, 

synthesized from fibrils obtained from plant cell walls. Cellulose 

nanofibrils are obtained by either bacterial action or mechanical treatment 

of plant material. 

The presence of hydroxyl groups on the surface of CNC, make it a 

nano material which can be further modified with various chemical 

groups to facilitate its incorporation and dispersion into different 

polymer matrices [30]. CNC are considered as one of the ideal nano 

reinforcements for polymer matrices because of their physio-chemical 

properties and have already been incorporated into many polymer 

matrices for different final applications such as high performance materials, 

electronics, catalysis, biomedical, and energy [31]. 

1.3.2.5 Graphene 

Graphene is considered as the thinnest material in the Universe. In 

2004 a group of physicists from Manchester University, UK, led by 

Geim and Novoselov isolated a flake of graphene for the first time [32]. 
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They used a top-down approach, called micromechanical clevage. The 

process includes extraction of a single layer graphene sheet from the  

three-dimensional graphite [33]. In 2006, Stankovich et al. [34] reported the 

use of single graphene sheets as additive for polystyrene-based 

composites. The two-dimensional geometry led to an extremely low 

percolation threshold of only 0.1%, enhancing both the conductivity and 

strength of the matrix. The first example of transparent and conducting 

ceramic graphene-based composite was graphene– silica composite spun-

cast thin films with a bulk conductivity of 0.45 S/cm [35]. 

1.3.2.6 Carbon Nanotubes 

Carbon nanotubes(CNT) consist of graphene cylinders which are 

available in two varieties, as single walled (SWCNT) and multi walled 

(MWCNT). While SWCNTs are single graphene cylinders, MWCNTs 

consist of two or more concentric cylindrical sheets of graphene around 

a central hollow core. Carbon nanotubes, are one of the allotropic forms 

of graphene [36], a single walled carbon nanotube (SWCNT) can be 

visualized as a graphene sheet rolled up into a cylinder with fullerene-

like end cap having hexagonal and pentagonal faces. Based on the 

chirality along the graphene sheet, they can be semiconducting or metallic 

[37]. Both SWCNT and MWCNT shows physical characteristics of 

solids, with microcrystallinity and very high aspect ratios of 103. Surface 

modifications of these reinforcements are carried out to obtain 

homogeneous distribution and also to improve interfacial bonding 

between the surrounding matrix and the nanosized reinforcements. 
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1.3.2.7 Inorganic Nanoparticles 

Titanium Dioxide 

TiO2 is known for its application in dye sensitized solar cells. 

Nano TiO2 is used in nanomedicine and skin care products.It is 

often synthesized by hydrothermal, sonochemical, solvothermal, 

and non hydrolytic methods [38]. 

Zinc Oxide 

Nano Zinc Oxide is used in electronic and optoelectronic device 

applications, gas sensors, water treatment, cosmetics, antimicrobial 

and anticancerous applications. Nanoparticles are synthesized by 

sol-gel, spray pyrolysis, thermal evaporation etc.[39] 

Aluminium Oxide 

Al2O3 nanofillers are extensively used for the removal of heavy metal 

ions in the soil and waste water treatment and also for removal of 

pathogenic microorganisms. It is synthesized by flame spray 

pyrolysis, reverse microemulsion, sol-gel, and freeze drying [40]. 

Silicon Dioxide 

SiO2 synthesized widely by sol-gel, flame, and water in –oil 

microemulsion processes is often used in device fabrication for 

drug delivery, tissue engineering and biosensing [41]. 

Silver 

Antibacterial and antifungal properties of nanosilver makes it a 

suitable candidate for water purification systems, paints and 
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household products. Its antiviral properties is utilized in biomedical 

use for HIV-I and monkey pox virus. Microwave processing, 

photochemical, ultrasonic spray pyrolysis etc are commonly used for 

the silver nano synthesis [42]. 

Gold 

Antibacterial and antiviral properties makes gold nanoparticle a 

widely used material. Biosensing and photothermal cancer therapy 

are other major application sectors for gold nanoparticles [43]. 

1.3.3 Synthesis of Nanoparticles 

There are a large number of techniques available to synthesize 

different types of nanomaterials in the form of colloids, clusters, 

powders, tubes, rods, wires, thin film etc. The existing conventional 

techniques to synthesize different types of materials are optimized to get 

novel nanomaterials and some new techniques are developed. The 

technique to be used depends upon the material of interest; type of 

nanostructure viz. zero dimensional (0D), one dimensional (1D) or two 

dimensional (2D) materials, size, quality etc. 

The preparation of nanoparticles can be achieved through different 

approaches, either chemical or physical methods including gaseous, 

liquid and solid media. While physical methods generally tend to 

approach the synthesis of nanostructures by decreasing the size of the 

constituents of the bulk material (top-down approach), chemical 

methods tend to attempt to control the clustering of atoms/molecules at 

the nanoscale range (bottom-up approach). 
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Wet chemical processes include sol-gel method, reverse micelles 

method, co-precipitation method and solvothermal /hydrothermal methods 

of preparation, among which sol gel and hydrothermal methods are 

widely used. In all these methods, solutions of different ions are mixed 

in well-defined quantities under controlled heat, pressure and temperature, 

to promote formation of insoluble compounds, which are then precipitated 

out of the solution. 

Sol-gel technology is very efficient in producing various functional 

materials in which particle size, porosity, thin layer thickness, separation 

of particles with different compositions and structures may be controlled 

and successful applications have been achieved.  Sol-gel materials have 

a wide range of applications such as environmental protection, solar 

cell, energy storage, ceramics, sensors, magnetic devices, etc. The main 

advantage of the sol gel technology is the possibility to control the 

mechanism and kinetics of the proceeding chemical reactions, in other 

words, controlling each step of the sol gel processes, may affect the 

final structure of the materials and the modification of the processes 

[44]. 

Solvothermal process can be defined as “A chemical reaction in a 

closed system in the presence of a solvent (aqueous and non-aqueous 

solution) at a temperature higher than that of the boiling point of such 

solvent”. Solvothermal reactions are mainly characterized by different 

chemical parameters (nature of the reagents and of the solvent) and 

thermodynamical parameters (temperature, pressure). Consequently a 

solvothermal process involves high pressure. In particular, the particles 
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prepared by the solvothermal method were reported to have larger 

surface area, smaller particle size, and were more stable than those 

obtained by other methods [45]. 

Mechanical process of grinding, milling and mechanical alloying 

can produce a coarse powder feedstock. Physical pounding of the 

coarse powder was done to obtain finer and finer particles in the 

nanometer range. Planetary and rotating ball mills are commonly used 

for size reduction. The main attraction of this method is that it is very 

simple and only requires low cost equipments. Broad particle size 

distributions, contamination from the process equipment etc are its 

drawbacks. 

Gas phase synthesis includes flame pyrolysis, electro explosion, 

laser ablation, high temperature evaporation and plasma synthesis. 

Flame pyrolysis has been used for several years for the production of 

carbon black and fumed silica. Laser ablation is a widely accepted 

technique for the manufacture of nanomaterials with the help of physical 

erosion and evaporation. The process is time consuming and requires 

high temperature and is suitable for inorganic materials. 

Vacuum deposition processes such as physical vapour deposition, 

chemical vapour deposition, lithography and spray coatings are included 

in the ‘form in place’ processes. For the preparation of nanostructured 

layers and coatings, form in place technique is used. 
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1.4  Polymer Nanocomposites- History and Development 

1.4.1 Composite Preparation Techniques 

Polymer nanocomposites consists of a rigid nanoscale filler dispersed 

within a flexible polymer matrix. The difference in the inherent properties 

of the constituent materials (matrix and reinforcement) along with the fine 

particle nature of the reinforcement makes the preparation of the 

nanocomposite difficult. Most of the reinforcing nanomaterials are 

insoluble in organic solvents, and have high melting temperature which 

makes the preparation of nanocomposites complex. 

Polymer materials have got a wide variety of properties. So finding 

one individual and universally accepted method for the preparation of 

polymer nanocomposite is not practical. Based on the processing conditions 

and the end product requirement of the composite, the route for preparation 

is determined. 

1.4.1.1 Melt Blending 

Melt blending method includes mixing of the nano materials in the 

polymer matrix at melt/softening temperature, followed by annealing. 

This method is environmental friendly as it does not involve the use of any 

organic solvents. The conventional processing of polymer products like 

moulding and extrusion can be used for the synthesis of nanocomposites. 

Table 1.1 gives some examples of polymer nanocomposites made by melt 

blending. 

Polystyrene was the first plastic material utilized for the melt 

blending technique with alkyl ammonium cation modified MMT. 
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Table 1.1: Examples of nanocomposites made by melt blending 

Sl No Nanocomposite Synthesis method / outcome Reference 

1 PS-MMT Melt blending, improved mechanical 
properties 

46 

2 PP-MMT Utilises compatabiliser, melt intercalated 47 

3 PP-CaCO3 Fine dispersion at low loadings 48 

4 EPDM-Clay Exfoliated structure rubber composite 49 

5 HDPE-PP Extrusion, PP nanofibre in HDPE 
matrix 

50 

 

1.4.1.2 Solution Mixing 

This process utilizes a filler which can swell in a predetermined 

solvent. The swelled filler and polymer solution were mixed to facilitate 

the polymer chains to displace the solvent between the filler layers. A 

variety of clay based nanostructures were synthesized by this method. 

This method is found useful to obtain intercalation of polymers with 

little or no polarity. The main limitation of this method is that it can be 

used only for certain polymer-solvent pairs. The usage of organic 

solvents and its economic and environmental implications restricts this 

method from being globally accepted.  

1.4.1.3 Chemical in situ methods 

In this method, chemical reactions in a liquid environment are used 

to synthesis nanocomposites. In 1993, Ziolo et al. [51] reported a single 

step chemical method to synthesis fine dispersed Fe2O3 nanoparticles in 

crosslinked polystyrene resin. Guan et al. [52] elaborated the synthesis of 

transparent polymer nanocomposites with PMMA- ZnS by in situ bulk 
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polymerization. The common feature of many of the materials is that 

nanoparticles are synthesized as a sol or dispersed in a solution, followed by a 

second step where a monomer or resin is added and polymerized. 

Gangopadhyay et al. [53] prepared colloidal solutions of Fe2O3 nanoparticles, 

which then added to conducting polypyrole. The mixture was polymerized to 

obtain a nanocomposite. Althues et al. [54] used a two step process to 

synthesise ZnO in a colloidal suspension, which was photopolymerised with 

poly(butanediolmonoacrylate). 

According to different starting materials and fabrication processes 

chemical in situ synthesis can be generally classified into three types: 

a) Metal ions are preloaded within polymer matrix to serve as 

nanoparticle precursor. Then the precursors are exposed to 

corresponding liquid or gas containing S2-, OH-, or Se2- to in-

situ synthesis the target nanoparticles [55]. 

b) Nanoparticles are first dispersed into the monomers or 

precursors of the polymeric hosts and the mixture is then 

polymerized [56]. The well dispersed nanoparticles in the 

liquid monomer or precursor will avoid their agglomeration in 

the polymer matrix and thereafter improve the interfacial 

interaction between both phases. 

c) Nanoparticles and polymers can be synthesized simultaneously 

by blending the precursor of nanoparticles and the monomers 

of the polymer with an initiator in a proper solvent [57]. 
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1.4.1.4 Physical in-situ methods 

The common point in physical methods is that chemical compounds 

are transformed into nanoparticles with the application of energy. They 

are mainly gas-phase methods. Vollath et al. [58] developed a reaction 

tube made of quartz glass crossing a microwave cavity. Volatile and 

water-free precursors are evaporated outside the tube and mixed with an 

inert carrier gas. The components are introduced as gases into the system 

in front of the plasma zone. Chemical reaction in gas phase and the 

nucleation and growth of nanoparticle occurs. The inorganic cores are 

formed and the organic shell of hybrid nanoparticles condense and 

polymerizes outside of the plasma zone on the cores synthesized in 

plasma. 

Chemical vapour synthesis (CVS) method applied by Schallehn et al. 

[59] is utilized in situ polymer coating for Al2O3 and SiO2 nanoparticles. 

Srikannth et al. [60] developed a one step microwave plasma process to 

encapsulate iron nanoparticles with polystyrene. Qin and Coulombe [61]  

used a dual-plasma process for the synthesis of metal-organic core/shell 

nanoparticles. Copper nanoparticles were synthesized by arc evaporation 

and vapour condensation, and the organic coating was deposited by in-

flight deposition of an organic compound through plasma polymerization. 

1.4.2 Nanocomposites – Functional properties and Applications 

Property enhancement found in polymer nanocomposites are multi 

faceted.  Remarkable improvement in mechanical properties including 

modulus, strength are shown by nanocomposites. At the same time they 
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exhibit flame resistance, heat resistance, reduced gas permeability, and 

wide variety of properties. The main reason behind the improvement in 

properties is the strong interfacial attaraction between the matrix and the 

nanomaterials. With regard to application of nanocomposites, fundamental 

knowledge of its base properties is mandatory. 

1.4.2.1 Mechanical Properties 

Engineering polymers require modulus and strength to meet their 

functional requirement as products. It is found that the tensile strength 

and modulus of polymers are remarkably improved by the formation of 

nanocomposites. 

Generally it is observed that as the particle size reduces the 

modulus increases. This is due to the increased interaction between the 

matrix and the nanofiller. The incorporation of nanoparticles with poor 

interaction with the matrix causes reduction of tensile strength [62]. 

 

Table 1.2: Mechanical properties of some polymer nanocomposites 

Sl 
No Nanocomposite Property Ref 

1 PP-Alumina Increased Young’s modulus 63 

2 PMMA- Alumina Tensile strength improved 64 

3 Nylon 6-Clay Young’s modulus increases with 2-5% clay 65 

4 PMMA-CaCO3 Improved modulus and abrasion resistance 66 

5 Nylon-
MMT/glass fibres 

Flexural modulus and compressive strength 
increases 

67 

 



Chapter 1 

22 

1.4.2.2 Thermal Properties 

Thermal stability of the polymer nanocomposites was found to 

enhance with incorporation of filler. The polymer systems show thermal 

stability not only because of the structural difference, but also due to the 

restricted motion of the polymer macromolecules. The heat deflection 

temperature (HDT) of polymer systems can also be improved by the 

nanofiller interaction. The filler acts as a heat barrier, which enhances 

the overall thermal stability of the nanocomposite. 

Table 1.3: Thermal properties of some polymer nanocomposites 

Sl
No Nanocomposite Property Ref 

1 Epoxy-Silica Stiffness and thermal stability increases 68 

2 PMMA-MMT Decomposition temperature increased 69 

3 Nylon 6-Clay Thermal stability improves affected by 
moisture 

70 

4 PVC-Clay Onset of degradation delayed 71 

5 Epoxy-Clay Exfoliated structure has better stability than 
intercalated  

72 

 

1.4.2.3 Barrier Properties 

Gas permeation properties of both rubber and plastic nanocomposites 

were found to increase by the presence of nanoparticles. Poly lactic acid 

(PLA) –synthetic mica system shows 150% increase in the barrier 

properties to oxygen [73]. PP-fumed silica [74], Epoxy-MMT [75], 

Polyethylene –MMT [76] exhibits gas barrier properties along with 

enhancement in hardness. 
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1.4.2.4 Magnetic properties 

Regarding magnetic properties exhibited by nanocomposites, two 

groups of materials are most promising. The first group with metal 

nanoparticles and the second with Fe2O3, Fe3O4or ferrite nanoparticles [77]. 

The resultant nanocomposites are free from hysteresis and show super 

paramagnetic properties. Superparamagnetic nanocomposites were used as 

microwave absorbing materials. Advanced developments of organic coated 

magnetic nanoparticles can be usefully applied in biomedicine (local 

hyperthermia) [78], biology (bio compatable ferromagnetic fluid) [79], and 

diagnostics as contrast agent for MRI [80]. Application is possible also in 

the field of biology, biomedicine and as drug carriers [81]. 

1.5   Electrically active Polymer Nanocomposites 

Most of the commercially available polymers are not conductive. 

Electrically conducting polymers are mainly divide as 

1.5.1 Intrinsically conducting polymers (ICP) 

Intrinsically conducting polymers facilitate conduction by the 

electronic structure of the polymer backbone. They have a pie-conjugated 

structure, which enables them to be used as conductors, semiconductors or 

insulators based on the type of dopants. The group of materials include 

polyacetylene, polyaniline, polypyrrole, polythiophene, poly (para-

phenylene) etc. They are used for fabricating optoelectronic devices and 

corrosion resistant coatings. Intrinsically conducting polymers are also used 

for developing sensors, actuators and separation membranes [82].   
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Conjugated polymers are often employed in the organic-based device 

light harvesting layer but have limitations in charge transport. Combinations 

of conjugated polymer with inorganic semiconductors have been proposed 

as a resolution to this deficiency. Cadmium–selenide, (CdSe) nanoparticles 

incorporated in poly(dithiophene)-alt-(-benzothiadiazole) yielded power 

conversion efficiency of 3.13% [83]. Layer-by-layer assembly of 

functionalized poly(phenylene vinylene) and CdSe nanoparticle composites 

yielded uniform thin films with a power conversion efficiency of 0.71% [84]. 

Poly(3-hexylthiophene)–ZnO nanofiber composites exhibited a power 

conversion efficiency of 0.53% noted to be significantly better than the 

analogous bilayer structure of the noted components [85]. SWCNT 

incorporation into poly(3-octylthiophene) increased the short circuit current 

by two orders of magnitude [86]. Ink jet printing is a potential method for 

producing low cost, high volume photovoltaic and LED devices [87].  

Other nanofillers employed include metal oxide nanowires, carbon 

nanotubes, nanoscale gold, silver, nickel, copper, platinum and palladium 

particles. Shape memory polymers have great potential for use in as 

sensors and actuators, particularly as composites with conductive fillers 

[88]. Deposition of Layer-by-Layer (LbL) sensor can function as a passive 

wireless sensor which does not require any battery power supply[89]. LbL 

method can also be used to fabricate high strength composites for 

biological implants and electrical interface materials [90].  

1.5.2 Conductive polymer composites (CPC) 

Conducting polymer composite (CPC) materials facilitate conduction 

by the addition of conductive fillers to the polymer matrix.  A number of 
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articles have been published on various aspects of CPC. It is of 

particular interest due to the wide variety of industrial applications. 

Incorporation of inorganic nanoparticles into an organic polymer matrix 

can significantly affect the properties of the composite. The composite 

material may show improved thermal, mechanical, electrical, rheological 

and optical properties. 

Halajan et al. [91] used PVA to embed zinc selenide (ZnSe) 

nanoparticles into it. This inclusion helps to change the electrical and 

optical properties of the nanocomposite. A functionalized polystyrene 

containing an electroactive carbazole pendant group and an amine salt 

pendant group capable of electrostatic interaction with CdTe was 

described for potential photovoltaic applications. Poly (vinyl alcohol) 

matrix dispersed with lithium potassium zirconate showed that 

dielectric constant of the nanocomposite decreases with increase of 

frequency [92]. The preparation of the nanocomposite of poly(vinyl 

alcohol) and CdTe for electrical devices was demonstrated by Tekin    

et al. [93]. The dielectric properties of polymer nanocomposites 

(PNCs) was studied by Sun et al.[94] on epoxy-silica composites. The 

dielectric permittivity and loss factor were found to increase with silica 

incorporation. Singha et al. [95] reported that permittivty of the epoxy 

nanocomposites  decreases with incorporation of Al2O3 and TiO2 fillers.  

The dielectric constant of crosslinked polyethylene was found to 

reduce with addition of nanosilica [96]. 
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Table 1.4: Examples of Nanofillers  for Optoelectronic applications 

Sl
No 

Nano 
particle Properties Applications Ref 

1 SiO2 Luminescent, 
thermal and 
mechanical  

Drug delivery, 
tissue engineering, 
biosensing 

97 
 

2 Ag Plasmon resonance, 
thermal and 
electrical 

Water purification, 
paints, antiviral 
applications 

98 

3 Au Photothermal, 
magnetic properties 

Biosensing, MRI, 
cancer therapy 

99 

4 Al2O3 Optical, mechanical Gas separation, 
water/soil treatment 

100 

5 ZnO Opto, electro, 
thermal properties 

Device fabrication, 
sensors 

101 

6 BaTiO3 High dielectric 
permittivity 

High energy 
density capacitors 

102 

7 Titania 
(TiO2,TO) 

High dielectric 
strength 

Cryogenic grid  103 

 

1.5.3  Polymer nanocomposites (PNC’s) for optoelectronic 
applications 

Nanotechnology based on polymer materials concentrates on the 

design of advanced devices for electronic and optoelectronic applications. 

The dimensional range for electronic devices has entered the nanometer 

scale. Enhanced conductivity in organic polymers with p-type (oxidants) 

and n-type (reducing agents) dopants lead to the development of 

intrinsically conducting polymers (ICP). Redox polymers and ionically 

conducting polymers are two other classes of electrically conducting 

polymers. They are less conducting compared to ICP. 
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Table 1.5: Electrical properties of some polymer nanocomposites 
Sl No Nanocomposite Property Ref 

1 Epoxy-TiO2 Increased energy storage efficiency 104 
2 Epoxy-ZnO, Al2O3 Reduction in DC volume resistivity 105 
3 PVDF-MWCNT Increase of Dielectric constant 106 
4 PVDF-Ag Improved dielectric constant and  

thermal conductivity 
107 

5 Silicone rubber- Al2O3 Low dielectric permittivity and high 
thermal conduction 

108 

 

In fact, the majority of organic polymers exhibit refractive index in 

the range 1.35- 1.5.  In order to fabricate optical devices, polymers with 

higher refractive index are required. Polymers modified by nanoparticles 

have been widely investigated for applications in micro optical elements 

[109]. Optoelectronic devices using organic materials as active units such 

as organic light emitting diodes (OLEDs) and organic photovoltaic cells 

(OPVs) have attracted attention due to the possibility of replacing 

inorganic materials. The main drawback of these organic materials is their 

poor stability that can cause device failure even at ambient temperature. 

Several strategies were used to improve the stability of organic films, one 

main approach being the addition of inorganic nanostructures (oxides, 

semiconductors) to the host polymers forming composites. The presence 

of inorganic components, their concentration and shape have a positive 

effect on the optical as well as on film stability. 

1.5.4 Major applications of opto-electro active polymer 
nanocomposites 

a)  Microelectronic device fabrication 

It was reported that addition of nanoparticles to polymers has a 

strong effect on their composite dielectric properties. Dielectric constant 
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is found to increase by the addition of ferroelectric ceramics like BaTiO3 

to polymers [110]. The change of dielectric constant with nanoparticles 

of TiO2, SnO2, SrTiO3 and others in polyester matrix were also observed 

[111]. Common polymers show only a low relative dielectric constant 

value between 2 and 4 [112]. Materials with high permittivity are required 

in embedded capacitors, which can be fulfilled by polymer- nanoceramic 

composites.  

b)  Lithium-ion batteries 

The primary requirement for the use of polymer based electrolyte in 

modern lithium-ion batteries is high ionic conductivity in a wide range of 

temperature. Other requirements include mechanical stability, formation 

of porous solid-electrolyte-interface which is permeable for lithium ions, 

high lithium ion transference number and good wetting of the electrodes 

[113]. There are three different types of polymer based electrolytes; 

solvent free polymer, gel polymer and polymer composite. Nanosized 

ceramic particles dispersed in polymer matrix have been widely 

investigated [114]. Passive nanosized fillers (TiO2 and Al2O3) were used 

for the increase of ionic conductivity in the case of polyethyleneoxide 

based electrolytes [115]. Active nanofillers like LiAlO2 cause improvement 

of the ionic conductivity [116]. Hu et al. [117] prepared SnO2 nanoparticles 

embedded polyaniline composite to function as supercapacitors. 

c)  Organic solar cells 

Intrinsic conductive polymers like polyaniline (PANI), polythiophene 

(PTP), polypyrrole (PPy) are used in solar cells. Nanosized ceramicslike 

SiO2, Al2O3, or TiO2 are used for properties including electrical 
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conductivity and improved thermal resistance. It is also reported that 

addition of nanoceramics can improve polymer stability against 

photodegradation [118]. 

d)  Photoresists 

Poly methyl methacrylate (PMMA) positive photoresists and epoxide 

based negative photoresists coupled with nano sized ceramic fillers can 

provide sensitivity to electromagnetic radiation of a selected wavelength 

region. Highly agglomerated nano silver particles were used for 

development of an electrically conductive resist, which can be patterned by 

the UV-lithography process [119]. Nanocomposites also reduce coefficient 

of thermal expansion. This new class of nano composites allowed direct 

fabrication of high temperature stable optical devices by UV-lithography. 

e)  Biomedicine 

The application of polymer nanocomposite in biomedical field is 

highly diverse. Acrylates filled with surface modified nano SiO2,in 

dental composite and silicone rubber- nano SiO2 in catheters are a few to 

mention. Ferro electric poly-vinylidine fluoride (PVDF) filled with 

nanosized hydroxyapatite for improved biocompatibility and nanosized 

BaTiO2, with its high dielectric constant could be used as bioelectroactive 

bone regeneration composites [120]. 

f)  Coatings 

Nanoclay incorporated in thermoset polymer exhibit superior 

properties such as superhydrophobicity, improved wettability, corrosion 

resistance, and improved barrier properties and scratch resistance. Turri 

et al. [121] developed coatings based on epoxy/ nanoclay on steel substrates 
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to improve scratch resistance. Clay and nano silver incorporated thermoset 

polymer composites could be used for antibacterial properties in medical 

field. 

g)  Sensors 

Various researchers have reported the ability of conductive 

polymer composites to sense vapour and liquid chemicals [122]. The 

mechanism of sensing is based on the increase of resistivity of the 

nanocomposite when exposed to organic chemicals. Dai et al. [123] 

reported the liquid sensing behavior of carbon black filled electrically 

conducting microfibrillar polymer composite. Investigations were 

conducted on carbon nanotube filled polycarbonate as liquid sensors for 

solvents like acetone and tetrahydrofuran [124]. 

h)  Thermoelectric materials. 

Thermoelectric materials require high electrical conductivity and 

low thermal conductivity. Polymer based thermoelectric materials 

have already replaced conventional thermoelectrics like bismuth 

telluride, as they possess low cost, good processability and excellent 

flexibility. Single walled carbon nanotubes were coated with PEDOT: 

POSS, to enhance the electrical conductivity of polyvinyl acetate matrix 

[125]. SWCNT added to polyvinylidene fluoride can also improve the 

electrical conductivity to behave as a thermoelectric material [126]. 

i)  Shape memory devices 

For conductive shape memory composites, conductive fillers are 

added into polymer matrices. They have a shape memory effect to 

recover their original shape in presence of an external stimuli. 
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1.6 Poly(ethylene-co-vinyl acetate) (EVA) and Polystyrene 
Matrices 

1.6.1 Poly(ethylene-co-vinyl acetate) EVA 

Poly(ethylene-co-vinyl acetate) commonly known as EVA, with 

the chemical structure as shown in Fig.1.1 is copolymer of ethylene and 

vinyl acetate, widely used in electrical insulation. 
 

 
Fig.1.1: Structrure of EVA 

EVA copolymers are clear, flexible materials with high tensile 

strength and are mainly used in packaging and adhesive applications. EVA 

copolymers have improved low temperature flexibility (–70 °C) compared 

to low density polyethylene (LDPE), good chemical resistance, and high 

coefficient of friction. Films have improved clarity and weathering 

resistance compared to LDPE. Similar flexibility to plasticised polyvinyl 

chloride (PVC) may be obtained, without the problems of plasticiser 

migration. They have better tear resistance than LDPE and can accept high 

filler loadings. The disadvantages are a reduced chemical resistance 

compared to LDPE, reduced barrier properties, and reduced creep 

resistance. 

Applications include stretch film for shrink-wrapping, protector 

strips, shoe soles, disposable medical equipment, flexible toys, tubing, 
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wire coating, and heat-sealing coatings on polyethylene terephthalate 

(PET), and aluminium foils. The vinyl acetate (VA) content of EVA 

determines its degree of crystallinity and melting temperature. EVA with 

10% VA exhibits lower water absorption, higher tensile strength, 

permeability, modulus, and dielectric strength than EVA with 25% or 

33% VA. It has lower heat-seal strength and flexibility and poorer low-

temperature performance compared with EVA containing 25% or 33% 

VA. Heat-seal strength improves with VA content, as do flexibility and 

low-temperature performance. Increasing the VA content decreases tensile 

strength, resistance to heat deformation and chemicals, and barrier 

properties. EVA with 33% VA is useful in cable sheaths, hose, sheet, ring 

seals, protective caps, clips, cable binders, infusion bottles, lids, all kinds 

of closures, flexible panels, bellows, rail pads, and O-rings.  

1.6.2 Nanocomposites based on poly(ethylene-co-vinyl acetate) (EVA) 

Poly(ethylene-co-vinyl acetate) (EVA) is copolymer of ethylene 

and vinyl acetate commonly used in cable jacketing, water proofing and 

component encapsulation. The presence of vinyl acetate molecules in the 

polymer chain reduces the polymer regularity and crystallinity. EVA has 

got an amorphous structure with good low temperature flexibility and 

toughness. It exhibits rubbery property of enhanced elongation along with 

the ease of processability of thermoplastics. As the vinyl acetate content in 

the copolymer increases, its crystallinity decreases. Flexibility, clarity and 

toughness increases by the increase of vinyl acetate content in the 

copolymer. Due to its surface gloss and impact strength EVA copolymers 

find market in film manufacturing. However, the lack of flame resistance 
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and low heat distortion temperature along with poor mechanical properties 

make them unsuitable for several applications. 

The presence of polar vinyl acetate groups in the polymer chain 

improves its interactions with fillers, especially organic fillers. Inorganic 

fillers can also be easily dispersed in EVA matrix due to its amorphous 

chain structure. 

Among the variety of EVA nanocomposites synthesized, the 

most widely studied is the EVA- nanoclay system. Organo modified 

montmorillonites mixed with EVA provided an intercalated nanostructure 

[127]. To improve the thermal properties, fine dispersion of nanoclay, 

exfoliated and intercalated in EVA was investigated by Zanetti et al. [128]. 

Synergistic effect of organically modified montmorillonite and intumescent 

flame retardants was reported as a flame resistant compound in EVA 

matrix [129].  

Thermal conductivity of EVA composites was investigated by 

Ghose et al. [130] with the incorporation of carbon nanotubes, carbon 

nanofibres and expanded graphite. Electron beam irradiation of nanoclay 

filled EVA composites revealed that the high energy beam can crosslink 

the polymer matrix and thereby improve thermal resistance [131]. Not 

only the thermal stability, even fire retardancy of EVA can be improved by 

the addition of ultrafine kaolinite substituting alumina trihydrate [132]. 

The permeation characteristics of EVA based nanocomposites were 

also quite useful for the development of innovative barrier products. The 

study on the sorption behavior of EVA –nanoclay with benzene as the 



Chapter 1 

34 

solvent, made the inference that a small addition of nanoclay can affect the 

polymer morphology and reduce diffusion. Electromechanical actuators 

and photoactuators can be developed based on ethylene vinyl acetate 

filled with carbon nanotubes [133]. 

Mechanical properties of EVA copolymer can be tuned based on 

the extend and type of blending. Polyethylene –EVA blend in the ratio 

of 50:50 found to give inferior mechanical properties compared to pure 

EVA [134]. Functionalised graphene embedded in the EVA matrix can 

improve its tensile strength and storage modulus [135].  

1.6.3 Polystyrene  

Polystyrene (PS) is hard and rigid transparent thermoplastic with a 

repeating structure as shown in Fig.1.2. 

 
Fig.1.2: Stucture of Polystyrene 

Polystyrene was invented by E. Simson in 1839, since then it was 

made by different polymerization methods. Commercially polystyrene is 

synthesized by the dehydrogenation of ethylbenzene. The endothermic 

reaction of ethylbenzene produces “crude styrene” which on processing 

produces styrene, which on polymerization produces polystyrene. Mass 

and suspension polymerization are being the most important and 

extensively used techniques. 
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The mechanical properties of polystyrene depend to some extend 

on its molecular weight. Its optical properties includes high transmission 

of all wave lengths of visible light and high refractive index (1.592). The 

electrical insulation properties of polystyrene is good. It shows very 

small effect of frequency on dielectric constant and power factor upto 

10
6
 Hz. The chemical resistance of PS can be affected by solvents like 

benzene and chlorinated hydrocarbons. The thermal properties of PS 

include low thermal conductivity and low softening temperature (<100
0
 C). 

The low thermal conductivity of polystyrene makes it a good candidate 

for making thermal insulating foams. It is widely accepted as an easily 

processable and suitable plastic for packaging applications. It is a cheap 

and easily mouldable material with low moisture absorption.  The major 

drawback of polystyrene is its brittleness. High impact polystyrene 

(HIPS) with enhanced impact resistance can be obtained by modifying 

polystyrene with rubber. 

Considering the electrical properties of EVA, it was reported by         

Das et al. [136] that pure copolymer shows an electrical resistivity value of 

10
13

ohm cm. Sharp decrease in the resistivity value (1.3 x 10
3
 ohm cm) was 

obtained for EVA with surface modified  graphene with 8 wt% inclusion. 

Silver coated wollastonite fibres were used as fillers at 8 vol% in EVA 

matrix to obtain electrical conductivity of 4.8   10
5 

S cm
-1 

[137]. The 

adhesive properties (peel strength) of the wollastonite fibre EVA matrix  

were found to be inferior due to poor wettability. 
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Table 1.6: Nanocomposites with poly (ethylene co-vinyl acetate) EVA matrix 

Sl. 

No 

Composition Technique Properties Ref. 

1 EVA-Sepiolite  Melt Blending-Twin 

screw extruder 

Tensile Strength and Flame 

resistance improved 

138 

2 EVA/NBR-Organoclay Internal Mixer Youngs modulus , yield 

stress increased 

139 

3 EVA-Carbon nanotubes Melt Mixing Photooxidation reduced  140 

4 EVA-Layered silicate Melt processing Combustion rate reduced 141 

5 EVA-Magnesium 

hydroxide-MWNT 

Halogen free flame 

retardant melt mixed 

Increase of LOI values 142 

6 EVA-Alumina trihydrate-

MMT 

Rheocord Mechanical, thermal and 

flame resistance increased. 

143 

7 EVA-Fluorohectorite Internal mixer Heat release rate reduced 144 

8 EVA/LDPE-Layered 

double hydroxides 

Solution blending Thermal resistance and 

tensile strength increased 

145 

9 EVA/Polypyrrole-

MWCNT 

Melt blending Electromagnetic 

Interference Shielding 

increased 

146 

10 EVA-cyclodextrin 

nanosponge-phosphorus  

Melt blending Heat release rate 

decreased 

147 

11 HDPE/EVA-ammonium 

modified MMT 

Melt mixing Enhanced thermal 

stability 

148 

12 EVA-carbon black with 

ethylene –propylene 

copolymer 

Melt blending Electrical conduction 

improved 

149 

13 EVA-Graphene oxide Solvent blending Improved flame 

retardancy 

150 

14 EVA-CNT Irradiated with 

gamma rays 

Lamella structure of 

EVA changed 

151 

15 EVA-MWCNT Brabender internal 

mixer 

Delayed ignition and 

improved flame resistance 

152 

16 EVA/EPDM-Clay Solution mixing 

with toluene 

Improved thermal and 

mechanical properties 

153 

17 EVA-MMT Solution blending Decreased swelling 154 

18 EVA-Clay Twin screw 

extruder 

Exfoliated structures 

showed improved modulus 

and tensile strength 

155 

19 EVA-clay/MWNT Internal mixer Mechanical, thermal and 

flame retardance 

properties improved. 

156 
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1.6.4 Nano composites based on polystyrene (PS) 

Polystyrene (PS) thermoplastics are widely used in industrial field 

and commercial applications. The extensive use of polystyrene is thanks 

to its excellent processability low cost and good dimensional accuracy, 

low moisture absorption and clarity. Although polystyrene has got 

excellent market, it lacks impact resistance, thermal resistance and electrical 

conductivity. Polystyrene has got its electrical conductivity in the range of 

approximately 10
-20 

(S/cm) [157]. This inherent property of polystyrene can 

be altered by the incorporation of conductive fillers into its matrix. A 

conductive channel in the PS matrix can be made by the formation of 

networks with electrically connected filler particles. 

Single wall carbon nanotubes have been widely investigated as 

an attractive candidate for improving the electrical properties of 

polystyrene [158]. Shah et al. [159] reported enhanced AC conductivity 

with increase of the MWCNT content. MWCNT-PS composite was 

prepared by Srivastava et al. to study the strain sensing effect of 

flexible films [160].  DC resistivity and AC impedence measurements 

were performed on carbon nanotube-PS composites by Wang et al. 

[161] and they observed that the low frequency resistance becomes 2 

Mega ohm at 1% loading. Chen et al. [162] prepared and reported the 

PS-graphite nanosheets for improved electrical conductivity. Hybrid 

nanocomposite of graphite and MWCNT was found effective on in-situ 

polymerization of polystyrene for improved composite  morphology 

[163].  
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Table 1.7: Nanocomposites with polystyrene (PS) matrix 

Sl. No Composition Technique Properties Ref. 

1 PS-CNT Insitu 

polymerisation 

Electrical and thermal 

conductivity improved 

164 

2 PS-graphite In situ 

polymerisation 

Improved electrical and 

mechanical properties 

165 

3 PS-graphene RAFT 

polymerisation 

Thermal stability 

improved 

166 

4 PS-graphene Modified with 

styrene maleic 

anhydride 

Rheological and electrical 

properties improved 

167 

5 PS-clay Supercritical CO2 

dispersed PS 

Oxygen permeation 

reduced 

168 

6 PS-graphene-

CNT 

Microemulsion 

polymerization 

Thermal, mechanical 

properties improved 

169 

7 PS-synthetic clay Solution blending Gas barrier increases 170 

8 PS-MWCNT Melt mixing Thermal stability 

improved 

171 

9 PS-SWCNT Solution mixing Electrical conductivity 

increased at low 

percolation threshold 

172 

10 PS-CNT Solution mixing Percolated filler network 

formed 

173 

11 PS-carbon 

nanofibre 

Melt blending Storage modulus increases 174 

 

1.7  Semiconductor nanomaterials 

Semiconductor nanocrystals (NCs) bridge the gap between cluster 

molecules and bulk materials. As semiconductor nanoparticles exhibit 

size dependent properties like, scaling of the energy gap and the 

corresponding change in the optical properties, they are considered as 

front runners in technologically important materials. They are found to 

have novel optical, electrical and mechanical properties which result 
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from quantum confinement effects compared with their bulk counterparts.  

Semiconducting  nanomaterials are made from a variety of different 

compounds. They are referred to as II-VI, III-V, or IV semiconductor 

particles, based on the periodic table groups that these elements are from. 

For example, silicon and germanium in Group IV, GaN, GaP, GaAs, InP 

and InAs are III-V semiconductors, while those of ZnO, ZnS, ZnSe, CdS, 

CdSe and CdTe are II-VI semiconductors. The stability of nanoparticles in 

polymer matrix makes their attractive for microelectronics and photonics 

technology. 

1.7.1 Cadmium selenide  (CdSe)  

Cadmium selenide (CdSe) is a widely investigated II-VI 

semiconductor nanoparticle, with a suitable band gap of 1.74 eV(300K). 

CdSe quantum dots can be prepared using organometallic synthesis. In 

recent years, hydrothermal/solvothermal method using hydrazine 

hydrate (HH) and ethylenediamine tetraacetic acid (EDTA) is found to 

be feasible and versatile [175]. It has a wide optical band gap, making it 

suitable for optical applications. CdSe nanoparticles with appropriate 

and tuned particle size can have an absorption edge and emission peak 

anywhere in the visible spectrum. This unique and advantageous property 

led to the use of CdSe for optoelectronic devices, nanosensing and 

biomedical imaging [176]. 

CdSe quantum dots were successfully used to fabricate polymer 

composites for electrochemiluminescence biosensing. Layer by layer 

construction of polyaniline matrix was found effective with graphene 

oxide and CdSe hybrid nanofillers [177]. Sensors made using polypyrrol 
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matrix with graphene oxide and CdSe were also reported recently [178]. 

Polyvinyl pyrrolidone (PVP) matrix composites of nanoCdSe have 

shown improved electrical properties for making electronic memory 

devices [179]. Optical activity of CdSe nanoparticles makes them fit for 

photo luminescent properties. Silicone [180], poly (lactic acid) [181], and 

poly (p-phenylenevinylene) [182] derivatives were used as matrices for 

cadmium selenide nanoparticles aiming at improved optical properties. 

1.7.2 Zinc selenide  (ZnSe)  

Zinc Selenide (ZnSe) is an n-type semiconductor material with a wide 

band gap (2.58- 2.72 eV). It shows properties suitable for optoelectronic 

devices [183]. Nano material  synthesis with controlled size, morphology 

and and size distribution is important in tuning  its physical and chemical 

properties. Recently, solvo-thermal process with ZnCl2 and Zinc acetate 

was found effective to obtain ZnSe nanoparticles ranging from 10- 15 nm 

[184]. 

ZnSe has got unique optical and electrical properties. Due to its 

wide band gap (Eg=2.7 eV), it finds application as window layer in solar 

cells [185] and thin film transistors[186].The optical properties of ZnSe 

make it a suitable material for fluorescence quenching [187] and non 

linear refraction behaviour [188]. 

1.7.3 Zinc oxide (ZnO)  

Zinc Oxide (ZnO) is a low cost, group II-VI direct wide band gap 

semiconductor (Eg = 3.22 eV at 300 K) with large exciton binding 

energy (approx. 60 meV). It exhibits strong ultraviolet and visible 
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photoluminescence. These diverse properties of  ZnO makes it suitable for a  

variety of applications. Nanosized ZnO is mixed in nanocomposites used 

for manufacturing coatings and sealants [189]. ZnO nanoparticles have 

been synthesized mainly by sol-gel method and also by solid state reaction 

method [190]. 

Nano ZnO was reported to show electrochemical activity and 

photocatalytic activity in poly(propylenedioxythiophene)[191].  Dielectric 

behavior of poly (N-vinylcarbazole)-ZnO and acetylene black nanocomposite 

was investigated by Ghosh et al. [192]. Low density polyethylene –ZnO 

showed sharp reduction in electrical resistivity at 2.8 vol % of nano ZnO 

incorporation [193]. Ultraviolet photo detectors of ZnO quantum dot- 

graphene fillers in poly (ethylene terephthalate) matrix exhibited light 

induced conductivity [194]. 

1.8  Scope and objectives of the work 

The literature survey carried out reveals that nanofillers in various 

polymer matrices generally improves  mechanical, electrical, thermal, 

optical and other properties. Nanocomposites are useful in a variety of 

industries. In this thesis, EVA and PS materials were selected as the 

matrices. They are commercially used polymers and have not been the 

subject of research for optoelectronic properties with semiconductor 

nanomaterials. This has led to the present research interest. 

Semiconductor nanomaterials of the II-VI family possess unique 

optoelectronic properties. The present work has been undertaken to 

explore the potential of different II-VI semiconductor nanomaterials like 
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cadmium selenide, zinc oxide and zinc selenide in amorphous polystyrene 

and semicrystalline EVA matrices. 

EVA based nanocomposites was widely investigated for enhanced 

thermal conductivity and improved heat distortion temperature. Electron 

beam irradiation can be useful for thermal resistance of these systems. 

The unique properties of II-VI semiconductors coupled with EVA can 

make these nanocomposites suitable for device fabrication in nanosensing 

and biomedical imaging. Study of electrical and optical properties of the 

newly synthesized nanocomposites can reveal its characteristic advantages 

in opto-electronic device fabrication.      

Improvement in conductivity behavior of polystyrene nanocomposities 

can be obtained with II-VI semiconductor nanomaterials. Moreover ZnSe 

and ZnO materials could be effective in polystyrene as they find application 

in solar cells and thin film transistors. The dielectric behaviour and UV 

photo detection of these nanocomposites can explain the material character 

and utility. The CdSe based polymer nanocomposites were reported for 

fabrication in memory devices and biosensors. The broad objective of this 

study is to determine the effect of filler concentration of  II-VI nanomaterials 

on various properties of EVA and PS with prime focus on the thermal 

resistance, optical and electrical activation. 

Structural studies (chemical and morphological) can be carried out 

by FTIR, Raman Spectroscopy and SEM –TEM characterisation. The 

physical properties of the synthesized nanocomposites can be analysed 

using impedance tester, photopyroelectric tester and UV characterisation. 
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The thermal resistance and mechanical properties can be evaluated by 

thermogravimetric analysis and universal testing machine. 

The specific objectives of the current study are 

 To synthesize II-VI semiconductor materials of zinc oxide 

(ZnO), zinc selenide (ZnSe) and cadmium selenide (CdSe) by 

hydrothermal and solvothermal methods. 

 To prepare poly (ethylene-co-vinyl acetate) (EVA) and 

polystyrene (PS) nanocomposites with synthesized II-VI 

semiconductor nanofillers. 

 To characterize the morphology, structure and constitution of the 

nanomaterials and the composites. 

 To analyse the dielectric, optical, thermal and mechanical 

properties of the nanocomposites. 
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2.1  Materials  
2.2  Characterization  
 

 
  

 

This chapter gives a brief description of the materials used and 

experimental procedures followed during this study. 

2.1  Materials  

2.1.1 Poly(ethylene-co-vinyl acetate) EVA 

Poly(ethylene-co-vinyl acetate), EVA copolymer was obtained 

from Exxon Mobil Chemicals, Singapore. The vinyl acetate content of 

the copolymer was 9.4 wt %. (M𝑛   = 1.89 ×10
4
, Density 0.931 g/cm

3
, 

Melt Flow Index-2.1g/10 min @190
0
C, 2.16 Kg). 

2.1.2 Styrene 

Styrene monomer was obtained from M/s Pure chemicals, Chennai, 

Tamilnadu. 

Molecular weight :  104.15      

Density  :  0.9059 g/cm
3
   

Boiling Point : 145-146
o
C. 

C
o

n
te

n
ts
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Polystyrene obtained had a molecular weight (M𝑤  ) 24000 with 

polydispersity index of 3.                

Density  : 1.05 g/cm
3
. 

2.1.3 Benzoyl Peroxide 

Purchased from Sigma Aldrich.   

Assay  : 75 %    

Melting Point : 105
o
C. 

2.1.4 Chemicals for Nanomaterial synthesis 

a)  Zinc acetate : Purchased from Merck Millipore, Mumbai.  

 Assay :  99.5,  

 pH  : 6.0-7.0 

b) Sodium selenite: Purchased from Sigma Aldrich, Mumbai. . 

(Purity: 95.5) 

c)  Hydrazine hydrate (80% solution in water): Purchased from Merck 

Millipore, Mumbai.            

Boiling Point :  117-119 
o
C.      

Density :  1.02g/cm
3 

d)  Cadmium nitrate tetrahydrate : Purchased from Sigma Aldrich. 

(Purity:99.9)  

2.1.5 Equipment for nano and composite preparation 

a) Muffle Furnace,  Max. operating temperature: 1200 
o
C 
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b) Ultrasonicator 

Mechanical probe ultrasonicator (Vibra cell processor VCX 750, 

operating at 750 W) Features: Energy monitor, Capacity: 10-250 ml, 

Probe tip diameter: 13mm. 

The machine consists of ultrasonic power supply which converts 

the line voltage to high frequency electrical energy. This produces 

mechanical vibrations by a piezoelectric transducer within the converter. 

These vibrations are further intensified by the probe causing pressure 

waves in the solution. Probe vibration produces millions of bubbles or 

cavities which expand and collapse creating enormous shock waves. The 

extreme high energy released during this process leads to the disruption 

of the interaction forces between the particles, leading to a proper 

dispersion of the nanomaterial in the solution.  

2.2   Characterizations  

In order to estimate the properties and morphology of nanomaterials 

and nanocomposites, characterization techniques are required.  This will 

assist us to assess the macro and microstructure and also to assess and 

improve the quality of the composite.   

2.2.1 Transmission electron microscopy (TEM) 

Nanomaterials used for the study were analysed using a Hitachi 

H7500 instrument. In a transmission electron microscope (TEM), a beam 

of focused high energy electrons is transmitted through a thin sample to 

reveal information about its morphology, crystallography, particle size 

distribution, and its elemental composition. It is capable of providing 



Chapter 2 

60 

atomic-resolution lattice images, as well as giving chemical information 

at a spatial resolution of 1 nm or better. The unique physical and chemical 

properties of nanomaterials depend not only on their composition, but also 

on their structures. TEM provides a means for characterizing and 

understanding such structures. TEM is unique as it can be used to focus on 

a single nanoparticle in a sample, and directly identify and quantify its 

physical structure. Perhaps the most important application of TEM is the 

atomic resolution real-space imaging of nanoparticles.  

2.2.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is perhaps the most routinely 

utilized instrument for the characterization of nano materials. With SEM it 

is possible to obtain secondary electron images of organic and inorganic 

materials with nanoscale resolution, allowing topographical and 

morphological studies to be carried out, by scanning an electron probe 

across the surface and monitoring the secondary electrons emitted. 

Compositional analysis of a material may also be obtained by 

monitoring the X-rays produced by the electron-specimen interaction. 

For the scanning electron microscopy (SEM) measurements a JEOL 

JSM-6390LV microscope was used. The samples were gold sputtered 

with10nm gold and the observation was made at 15-20 kV.  

2.2.3 Fourier Transform Infrared (FT-IR) Analysis  

Fourier transform IR spectroscopy is a simple scientific technique 

to resolve a complex wave into its frequency components.  The conventional 

IR spectrometers yield poor results for the far IR region, as the sources 

are weak and detectors are insensitive.  FT-IR has made this energy-
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limited region more accessible.  It has also made the mid–infrared   

(4000-400 cm-1) more useful [1].  Conventional spectroscopy, called the 

frequency domain spectroscopy, records the radiant power as a function of 

frequency.  In the time domain spectroscopy, the change in radiant power 

is recorded as a function of time.  In the Fourier transform spectrometer, 

a time domain plot is converted into a frequency domain spectrum [2]. 

The FT-IR spectra were recorded in the range of 4000 - 400 cm-1 using 

the instrument Thermo-Nicolet Avatar 370. Shimadzu IRAffinity 1S was 

also used for the study. 

2.2.4 Raman spectroscopy 

In the present study, a mobile Raman microspectrometer (HE 785, 

JY Horiba) was used. The excitation source is a cw diode laser, emitting 

at 786 nm (maximum power on the sample, 50 mW), fibre-optically 

coupled to an optical head that enables focusing of the beam by means of 

a number of objective lenses (×10 ×20 ×50) which provide variable 

focusing of the beam [3] (and thus magnification of the work area) down 

to a few microns on the sample surface. A white light illumination 

system and a high-resolution color camera (video microscope) are also 

part of the optical head and offer a very clear view of the area under 

investigation, necessary for positioning the beam on nanocomposites. The 

scattered Raman radiation is collected through the focussing objective and 

sent through an optical fiber to a compact spectrograph, equipped with a 

concave grating, which provides spectral coverage up to 3,200 cm -1 at a 

spectral resolution of about 10–15 cm-1. Spectra are recorded on a high-

sensitivity, Peltier-cooled CCD detector (1,024×256 pixels, Synapse, JY 
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Horiba). In a typical measurement, the entire fragment is placed under 

the microscope objective and with the help of an XYZ micro-positioner 

and the video microscope the spot to be analysed is selected. The beam 

power on the sample depends on the material investigated, in the range 

of 0.05–5.5 mW. Typical exposure time of the CCD was 20s per scan, 

while normally 10 to 20 scans were averaged. 

2.2.5 UV-Vis-NIR Spectroscopy  

UV-Vis-NIR spectroscopy might be defined as the measurement of 

the absorption or emission of radiation associated with changes in the 

spatial distribution of electrons in atoms and molecules. In practice, the 

electrons involved are usually the outer valence or bonding electrons, which 

can be excited by absorption of UV or visible or near IR radiation. 

Excitation of a bound electron from the highest occupied molecular orbital 

increases the spatial extent of the electron distribution, making the total 

electron density larger and more diffuse, and often more polarizable. A 

vibrational excited state of the molecule contains rotational excitation and 

electronic excited state of a molecule also contains vibrational excitation [4].  

Varian Cary 5E / Varian Cary 5000 UV-Vis-NIR Spectrophotometer were 

used for the measurements. 

2.2.6 Laser induced fluorescence (LIF) 

The fluorescence of the samples can be conveniently monitored by 

laser-induced fluorescence (LIF). The irradiation is performed with a 

nanosecond excimer laser (Lambda Physik EMG 201 MSC) operating at 

248nm in ambient atmosphere (Flaser ~ 5 mJ cm−2). The laser beam is 
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focused perpendicularly onto the sample at a 1.5mm2 surface. The induced 

emission is collected by an optical fiber oriented almost perpendicularly to 

the sample, 2cm away from its surface, and is spectrally  analyzed in a 

0.20m grating spectrograph. The spectrum is recorded on an ICCD – 

Andor camera, interfaced to a PC. Cut-off filters are used to block any 

probe beam scattered light. 

2.2.7 Thermal analysis 

Thermoanalytical methods involve the measurement of various 

properties of materials subjected to dynamically changing environments 

under predetermined conditions of heating rate, temperature range and 

gaseous atmosphere or vacuum. In many cases, the use of a single 

thermo analytical technique may not provide sufficient information to 

solve the problem on hand and hence, the use of other thermal techniques, 

either independently or simultaneously for complementary information 

becomes necessary. 

Thermoanalytical analysis incorporates three closely related 

techniques. 

i) Thermogravimetric (TGA) [5] analysis is a technique in 

which the mass of a substance is measured as function of 

temperature or time, while the substance is subjected to a 

controlled temperature program. 

ii) Differential thermal analysis (DTA), which involves comparing 

the precise temperature difference between a sample and an inert 

reference material, while heating both. 
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iii) Differential scanning calorimetry (DSC), similar to DTA 

except that electrical energy is used to restore the cooler of the 

two materials to the same temperature as the other. This allows 

direct measurement of energy changes. 

2.2.8 Photopyroelectric (PPE) Studies 

In this section, the experimental set up for the photopyroelectric 

technique is described. The applications of this technique for the 

determination of thermal diffusivity (α), thermal effusivity (e), thermal 

conductivity (k) and heat capacity (Cp) are outlined in detail. 

Since the strength of the PPE signal is found to be proportional to 

the intensity of radiation, optical source should have a high spectral 

radiance. The optical heating source employed in the present work is     

120 mW He-Cd laser of wavelength λ=442 nm. 

For the generation of PPE signal, modulation of the incident light 

beam is essential, most commonly, amplitude modulation. The depth of 

modulation using a mechanical chopper is nearly 100%. In the present 

experiment a mechanical chopper (Model No.SR 540) is used for the 

intensity modulation of the laser beam. 

A 28 μm thick PVDF film with pyroelectric coefficient                   

P = 0.25x10-8 V/cm-K at room temperature has been used as the 

pyroelectric detector in our measurements. The room temperature values 

of pyroelectric detector resistance and capacitance are 50 GΩ and 750 pF 

respectively. 
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The present study employs a dual phase lock-in amplifier (Stanford 

Research System, Model SR 830) for measurements. The block diagram of 

the PPE set up is shown in Figure 2.1.  

 
Fig. 2.1: Block diagram of the PPE setup 

2.2.9 Dielectric studies 

One of the useful characterizations of electrical response of solids 

is the dielectric measurement. A study of the dielectric properties of 

solids gives information about the electric field distribution within the 

solid.  The frequency dependence of these properties provides information 

about the material’s applications.  The range of measurement depends on 

the properties and the materials of interest.   

a)  Dielectric constant  

From the study of dielectric constant as a function of frequency and 

temperature, the different polarization mechanisms in solids can be 

understood. 
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The relative permittivity or the relative dielectric constant εr may 

be defined as: 

i) The ratio of the electric field density produced in the medium 

to that produced in vacuum by the same electric field strength. 

ii) The ratio of the capacitances of a condenser containing a given 

dielectric to the same condenser with vacuum as the dielectric. 

Therefore the relative dielectric constant εr is 

 
0ε
εε =r  .......................................... (2.1) 

we know that            
A

Cd
=ε   ......................................... (2.2)                                   

 
A

Cd
r

0ε
ε =  ....................................... (2.3)  

where A is the area of the sample and d is the thickness of the sample.  

The relative permittivity (εr) is usually known as permittivity.  It is 

always greater than unity. Suppose a parallel plate condenser has a 

capacitance of Co in air, then its capacitance when the space between the 

plates is filled by a medium of permittivity εr is given by   0CC rε= ,  εr can 

be found out from the measurement of the capacitance. 

b)  Dielectric loss 

The dielectric loss is a measure of the energy absorbed by a 

dielectric.  It is known that in a capacitor, the dielectric usually has a 

resistance R and impedance Z which are related to the phase angle. 
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Assuming R to be very large 

RCω
δ 1tan = ................................................. (2.4) 

tan δ is referred to as the dielectric loss.  The dielectric loss depends very 

much on temperature and frequency. The instrument used for the 

dielectric measurement was HIOKI 3532-50 LCR Impedance analyzer. 

2.2.10 Tensile strength and elongation (ASTM D 882) 

The test method covers tensile properties of plastic films and 

sheeting with less than 1mm thickness. Test specimen shall consist of 

strips of uniform width and thickness at least 50 mm longer than the grip 

separation. The nominal width of the specimen shall be not less than       

5 mm or greater than 25.4 mm. [6] 

Tensile strength is calculated by dividing the maximum load by the 

original minimum cross sectional area of the specimen. Percent elongation 

at break is calculated by dividing the extension at the moment of rapture 

of the specimen by the initial gauge length of the specimen and multiplying 

by 100. 

The machine used for tensile studies is Instron 3366. The machine 

has got one fixed and one moving member carrying grips holding the 

test specimen. The drive mechanism provides uniform speed for 

separation of the moving grip from the stationary one. If the percentage 

of elongation is more than 100, the rate of grip separation is kept at   

500 mm/min. 
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2.2.11 Peel resistance (ASTM D 1876) 

The peel resistance test is intended to determine the relative peel 

resistance of adhesive bond between flexible adherends by means of a 

T-type specimen. Peel strength is defined as the average load per unit 

width of the bondline required to separate progressively a flexible 

member from a rigid member or another flexible member. 

Laminated test panels consist of two flexible adherents properly 

bonded together. The panel dimension with 152 mm width and 305 mm 

length, bonded to 229 mm length was used for making the test samples [7]. 

Samples with 25 mm width was cut from the panel and the unbonded 

end (2 X 76mm) was used for clamping with the testing machine. Load 

was applied at a constant head speed of 254mm (10 in) per minute. The 

autographic recoded load versus head movement was used to find the 

peel resistance. The peeling curve after the initial peak upto 127mm was 

obtained and the average peeling load in pounds per inch of the 

specimen width was reported. 
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3.5 Conclusion 

 

 

3.1  Introduction 

Composites have attracted the attention of material scientists as it 

combines the advantages of different materials. In recent years, material 

scientists are looking for nano-composites based on polymer matrix due 

to several added advantages. The advantages include balanced physical 

and mechanical properties, ease of processability and low production 

cost [1]. Much work has already been carried out to improve the optical 

and electrical properties of polymers through suitable doping [2, 3]. 

Polymer based dielectric materials can be used to fabricate flexible and light 

weight electrical devices. It is now known that nano-particles like Al2O3, 

TiO2, SiO2 etc heterogeneously distributed within the polymer matrix 

can enhance dielectric properties [4]. Murugaraj and co-workers [5]    

have fabricated polymer – alumina nano-composites with improved 

dielectric characteristics. Carbon nanotubes (CNTs), carbon black, carbon 

Co
nt

en
ts
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nanofibres (CNF) as well as single and multi walled carbon nano tubes 

(SWNTs & MWNTs) have been incorporated in polymer matrix to be 

used as antistatic coatings [6]. 

In recent years, colloidal and semiconducting nano particles have 

attracted a great deal of attention for both researchers and industrialists. 

Different types of Group II-VI nanoparticles including ZnSe, CdS, CdSe 

and CdTe are found to be used extensively for light-emitting diode [7], solar 

cell [8], biomedical tag [9] and laser [10] applications. Nanocrystals (NCs) 

of semi conducting materials are used in optoelectronic devices like 

lasers and transistors [11,12]. The ZnO used in this study is one such 

type of nanopowder having excellent ultraviolet property and visible 

photoluminescence [13], and it is a semiconductor having large exciton 

binding energy (~60 meV). It has got diverse applications in photovoltaic 

cells, variable resistors, as fully transparent thin film transistors and in short 

wavelength light emitting diodes. 

A wide variety of polymers are used in the synthesis of 

nanocomposites. They form a continuous phase termed as the matrix of the 

composite. Polymer matrix composites (PMC) with ceramics and metals as 

fillers have been developed to improve electrical properties like dielectric 

permittivity [14,15]. Poly methylmethacrylate [16,17], epoxy [18], 

poly(vinyl alcohol) [19], polyaniline [20,21] etc are extensively used as the 

matrix for composites.  

Poly(ethylene-co-vinyl acetate), EVA, was used as the base polymer 

in this work as they are compatible even with inert fillers. EVA is noted 

for its rubbery nature along with gloss, permeability and good impact 
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strength. EVA-TiO2 nanocomposites were investigated for the effect of 

TiO2 particle size on the co-efficient of thermal expansion [22]. Ethylene 

vinyl acetate is particularly used in electrical industry as cable insulating 

material due to good stress cracking resistance.  

The II-VI group semiconducting materials show significant properties 

from the optoelectronic point of view [23]. In the bulk form and in the 

quantum dot form, these materials exhibit high density and quantum 

confinement. This chapter deals with the effect of ZnO nanopowder on the 

electrical, optical and mechanical properties of EVA polymer matrix.  

3.2  Synthesis of ZnO Nanoparticles 

A solution of 0.2M-[CH3COO)2 Zn.2H2O], Zinc acetate (dihydrate), 

was prepared by dissolving 4.39 gm of zinc acetate in 100 ml of methanol 

(in a beaker) and the mixture was kept stirred for 15 minutes. Another 

mixture of 0.5M- NaOH and methanol was prepared by dissolving 0.5 gm 

of NaOH in 25 ml of methanol and was kept stirring for 15 minutes. 

Then the NaOH- methanol mixture was added to the basic solution and 

the reaction mixture was stirred for 30 minutes. The prepared solution 

was kept in an autoclave for drying at 180˚C for  5 hours to obtain nano-

sized ZnO particles. After drying, white ZnO nanoparticles were 

obtained. The size of the nano powder determined using TEM was found 

to be around 20 nm (Fig.3.1). 

3.3  Preparation of EVA / ZnO Nanocomposite 

Ethylene vinyl acetate- ZnO nanocomposites were prepared for 

different weight percentages (1%, 2%, and 4%) of ZnO by direct probe 
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sonicator method. Initially pure EVA film was made in a glass mould by 

solution casting method using toluene. Then 1% by weight of ZnO 

nanoparticles was added to EVA- toluene mixture taken in a beaker and 

was subjected to direct probe sonication. Finally the polymer was dried in a 

glass mould for 3-4 hours at 50˚C and thus polymer nanocomposite with 

1% ZnO was formed. Similarly, nanocomposites for remaining weight 

percentages,   (2% and 4%) of ZnO were prepared. 

3.4  Results and Discussions 
3.4.1 Transmission Electron Microscopy (TEM) 

In Transmission Electron Microscope imaging, Hitachi H7500 

TEM was used to analyse the ZnO nanoparticle. A thin specimen is 

irradiated with an electron beam of uniform current density, the electron 

energy is in the range of 60 -150 keV (usually, 100 keV). TEM micrograph 

shown in Fig 3.1, confirmed that the synthesized ZnO particles are solid 

in nature and the particle size is about 20nm.  

 
Fig. 3.1: TEM Micrograph of ZnO nanoparticles 
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3.4.2 Scanning Electron Microscopy (SEM) 

SEM micrographs have a very large depth of field yielding a 

characteristic three dimensional appearance useful for understanding the 

surface structure of the sample. A JEOL JSM-6390 LV microscope was 

used to identify the relative differences in surface characteristics of EVA 

and its nanocomposites. The ZnO particle distribution and its influence on 

the EVA copolymer morphology were also investigated.  Micrographs at  

1µm and 10 µm (Fig: 3.2b and 3.2c) showed the developed shape of the 

EVA particles and the filler distribution in EVA. A homogeneous 

dispersion of ZnO in the EVA matrix was observed in Fig 3.2a. The nano 

ZnO dispersion in the EVA surface was evident with higher magnification 

at 100nm (Fig. 3.2d). 
 

 
Fig. 3.2a - 3.2d:  SEM Micrographs of EVA / ZnO nanocomposites under 

different magnifications 
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3.4.3 Optical Absorption Studies 

The instrument used in ultraviolet-visible-NIR spectroscopy is 

VARIAN CARY 5000 spectrophotometer, recorded in the region of 200 

to 2000 nm. The simplest type of absorption spectrometer is based on 

single-beam operation in which a sample is examined to determine the 

amount of light absorbed at a given wavelength. The results are then 

compared with a reference obtained in a separate measurement. The 

optical absorption spectra of the nanocomposites are shown in Fig. 3.3. 

The spectra show large transparency window between 500 nm and 

1600 nm. But there is absorption at 1200 and 1450 nm. It is observed 

that the intensity of the absorption peak is increased with increase in the 

filler concentration. The band gap of the prepared nanocomposites has 

been determined using the Tauc-relation.  

αhν = A (h ν – Eg )n/2 ................................ (3.1) 

where hν is the photon energy, α is the absorption co-efficient, Eg is the 

band gap, A is a constant and n=1 for the direct band gap. For allowed 

direct transition, a graph between (αhν)2 and  hν is plotted and 

extrapolation of the straight line to (αhν)2 = 0 axis gives the value of the 

band gap. The tauc plot of the EVA / ZnO nanocompsites is shown in 

Fig.3.4. The band gaps of 1%, 2% and 4% EVA / ZnO PNC’s are found 

to be 4.56eV, 4.18eV and 3.97eV respectively, which decrease with 

increase in filler concentrations. This may be due to the formation of 

another discrete quantum level in the microscopic scale which reduces 

the pure intrinsic band gap of the virgin material. 
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Fig. 3.3: UV-Vis- NIR spectra of EVA / ZnO nanocomposite with different 

filler concentrations 
 

 
Fig.3.4: Tauc plot of EVA / ZnO nanocomposite with different filler 

concentrations 
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3.4.4 Laser induced fluorescence (LIF) 

The fluorescence of the samples was conveniently monitored by 

laser-induced fluorescence (LIF). The irradiation was performed with a 

nanosecond excimer laser (Lambda Physik EMG 201 MSC) operating at 

248 nm in ambient atmosphere (Flaser ~ 5 mJ cm-2). The laser beam was 

focused perpendicularly onto the sample on a 1.5 mm2 surface. The 

induced emission was collected by an optical fiber oriented almost 

perpendicularly to the sample, at 2 cm away from its surface, and was 

spectrally analyzed in a 0.20 m grating spectrograph. The spectrum was 

recorded on an ICCD – Andor camera, interfaced to a PC. Cut-off filters 

were used to block any probe beam scattered light. Fig.3.5. shows the 

LIF spectra of the nanocomposites.  

 
Fig.3.5: LIF spectra of pure EVA and EVA / ZnO nanocomposites 
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From the figure one can easily find that the fluorescence intensity 

decreases with increase in filler concentration. This may be due to the 

fact that the filled ZnO  atoms tend to destabilize the molecular bonding 

structure of the EVA matrix, especially -C-O-C,-C=O ,by weakening the 

orbital σ, the π bonding electron density. As the concentration of the 

filler increases this destabilization also increases thereby decreasing the 

intensity.  

3.4.5 FT-IR Spectroscopic Analysis 

The analysis of Fourier transform infrared (FT-IR) spectra of the 

samples has been carried out using a Thermo Nicolet Make Avatar      

370 FTIR Spectrometer in the wave number range 400 – 4000 cm-1. 

DTGS detector was used for signal detection. Fig. 3.6 shows the FT-IR 

spectra of pristine EVA and EVA / ZnO composites. The C=O stretching 

and C-C-O stretching of vinyl acetate, at 1738 cm-1, and 1241 cm-1 are 

quite clear. C-H stretch of EVA was observed in the peak at 2920 cm-1 

and 2850 cm-1.  Other characteristic peaks of vinyl acetate are at 1021 cm-1 

and 608 cm-1. CH2 bending mode peaks occur at 1465 cm-1. C-CH3 

bending absorption peak is obtained at 1375 cm-1. This characteristic 

transmittances were observed for pure EVA and its nanocomposites. The 

presence of ZnO caused slight change in the characteristic peak of EVA. 

The presence of ZnO in the EVA matrix produced peaks at 434 cm-1,  

664 cm-1, 3431 cm-1 for the nanocomposites. 
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Fig. 3.6: FT-IR Spectra of pure EVA, and its ZnO nanocomposites. 

3.4.6 Dielectric Studies 

Dielectric studies are carried out using HIOKI 3532-50 LCR 

HITESTER. The LCR HITESTER can be connected to a computer via  

RS-232 interface (frequency range: 50Hz to 5MHz). The EVA / ZnO  

polymer nanocomposite of area  9.5 x 10-5 mm2 having silver coating on the 

opposite faces was introduced between two copper electrodes. The   

dielectric  constant  of the sample is calculated  using  the relation   

Ɛr=Cd / Ɛ0A;  where  the nanocomposite acts as a dielectric with  Ɛ0  the  

absolute permittivity, C is the capacitance,  d is the thickness and A is the 

area (mm2) of the  EVA / ZnO composite. Fig.3.7 shows the variation of 

dielectric constant of EVA / ZnO with different filler concentrations.  

From the figure, one can easily examine the behaviour of dielectric 
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constant of nanocomposites with frequency from 100 Hz to 5MHz.   It is 

observed that dielectric constant has larger values at lower frequencies and 

then decreases with increase in frequency for all films. However, there is an 

increase in the dielectric constant of the nanocomposites as the percentages 

of the filler concentration increase. The values of dielectric constant at         

1 kHz for 1%, 2% and 4% ZnO are around 3.62, 4.1 and 4.7 respectively. 

The dielectric constant remains almost constant for all samples in the 

higher frequencies. At low frequencies, all the four polarizations are active. 

The space charge contribution depends on the purity and perfection of the 

material and its influence is noticeable in the low frequency region. The 

orientational effect can sometimes be seen in some materials even up to 

1010 Hz. Ionic and electronic polarizations always exist below 1013 Hz. 

Hence, the larger values of dielectric constant and dielectric loss exhibited 

by nanocomposite at low frequencies may be attributed to space charge 

polarization due to impurities and defects present in the nanocomposites. 

Fig.3.8 shows the variation of dielectric loss of nanocomposites as a 

function of frequency. In the lower frequency region, dielectric loss shows 

larger values due to the loss associated with ionic mobility. The trend in the 

variations of both dielectric constant and dielectric loss as a function of 

frequency is the same. Temperature has a striking effect on the dielectric 

properties. Interestingly, the variations of both dielectric constant and 

dielectric loss as a function of frequency are the same for all temperatures. 

It is observed that the dielectric constant and dielectric loss slightly decrease 

with the temperature which may be due to the reduction in charge carriers. 

The variation of dielectric constant and loss with temperatures for 1 kHz 

and 2 kHz frequency are shown in Fig.3.9-3.12. 
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Fig. 3.7:  Variation of dielectric constant of EVA / ZnO with different filler 

concentrations as a function of frequency 

 

 
Fig. 3.8:  The dielectric loss variation of EVA / ZnO with different filler 

concentrations as a function of frequency 
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Fig. 3.9:  Variation of dielectric constant of EVA / ZnO with different 

temperature at 1 kHz frequency 

 
Fig.3.10: Variation of dielectric loss of EVA / ZnO with different 

temperatures at 1 kHz frequency  
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Fig.3.11: Variation of dielectric constant of EVA / ZnO with different 

temperatures at 2 kHz frequency 
 

 
 

Fig. 3.12: Variation of dielectric loss of EVA / ZnO with different temperature 
at 2 kHz frequency 
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3.4.7 TG - DTA Analysis 

The TGA and DTA analysis of polymer nanocomposites was 

carried out between 28°C and 750 °C at a heating rate of 20 K/min using 

the instrument NETSZCH STA 409C. The TGA - DTA curves are shown in 

Fig.3.13a - 3.13d, which confirm the decomposition of the nanocomposites 

in two steps. 28.9 % and 28.5 % of weight is lost for pure EVA and EVA / 

1% ZnO respectively in the first stage while that is 14% and 13 % 

respectively for 2 % and 4% of filler concentrations. It is also observed that 

the thermal stability of the polymer nanocomposites increases by increase in 

filler concentrations and the onset decomposition temperature of the pure 

EVA, 1%, 2% and 4% EVA / ZnO are around 290oC, 295oC, 318oC and 

337oC respectively. There isn’t much difference in the thermogram of 

pure and 1% doped EVA / ZnO.  

The increment in the thermal stability may be due to the increase 

in resistance of the nanocomposites by increase in interfacial area. The 

significant improvement in the resistance to thermal decomposition of 

the nanocomposites can be due to the increase in the interfacial 

interaction between the ZnO nanofiller and the polymer which can 

increase the activation energy of decomposition and lead to the 

enhancement of the thermal stability of the composites [24]. The 

homogeneous distribution and dispersion of the nanofiller might have 

hindered the diffusion of oxygen and volatile decomposition products, 

compared to pure polymer [25]. 
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Fig.3.13a: TG-DTA Curve of pure EVA 
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Fig.3.13b: TG-DTA curve of EVA / 1% ZnO nanocomposite 
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Fig.3.13c: TG-DTA curve of EVA / 2%ZnO nanocomposite 
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Fig.3.13d: TG-DTA curve of EVA / 4%ZnO nanocomposite 
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3.4.8 Photopyroelectric (PPE) studies 

The thermal parameters such as thermal diffusivity (α), thermal 

effusivity (e), thermal conductivity (k) and specific heat capacity (Cp) 

were determined by the technique developed Preethy C Menon et al. [26]. 

During the measurement, the sample, the pyroelectric detector and the 

backing should be thermally thick. The sample was illuminated by an 

intensity-modulated beam of light, which gives rise to periodic temperature 

variations by optical absorption. The thermal waves so generated propagate 

through the sample and were detected by the pyroelectric detector. A     

He-Cd laser of (wavelength λ=442 nm KIMMON) output power 120 mW 

was used as the optical heating source. A polyvinylidene fluoride (PVDF) 

film of thickness 28 μm was used as the pyroelectric detector. The sample 

was attached to the pyroelectric detector by means of a thermally thin 

layer of a compound whose contribution to the signal was negligible. The 

signal output was measured using a lock-in amplifier (SR830). The 

frequency of modulation of the light was kept above 40 Hz to ensure that 

the detector, the sample and the backing medium were thermally thick 

during measurements.  

Thermal parameters such as thermal effusivity (e) and thermal 

diffusivity (α), the thermal conductivity (k) and specific heat capacity 

are tabulated in the Table 3.1. From the table, it is clear that the thermal 

conductivity increases with increase in filler concentration. This may be 

due to the Brownian motion of nanoparticle [27,28]. The Brownian 

motion effect of nanoparticles  is more prominent at low mass fraction of 

nanoparticles [29]. 
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Table 3.1:  Thermal parameters of EVA / ZnO nanocomposites 

Sample Code 
Thermal 
effusivity, 

e (Ws½/m²K)

Thermal diffusivity,
α 

(×10ˉ6m²/s) 

Thermal 
conductivity, 

k (W/mK) 

Sp. heat 
capacity, 

Cp (J/kgK) 

EVA 446 ± 32 0.2334 ± 0.15 0.1425 ± 0.12 1530 ± 31 

EVA / 2% ZnO 1937 ± 18 0.24154 ± 0.14 0.263 ± 0.010 1431 ± 33 

EVA / 4% ZnO 2758 ± 35 0.85113 ± 0.18 0.298 ± 0.015 1300 ± 28 
 

3.4.9 Mechanical Properties 

The tensile strength and elongation at break measurement of the 

pure EVA and EVA nanocomposites samples was performed using an 

Instron 3366 testing machine according to ASTM D882. Each sample 

had a width of 6.4 mm. The average thickness of the samples was about 

0.16 mm. The tensile test was conducted using a cross head speed of   

500 mm/min. The stress- strain graph and elongation at various stages of 

the test were recorded and tensile strength and elongation at break values 

are shown in Fig.3.14. Ethylene vinyl acetate (EVA) films show good 

tensile strength (30 MPa) and stretches 430% more than its original 

dimension before break. Thin films of EVA- ZnO nanocomposites have got 

comparable tensile and deforming properties to that of the pristine 

polymer. The tensile strength improves to 33MPa on addition of 1% of 

ZnO nanoparticles. The nano sized particles might be having a 

reinforcing effect to tie up the EVA molecules, leading to greater 

resistance to tensile deformations. Further increase in ZnO reduces the 

tensile strength and the strain deformations. The chain flexibility of the 

macromolecules is found reduced with the incorporation of ZnO 

nanoparticles, leading to reduction of elongation. 
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Fig.3.14: Tensile strength and elongation at break of EVA / ZnO 

nanocomposites 

Peel resistance of the nanocomposites was tested using an Instron 

tensile testing machine at a peel speed of 250 mm/min. Peel test with 

180° stripping was carried out as per ASTM D 1876. Peel test involves 

stripping away of substrate joined by the adhesive. The substrates (glass 

paper, cotton and polyester) were flexible enough to permit a 180° turn 

near the point of loading. Peel strength values were recorded in Newtons 

per millimeter (N/mm) width of the bonded specimen. Peel resistance of the 

EVA nanocomposites on various substrates is shown in Fig.3.15. The 

inclusion of the ZnO nanoparticles to the EVA matrix improves its peel 

strength on 2% of nano ZnO loading on all substrates. When ZnO was 

incorporated more, it was found that the peel adhesion properties get 
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reduced compared to the virgin EVA. The surface finish and smoothness of 

the glass paper might have attributed to its inferior adhesion compared to 

cotton and polyester fabric. Cotton fabric gives maximum peel adhesion 

(2.4 N/mm) as the EVA copolymer impregnates its porous surface. 

 

 
Fig. 3.15: Peel Strength v/s EVA / ZnO ratio 

3.5  Conclusion 

The EVA/ZnO nanocomposites of different concentrations of ZnO 

nanoparticle (1%, 2% and 4%) have been prepared successfully by 

ultrasonic probe method. The ZnO nanoparticles used in the synthesis of 

polymer nanocomposite were synthesized by solvothermal method.  The 

investigations on the electrical properties of the nanocomposites revealed 
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that conductivity increases with increase in the filler concentrations and 

resistivity increases when temperature increases. The band gap of the 

nanocomposites is found to decrease with increasing filler concentration. 

The thermal stability of the nanocomposites was also found to be 

increasing with filler concentration. Photopyroelectric technique is 

used to find the thermal parameters such as thermal diffusivity (α) and 

thermal effusivity (e), thermal conductivity (k), heat capacity (Cp) and 

except heat capacity all others are found to increase with increasing 

filler concentration. The tensile strength and peel strength of the 

nanocomposites are found to increase initially with the addition of ZnO 

nanoparticles.  

References 

[1] Ray S, Easteal A J, Cooney R P, Edmonds N R, Mater. Chem .Phys. 
2009, 113, 829. 

[2] Blom P W M, Schoo H F M, Matters M, Appl. Phys. Lett. 1998,73, 
3914. 

[3] Kiesow A, Morris J E, Radehaus C, Heilmann A,  J. Appl. Phys. 2003, 
94, 6988. 

[4] Siegel R W, Schadler-Feist L, Ma D, Hong J I, Martensson E, Onneby C, 
Publication No: WO2005036563,2005, 28. 

[5] Murugaraj P, Mainwaring D, Mora-Huertas N, J. Appl. Phys.2005, 98, 
054304. 

[6] Victoria Tishkova, Pierre-Ivan Raynal, Pascal Puech, Antoine Lonjon, 
Marion Le Fournier, Philippe Demont, Emmanuel  Flahaut, Wolfgang 
Basca, Compos. Sci. Technol. 2011, 71, 1326. 



Synthesis and characterization of poly (ethylene co-vinyl acetate) (EVA) / ZnO  nanocomposites 
 

93 

[7] Lee J., Sunder V C, Heine J R, Bawendi M G, Jensen K F,  Adv. Mater. 
2000, 12, 1102. 

[8] Shaheen S E, Brabec C J, Sariciftci N, Appl.Phys. Lett. 2001, 78, 841. 

[9] Wang H., Branton D,  Nat. Biotechnol. 2001, 19, 622. 

[10] Artemyeu M., Woggon U, Langbein W, Phys. Status Solidi 2002, 229, 
423. 

[11] Klein D, Roth R, Lim A K L, Alivisatos A P , MeEuen P L, Nature 
1997,389, 699 

[12] Klimov V I, Milkhailovsky A  A., Su Xu, Leatherdale C A, Eisler H J, 
Bawendi M G., Science 2000,  290, 314. 

[13] Konenkamp R., Word R., Schlegel C., Appl. Phys. Lett. 2004, 85, 6004. 

[14] Dang Z M, Zhou T, Yao S H , Yuan J K., Zha J W, Song H T, Adv. Mater. 
2009, 21, 2077. 

[15] Zhi-Min Dang, Jin-Kai Yuan, Jun-Wei Zha, Tao Zhou, Sheng-Tao Li, 
Guo-Hua Hu, Prog. in Mater. Sci. 2012, 57, 660. 

[16] Monti O L A, Fourkas J T, Nesbitt D J, J. Phys. Chem. B, 2004, 108, 
1604.  

[17] Sui-Ming Yuen, Chen-Chi M. Ma, Chia-Yi Chuang,Kuo-Chi Yu, Sheng-
Yen Wu, Chen-Chien Yang, Ming-Hsiung Wei, Comp. Scien. and Tech  
2008,68, 963. 

[18] Stankovich S, Dikin D A, Dommett G H B , Kohlhaas K M, Zimney E J, 
Stach E A, Piner R D, Nguyen S T, Ruoff R S, Nature 2006, 442,282. 

[19] Khanna P K, Narendra Singh, Shobhit Charan, Mulik U P, Mat. Chem. 
and Phy. 2005, 93,117. 

[20] Sambhu Bhadra, Dipak Khastgir, Nikhil K. Singha, Joong Hee Lee, 
Prog. in Poly. Sci. 2009, 34, 783. 



Chapter 3 

94 

[21] Subramanian S, Pathinettam Padiyan D, Mat. Chem. and Phys. 2008,  
107, 392. 

[22] Gonzalex-Benito J, Castillo E, Caldito J F, Europ. Poly.  Journal 2013, 
49, 1747. 

[23] Kasap S, Springer Handbook of Electronic and Photonic Materials, 
Springer, Berlin, 2007. 

[24] Marosfoi B B, Marosi A S G, Tabuani D, Camino G, Pagliari S, Jour. 
Therm. Anal. Calorim 2006, 86, 669. 

[25] Al-Ghamadi A  A, El-Tantawy F, Compos. Part A, 2010,41, 3, 1693. 

[26] Preethy Menon C and Philip S, Meas. Sci. Technol. 2000, 111,744. 

[27] Xiao B, Yang Y, Chen L, Powder Technol. 2013, 239, 409. 

[28] Wan M, Yadav R, Yadav K, Yadaw, Exp. Therm. Fluid Sci. 2012, 41, 158. 

[29] Haddad Z, Abu-Nada E, Oztop H F, Mataoui Int. J. Therm. Sci. 2012, 57, 
152. 

 

….. ….. 
 



Synthesis and characterization of poly ethylene-co-vinyl-acetate (EVA) /ZnSe nanocomposites 

95 

CChhaapptteerr  44		

SSYYNNTTHHEESSIISS  AANNDD  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  PPOOLLYY  
((EETTHHYYLLEENNEE--CCOO--VVIINNYYLL--AACCEETTAATTEE))  ((EEVVAA))  //                                    

ZZnnSSee  NNAANNOOCCOOMMPPOOSSIITTEESS  
  

4.1  Introduction 
4.2  Synthesis of ZnSe Nanoparticles 
4.3  Preparation of EVA / ZnSe Nanocomposites 
4.4  Characterization Techniques 
4.5  Results and Discussions 
4.6 Conclusion 

 
 

4.1  Introduction 

Thermoplastics and thermosetting plastics have been found useful 

for a variety application in the field of electronic and electrical technology. 

Fabrication of nanostructures in polymer matrices has attracted researchers 

due to the advantages of readily tunable bandgaps, electroactivity, 

excellent flexibility and good processability compared to conventional 

materials [1-4]. The optical and electronic properties of the polymer 

matrices can be altered by a judicious selection of nanomaterials [5,6]. 

Polymer-semiconductor nanocomposites with non linear optical properties 

are used in fibre-optic communication systems such as optical storages, 

optical limiters and for digital signal restoration [7-9].  

Co
nt

en
ts
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Poly (ethylene-co-vinyl acetate), EVA is a commercial plastic with 

good low temperature flexibility and toughness. EVA exhibits rubbery 

property of enhanced elongation along with ease of processability of 

thermoplastics. Due to its surface gloss and impact strength, EVA 

copolymers find market in film manufacturing. The presence of vinyl 

acetate molecules in the polymer chain reduces the polymer regularity 

and crystallinity. EVA-clay nanocomposites are widely used in wires, 

cables and food packaging [10]. 

The II-VI semiconducting materials show significant properties 

from the optoelectronic point of view [11]. Among polymer –inorganic 

nanocomposites, SiO2, TiO2, ZnO and clay based filler systems have been 

widely investigated [12, 13]. In the bulk form and in the quantum dot form 

these materials exhibit high density and quantum confinement. Zinc 

selenide (ZnSe) is an n-type semiconductor material with wide band gap 

(2.58-2.72 eV) [14-15]. The band gap was found to increase as the 

particle size decreases. The incorporation of semiconducting ZnSe 

nanoparticles to the amorphous EVA structure was found to alter the 

properties of polymer films. 

The present chapter mainly focuses on the preparation of 

nanocomposite films based on EVA with varying ratio of ZnSe particles 

and studies the effect of ZnSe on the optical, thermal and mechanical 

properties of EVA. 
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4.2  Synthesis of ZnSe Nanoparticles 

Materials such as zinc acetate and sodium selenite used for the 

preparation of ZnSe nanopowder are Merck GR grade of purity                   

≥ 98%. Zinc acetate of 4.388 g was dissolved in 100 ml of direct 

Millipore water and 0.519g of sodium selenite (Na2SeO3) was 

dissolved in 30 ml of hydrazine hydrate (N2H4.H2O). Both the prepared 

solutions were mixed up by vigourous stirring with external heat 

energy. Then these solutions were transferred into a Teflon lined sealed 

stainless steel autoclave and heated at 2400C for 5hrs in a muffle 

furnace. It was washed two times using Millipore water for removing 

impurities.  

4.3  Preparation of EVA / ZnSe Nanocomposites 

Ethylene vinyl acetate (EVA) copolymer used for the 

experiment was obtained from Exxon Mobil Chemicals, Singapore. 

The copolymer was first dissolved in toluene. Then synthesized ZnSe 

nanoparticles were dispersed in a sonication bath for 2 hours on the 

basis of the desired weight fraction (2% and 4%) of ZnSe nanoparticle 

at room temperature. In order to make the resultant neat nanoparticles 

filled polymer samples, it was transferred to a teflon coated glass 

mould and spread with uniform thickness. The mixture was heated           

at 400C for 18 hours in an air oven to evaporate the solvent 

completely and finally, we got a thin film of pure and EVA / ZnSe 

nanocomposite. 
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4.4  Characterization Techniques 

ZnSe nanoparticles were analyzed using Hitachi H7500 TEM and 

the nanocomposites were analysed by JEOL JSM – 6390 LV SEM. The 

Fourier transform infrared (FT-IR) spectra of the samples are taken in 

the wave number range 400- 4000cm-1 using a Thermo Nicolet Make 

Avatar 370 FTIR Spectrometer and for signal detection, DTGS detector is 

used. The refractive indices of the samples were determined using 

HIOKI 3532-50 LCR IMPEDANCE ANALYZER and program 

version 4.03E was used to record the refractive indices of the samples 

by varying the frequencies from 100 Hz to 5MHz. VARIAN CARY 5000 

spectrophotometer was used to determine the optical absorption spectrum 

of the samples and recorded in the region of 200 to 2000 nm. The TG 

and DTA analyses of EVA / ZnSe were carried out between 28 and  

1300 °C at a heating rate of 20 K/min using the instrument NETSZCH 

STA 409C. The tensile strength and elongation at break of the virgin 

EVA and EVA nanocomposites were tested by an Instron 3366 testing 

machine according to ASTM D882. Peel strength was performed using 

an Instron tensile testing machine at a peel speed of 250 mm/min. Peel 

test with 180° stripping was carried out as per ASTM D 1876. Peel test 

involves stripping away of substrate joined by the adhesive. The 

substrates (glass paper, cotton and polyester) were flexible enough to 

permit a 180° turn near the point of loading. Peel strength values were 

recorded in Newton per millimeter (N/mm) of width of the bonded 

specimen. 
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4.5  Results and Discussions 

4.5.1 Morphological Analysis 

Transmission electron microscopy (TEM) is a vital characterization 

tool for directly imaging nanomaterials to obtain quantitative measures of 

grain size, size distribution, and morphology. TEM of ZnSe nanoparticles 

are shown in Fig. 4.1. The image reveals that the shape of the particles is 

spherical and the average size of particles is about 80nm. The dark 

images show that nanoparticles are solid in nature. 

 

 
 Fig. 4.1: TEM images of ZnSe nanoparticles 

 

The relative surface characteristics of EVA and its composites 

were compared using SEM micrographs. ZnSe nanoparticles reinforced 

the host EVA matrix and the dispersion of the nanoparticles was 

confirmed by JEOL JSM-6390LV microscope. The developed shape of 

EVA and filler distribution can be observed by SEM (Fig.4.2a-d).  
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Fig.4.2a-d:  SEM Micrographs of EVA / ZnSe composites at different 

magnifications 

4.5.2 FT-IR Spectroscopy 

The FTIR spectra of the ZnSe / EVA nanocomposites are shown in 

Fig.4.3. The comparison of pristine, 2% and 4% ZnSe doped EVA has been 

done and the polymeric group identification and the effect of ZnSe in     

EVA could be established. The bands observed at 1738 cm-1, 1241 cm-1, 

1021 cm-1 and 608 cm-1 are attributed to the vinyl acetate content in EVA. 

The bands at 2921 cm-1, 2851 cm-1, 1465 cm-1, 722 cm-1 are attributed to the 

character of ethylene group. The peaks produced around 1639cm-1 and 

3430cm-1 are the characteristic absorption peaks of ZnSe. Additional peaks 

obtained in the nanocomposites at 1427 cm-1 and 2327cm-1 might be due to 

the presence of absorbed species on the surface of ZnSe nanoparticles. 



Synthesis and characterization of poly ethylene-co-vinyl-acetate (EVA) /ZnSe nanocomposites 

101 

 
Fig. 4.3: FT-IR Spectra of pure EVA and EVA / ZnSe anocomposites 
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4.5.3 Refractive Index Study 

The refractive index of EVA / ZnSe has been determined from the 

measurement of  dielectric  constant with the help of LCR Impedance 

analyzer  using  Maxwell's rule [16,17], 

n = √ (Ɛr µr)............................................ (4.1) 

where Ɛr is the relative permitivity and µr is the relative permeability. µr 

is 1 for non-magnetic materials. The dielectric constant of the sample is 

calculated using the relation Ɛr=Cd / Ɛ0A; where the nanocomposite acts 

as a dielectric with  Ɛ0 , absolute permittivity , C is the capacitance,  d is 

the thickness and A is the area (mm2) of   the  ZnSe / EVA composite. 

 In this study, we investigated the variation of refractive index by 

varying frequency from 100Hz to 1MHz. The results of the variation of 

refractive index as a function of frequency for samples of different ZnSe 

nanoparticle concentration dispersed in EVA matrix are shown in 

Fig.4.4. It is observed that the index value of pure EVA is increased with 

increasing filler concentrations. This may be due to the absorption of 

energy by the increased concentration charge carriers, which reduces the 

frequency of the incident wave.  However, pure and nanocomposite 

samples found almost constant refractive index in the region from 

300 Hz to 1 MHz.  Commonly, the micro-structured coating of EVA and 

EVA / ZnSe nanocomposites allow a rough approximation for uniform 

index value in entire varied frequency region except for very low 

frequencies. It is seen that the value of index could go up to 5.7 below 

500Hz. Fig 4.5 shows variation of refractive index with frequency at 
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different temperatures. We examined the results using EVA / 4% ZnSe  

nanocomposite and found that there was a slight decrement in these 

values on increasing temperature. The calculations are carried out from 

room temperature to 353K and the sample possessed reproducibility. 

In short, the average index profiles of samples could be tuned from 

1.52 to 2.28 by homogeneous dispersion of ZnSe nanoparticle in 

threshold concentration. The index difference of about 0.8 could be 

achieved easily from the pristine matrix.  By the inclusion of composites 

with different refractive indices, multi-layer anti-reflective coating and 

photovoltaic modules can be effectively modelled. 

 

 
Fig. 4.4:  Variation of refractive index with frequency of EVA and its ZnSe 

nanocomposites at room temperature 
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Fig. 4.5:  Variation of refractive index with frequency of EVA /  4% ZnSe at  

different temperatures 
 

4.5.4 Optical Absorption Studies 

The UV-Vis-NIR spectra of the EVA / ZnSe nanocomposites are 

recorded in the region 200 to 2000 nm as shown in Fig 4.6. The 

bandgap of the prepared nanocomposites has been determined using the 

Tauc-relation [18].  

αhν = A (h ν – Eg )n/2 ................................ (4.2) 

where hν is the photon energy, α is the absorption co-efficient,  Eg is the 

band gap, A is a constant and n=1 for the direct band gap [19]. For 

allowed direct transition, a graph between (αhν)2 and  hν is plotted, 

extrapolation of the straight line to (αhν)2 = 0 axis gives the value of the 
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band gap. The estimated band gap of pure EVA and 2% and 4% ZnSe 

nanoparticles dispersed in EVA host matrix is found to be around   

4.74 eV, 4.44 eV and 4.08 eV respectively. The band gap of the prepared 

composites showed a marked decrement when the percentage of 

nanoparticles is increased. This may be due to the enhancement of charge 

carriers in the valence band by the addition of ZnSe nanoparticles. 

 
Fig. 4.6: UV-Vis-NIR Spectra of EVA and EVA / ZnSe nanocomposites 

 

The exponential character of the absorption coefficient of the 

nanocomposites near the fundamental absorption edge is expressed by 

the Urbach rule, α =α0 exp [hν/Eu], where α is the absorption coefficient, 

α0 depends on the material, hν is the incident photon energy, and Eu is 

the Urbach energy. Fig. 4.7 shows the Tauc and Urbach plot of the 

nanocomposites. The linear region in the Urbach plot is the direct 

manifestation of the structural disorder in the EVA matrix caused by the 

addition of ZnSe nanofillers. The enhancement in Urbach energy 
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confirms the microscopic uniformity of the dispersity in the ZnSe 

nanoparticles in EVA. The band gap of the nanocomposites decreased 

whereas Urbach energy increased by increasing the filler concentration. 

It may be due to the modification of the electronic structure of EVA 

matrix by the ZnSe nanoparticles which led to the formation of various 

polaronic and defect levels. The internal potential fluctuations caused by 

structural disorder due to the presence of nano fillers may be the reason 

for the increase in Urbach energy. 

 
Fig. 4.7: Urbach and Tauc plot of the EVA / ZnSe composites 
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4.5.5 Dielectric Measurements 

The study of dielectric behaviour of different samples of  EVA / 

ZnSe nanocomposite was carried out using HIOKI 3532-50 LCR 

HITESTER. Fig. 4.8 shows dielectric constant of EVA / ZnSe composites 

as a function of frequency. It can be seen from the graph that dielectric 

constant of pristine EVA and EVA nanocomposites increases with 

decreasing frequency. At lower frequencies all the free dipolar functional 

groups in the nanocomposites orient themselves in the direction of 

applied field, which causes a large value of dielectric constant. As the 

frequency increases these dipolar groups find it hard to align at the same 

pace of alternating field, so that the dielectric constant has small values 

at higher frequencies. Usually nanocomposites have high dielectric 

constant at low frequencies and large electrical conductivity when 

semiconducting fillers are dispersed with low percolation threshold.  

There is a sharp decrement in the dielectric constant between 100 Hz and 

1000 Hz. Beyond that frequency dielectric constant is almost constant. 

But the dielectric constant is found to increase with increasing filler 

concentration.  The values of dielectric constant at 1 kHz are 3.4, 3.7 and 

4.5 respectively for pristine, 2% ZnSe and 4% ZnSe filled EVA 

nanocomposites. Fig. 4.9 shows dielectric loss of EVA / ZnSe composites as 

a function of frequency. The loss factor of nanocomposites decreased when 

the frequency and concentration of filler in polymer matrix increased. It 

may be due to the reduction in the moving dipoles in the nanocomposite 

as compared to pristine EVA which confirmed strong interaction 

between EVA and nano fillers.  
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Fig. 4.8: Dielectric constant of EVA/ZnSe composites as a function of frequency 
 

 
Fig. 4.9: Dielectric loss of EVA/ZnSe composites as a function of frequency 

at room temperature 
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Fig. 4.10: The AC conductivity of EVA/ZnSe composites as a function of 

frequency at room temperature 
 

Fig. 4.10 shows AC conductivity of the nanocomposites.  From the 

figure, it is clear that the conductivity has almost constant value between 

100 Hz to 100 kHz and further  increase of frequency results in a sharp 

increase of the conductivity. The AC conductivity was also found to 

increase with increasing concentration of ZnSe nanoparticles. 

4.5.6 Thermal Analysis 

EVA undergoes both physical and chemical changes while heating so 

that a clear distinctive thermal analysis is needed. The thermogravimetric 

(TG) and Differential thermal analysis (DTA) on pure and EVA / ZnSe 

composites were carried out from room temperature to 5000C. The       

TG-DTA traces of pure and doped samples are shown in Fig 4.11a – 4.11c.   
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Fig.4.11a: TG-DTA Curve of EVA co-polymer 
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Fig. 4.11b: TG-DTA Curve of EVA / 2%ZnSe nanocomposite 
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Fig. 4.11c: TG-DTA Curve of  EVA / 4%ZnSe nanocomposite 

They show almost the same behaviour for the three samples with 

two steps decomposition between 2900C to 5000C. It is clear that pure 

EVA is thermally stable upto 298oC whereas 2% ZnSe and 4% ZnSe 

doped EVA are stable upto 309oC and 315oC respectively. Thus the 

thermal stability of the EVA nanocomposite increases along with the 

increase of filler concentration. 28.5% of weight is lost in the first stage 

decomposition of pure EVA, but it is found that the weight loss in the 

first stage decomposition decreases as filler concentration increases and 

found is to be 17.3% and 14.2%  for 2%  and 4% ZnSe / EVA respectively. 

An improved photopyroelectric technique has been used to 

determine the thermal parameters of nanocomposites. A He-Cd laser of 

(wavelength λ=442 nm KIMMON) output power 120 mW was used as 
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the optical heating source. The light from the laser was intensity-

modulated using a mechanical chopper (SR 540). A polyvinylidene 

fluoride (PVDF) film of 28 μm thickness was used as the pyroelectric 

detector. The sample was attached to the pyroelectric detector by means 

of a thermally thin layer of a compound whose contribution to the signal 

was negligible. The signal output was measured using a lock-in amplifier 

(SR830). The frequency of modulation of light was kept above 30 Hz to 

ensure that the detector, the sample and the backing medium were 

thermally thick during measurements. The thermal parameters of the 

nanocomposites are presented in Table 4.1. The thermal conductivity of 

the EVA increases where as specific heat capacity decreases with 

increase in the amount of ZnSe nanoparticles. The enhancement in the 

thermal conductivity of the nanocomposite may be due to the movement 

of fillers in the amorphous part of the EVA matrix.  
 

Table 4.1: Thermal parameters of EVA / ZnSe nanocomposites 

Sample Code 

Thermal 
effusivity, 

e 
(Ws½/m²K)

Thermal 
diffusivity, 

α 
(×10ˉ6m²/s) 

Thermal 
conductivity,

k 
(W/mK) 

Sp. heat capacity, 
Cp 

(J/kgK) 

EVA / 2% ZnSe 2048 ± 30 1.3974 ± 0.10 0.246 ± 0.10 2127 ± 40 

EVA / 4% ZnSe 1445 ± 16 3.9369 ± 0.15 0.280 ± 0.11 1021 ± 25 
 

4.5.7 Mechanical Properties 

Tensile strength and Elongation at break of EVA / ZnSe nanocomposites 

are shown in Fig.4.12. The pristine EVA sample showed good extension 

of 430% and tensile strength in the range of 30 MPa. The addition of  

2% ZnSe nanoparticle is found to reduce the tensile properties of the 
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composite compared to the virgin EVA. The reduction of tensile strength 

at higher ratio of nano loading was due to the stress concentration at the 

interface where the ZnSe particles agglomerate. As the loading level 

increases, the dispersion and distribution of nanomaterials get reduced. 

Percentage stretch possible with the nanocomposite samples reduces 

with ZnSe loading. This phenomenon is already reported with polymer 

based nanocomposites as the matrix molecular orientation is negatively 

affected by the reinforcement particles. 

 
Fig.4.12: Tensile strength and Elongation at break of EVA / ZnSe 

nanocomposite 
 

Peel strength increases for EVA / ZnSe composites on all substrates 

on 2% incorporation. The adhesion properties differ, based on the 

molecular interactions of the adhesive with the adherent. Fig.4.13 shows 

that the molecular flexibility of EVA is not affected by 2% of ZnSe on all 

substrates. The improvement in cohesive strength resulting from the 



Chapter 4 

114 

presence of ZnSe might be responsible for the improvement in peel 

strength. The lack of distribution with increased amount of nanoparticles 

might be the underlying reason for the reduction of peel strength at 4% 

loading. It can also be inferred that there is a maximum ratio (2%) for ZnSe, 

above which the inherent polymer property is adversely affected. 

 

Fig. 4.13: Peel Strength v/s EVA / ZnSe ratio 

4.6  Conclusion 

An easier approach towards the synthesis of ZnSe nanoparticles 

and EVA / ZnSe  nanocomposites was established. The synthesized ZnSe 

nanoparticle size was estimated as 80nm. FT-IR analysis confirmed the 

presence and uniform dispersion of ZnSe nanoparticles in EVA. The 

value of index of refraction of the composite could be easily controlled 

by varying the amounts of dispersed ZnSe nanoparticles. The band gaps 

of the pure, 2% and 4% ZnSe / EVA were found to be 4.74 eV, 4.44 eV 
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and 4.08 eV respectively confirming the increase in the conductivity of 

EVA by increasing the filler concentrations. The thermal stability of the 

samples also increases on increasing the filler concentration. The 

mechanical property evaluation of the samples showed that the tensile 

strength and the percentage of elongation decrease by the incorporation 

of nano ZnSe. Peel resistance showed improvement in properties at 2% 

ZnSe incorporation on all substances. 
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CChhaapptteerr  55		

SSYYNNTTHHEESSIISS  AANNDD  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  PPOOLLYY  
EETTHHYYLLEENNEE  CCOO--VVIINNYYLL  AACCEETTAATTEE  ((EEVVAA))  //                                                      

CCddSSee  NNAANNOOCCOOMMPPOOSSIITTEE  
  

5.1  Introduction 
5.2  Experimental 
5.3 Results and Discussions 
5.4  Conclusion 

 

5.1  Introduction 

Inorganic semiconductor nanocrystals show physical properties suited 

for the manufacture of LEDs [1], solar cells [2-3] and instrumentation for 

biomedical imaging [4]. Cadmium selenide (CdSe) is one of the widely 

investigated II-VI Group semiconductor materials. Excellent optical 

conductivity makes it useful for several optoelectronic applications, 

including thin film transistors [5], gamma ray detectors [6], photoelectron 

–chemical cells [7], photoconductors [8] etc. Nanomaterials of CdSe 

have been found useful in various fields. Drastic increase in the 

surface to volume ratio of CdSe nanoparticles helps it to attain properties 

different from the macroscopic counterparts. These properties largely 

depend on the particle size and shape [9-10]. Recently, CdSe based 

polymer nanocomposites were reported for memory devices [11] and 

biosensors [12]. 

Co
nt
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Ethylene vinyl acetate copolymer (EVA) is an extensively used 

versatile material [13]. The vinyl acetate (VA) content in the copolymer 

determines its applications as rubber, thermoplastic elastomers and 

plastic [14]. Ease of processability coupled with low density and 

flexibility makes EVA one of the widely accepted polymer matrices to 

fabricate polymer nanocomposites (PNC). The matrix polymer in the 

PNC influences the range and strength of the interaction between the 

filler materials [15]. EVA was chosen as the matrix due to its ability to 

be homogeneously compounded with nanofillers and also because of its 

good mechanical properties. 

A thin film of CdSe in the EVA matrix was obtained by solution 

casting, after ultrasonication which ensures proper dispersion. The optical 

and electrical properties of nanocomposites were determined. The 

variation of mechanical and adhesive strength with the incorporation of 

nano fillers was also measured. TG-DTA analysis was utilized for 

obtaining the thermal properties of the composite. 

5.2  Experimental 

5.2.1 Synthesis of CdSe Nanoparticles 

Solvothermal technique is a promising synthesis method because 

of the low process temperature and easy to control of particle size. 

Stringent symmetry of nano-particles can be controlled by chemical 

concentration, reaction temperature and kinetic control. From several 

trial and error methods, we selected 0.1 molar  cadmium nitrate tetrahydrate 

(CdNO3)2.4H2O which was dissolved in 100 ml of double distilled water, 
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0.3 molar sodium selenite (Na2SeO3) was dissolved in 30 ml of hydrazine 

hydrate (N2H4 ·H2O). Both the prepared solutions were mixed up under 

vigorous stirring with external heat energy at 60 C̊. Then these solutions 

were poured into a Teflon lined sealed stainless steel autoclave and heated 

at 240 C̊ for 5 hrs in a muffle furnace. It was washed two times using 

distilled water for removing impurities. Then it is dried to obtain a black 

coloured nano CdSe powder. 

5.2.2 Preparation of EVA / CdSe Nanocomposite 

The copolymer was first dissolved in toluene. Then synthesized 

CdSe nanoparticles were dispersed in a sonication bath for 2 hours on 

the basis of the desired weight fraction (1%, 2% and 4%) of CdSe 

nanoparticle at room temperature. In order to obtain nanoparticles filled 

polymer samples, it was put into a Teflon coated glass mould and spread 

in uniform thickness. Afterwards, the mixture was heated at 40 C̊ for 18 

hours in an air oven to evaporate the solvent completely and finally, a thin 

film of pure EVA and EVA / CdSe nanocomposite was formed. 

5.3  Results and Discussion 

5.3.1 TEM Analysis 

TEM images of CdSe nanoparticles are shown in Fig.5.1. The 

image reveals that most of the nano-CdSe particles have a diameter     

40-55nm, and these particles tend to aggregate together. The shape of the 

particles is spherical and the average size of particles is about 50nm. The 

dark images show that nanoparticles are solid in nature. 
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Fig. 5.1: TEM images of CdSe nanopowder 

 

5.3.2 Morphological Analysis 

The morphology of selectively extracted EVA / 4 % CdSe 

nanocomposite with magnifications x 20,000 and x 200,000 are shown in 

Fig.5.2.  
 

  
Fig. 5.2: SEM micrographs of EVA / 4% CdSe nanocomposites 

 



Synthesis and characterization of poly ethylene co-vinyl acetate (EVA) /CdSe nanocomposite 
 

121 

The CdSe particle distribution and its influence on the EVA copolymer 

morphology were investigated. A compatible interaction could have taken 

place between CdSe and host matrix and the surface micelles were 

homogeneous. The developed shape of the EVA particles and the filler 

distribution in EVA are clear from scanning electron microscopy. The 

particle size was about 50nm, and in good agreement with the TEM result. 

5.3.3 Optical Studies 

The absorption spectra of the samples were obtained out using a 

VARIAN CARY 5000 spectrophotometer, in the region of 200 to 1000 nm 

and are shown in Fig.5.3.  

 
Fig.5.3: The absorbance as a function of wavelength of CdSe doped EVA 

films of different concentrations 
 

From the figure, one can easily find that the absorption increases 

as the CdSe percentage increases. The addition of the filler material to 

the polymer does not change the chemical structure of the polymer but 
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physical properties of the samples change. There are no absorption bands 

in the visible region since the samples are transparent and this result 

agrees with previous studies. The cut off wavelength of the samples are 

around 250 nm. 

Fig.5.4 shows the dependence of (αhν)2 on the photon energy (hν) 

for direct allowed transitions. The optical energy gap was estimated from 

the extrapolation of the linear portion of the graph to the photon energy 

axis. It is to be noticed that the curve is characterized by the presence of 

an exponentially decaying tail at low photon energy. It is observed that 

Eg decreases with increasing dopant concentration. 

The variation of the calculated values of the optical energy gap 

may reflect the role of CdSe in modifying the electronic structure of the 

EVA matrix due to appearance of various polaronic and defect levels. 

The decrease in the optical energy band gap with filler concentration 

may be explained on the basis of the fact that the incorporation of small 

amounts of dopant forms charge transfer complexes in the host matrix. 

These charge transfer complexes increase the electrical conductivity by 

providing additional charges, which results in the decrease of optical 

energy gap. As the dopant concentration is increased, the dopant 

molecules start bridging the gap separating the two localized states and 

lowering the potential barrier between them, thereby facilitating the 

transfer of charge carrier between two localized states [16]. From 

Fig.5.5, it can be inferred that the increase of Urbach energy Eu, values by 

increasing the concentration of CdSe in EVA / CdSe nanocomposites. This 

can be attributed to the effect of internal potential fluctuation associated 
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with the structural disorder. The band gap energy and Urbach energy of 

samples are shown in Table 5.1. 

 
Fig.5.4: Tauc Plot for EVA with different CdSe concentration 

 
Fig.5.5: Relation between ln (α) and hν for EVA at different CdSe 

concentration. 
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Table 5.1: Direct optical energy gap and Urbach energy of EVA doped with 
CdSe. 

 

Samples Band Gap  in eV (Eg) 
Urbach Energy in eV 

(Eu) 
Pure 4.651 0.523 

EVA / 1% CdSe 4.249 0.648 
EVA / 2%CdSe 4.04 0.713 
EVA / 4%CdSe 3.984 0.899 

 
 

5.3.4 Electrical Studies 

A well polished sample of polymer nanocomposites of dimension 

9.5 X 10-5 mm2 having silver coating on opposite faces was introduced 

between two copper electrodes and then connected to HIOKI 3532-50 

LCR HITESTER. We can directly measure parameters like capacitance, 

resistance, inductance, impedance, dielectric loss and quality factor in 

the frequency region of 50Hz to 5MHz. Fig.5.6 shows the frequency 

dependence of dielectric permittivity of the samples at room temperature. 

The magnitude of dielectric constant is increased with increasing 

concentration of CdSe nanoparticles. The value is higher at lower 

frequencies and become stable above 1 kHz. It is a typical characteristic 

of disordered polymers [17-19] and may be attributed to the dependence 

on the electronic, ionic, orientational or space charge polarization. That 

is, all the four polarizations are active. At very low frequencies, dipoles 

follow the field and with increase in frequency, it begins to lag behind 

the field and permitivity decreases. The space charge contribution 

depends on the purity and perfection of the material. 
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The complex permitivity is related to the free dipole oscillation in 

an alternating field [20]. Fig.5.7 shows the variation of the dielectric loss 

with frequency of EVA / CdSe films for different concentrations of CdSe 

at room temperature. For all samples, dielectric loss shows larger values 

due to the loss associated with ionic mobility in the low frequency 

region. The strength and frequency of relaxation depend on the 

characteristic property of dipolar relaxation. On the addition of CdSe 

nanoparticles, there is an increase in semiconducting impurities and 

these charge carriers speed up the segmental motion in available free 

volume. The relatively fast segmental motion coupled with charge 

carriers enhances the transport and thus electrical properties of EVA. 

 

 
 

Fig.5.6: Dielectric constant of pure EVA and EVA / CdSe PNC 
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Fig.5.7: Dielectric loss of pure EVA and EVA / CdSe nanocomposites 

 

Fig.5.8 depicts the variation of A.C. conductivity of EVA / CdSe 

as a function of frequency. The A.C. conductivity patterns show a 

frequency independent plot in the low frequency region and exhibit 

dispersion at higher frequencies. Conductivity increases as frequency 

increases, obeys universal power law [21,22] and universal dynamic 

response. This has widely been observed in disordered materials and is 

believed to be reflected in the mechanism of charge transport behaviour 

of charge carriers. This is due to the reduction in space charge polarization 

at high frequency. Pure EVA has low conductivity when compared to the 

EVA / CdSe’s of different concentrations. As the concentration of CdSe 

nanoparticles increases, conductivity also increases.  
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Fig.5.8: A.C conductivity of Pure EVA and EVA / CdSe nanocomposite 

 

Fig.5.9 shows the variation of impedance of EVA / CdSe on 

varying frequency. Impedance decreases as frequency increases. The 

frequency dependence is similar for all the doped samples. Pure sample 

has more impedance than the doped samples at lower frequencies and it 

decreases with increase in the percentage of doping. These results can be 

correlated with AC conductivity, where an increase of conductivity gives 

reduced impedance and vice-versa. 
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Fig.5.9: Impedance spectra of pure EVA and EVA / CdSe nanocomposites 

 

5.3.5 Thermal Analysis 

Thermo gravimetric (TG) and differential thermal analysis (DTA) 

of virgin EVA and EVA / CdSe nanocomposites were carried out between 

room temperature and 600˚C which are shown in Fig.5.10 - 5.13.  TG-DTA 

showed almost similar behaviour for all four samples with two stages 

decomposition, but the thermal stability was found to be increasing with 

increasing filler concentration. The weight percentage of decomposition 

in the first stage decreases when the amount of the filler is increased. 

The same phenomena are observed for all the thermograms. The onset 

decomposition temperature of pure EVA, EVA / 1% CdSe, EVA / 2% CdSe 

and EVA / 4% CdSe are 298˚C, 326˚C, 338˚C and 352˚C respectively.   
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Fig. 5.10: TG-DTA curve of pure EVA  

 

 
Fig.5.11: TG-DTA curve of EVA / 1% CdSe 
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Fig.5.12: TG-DTA curve of EVA / 2% CdSe 

 

 
Fig.5.13: TG-DTA curve of EVA / 4 % CdSe 

In order to carry out the PPE studies, the samples of EVA and EVA / 

CdSe at different filler concentrations of thickness varying from 0.10 to 

0.22 mm were used. In this measurement, a thermally thick pyroelectric 

detector is attached to one side of the sample, which is also thermally thick 

and the combination is mounted on a thermally thick backing medium. 
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Intensity modulated light from a 120 mW He-Cd laser (KIMMON) of 

wavelength λ=442 nm has been used as optical heating source. 

The pyroelectric detector used in this measurement was 

polyvinylidene fluoride (PVDF) film of thickness 28 μm, with both 

sides coated with Ni-Cr film, and its pyroelectric coefficient is  

p = 0.25x10-8 Vcm-1 K-1. The sample-detector-backing assembly was 

enclosed in a chamber, which was maintained at room temperature. The 

frequency of modulation of light was kept in the range 40-65 Hz to 

ensure that the detector, the sample and the backing medium are 

thermally thick during the measurement. Measurement of the PPE signal 

phase and amplitude enables one to determine the thermal diffusivity 

(defined as α=K/ρCp, ρ being the sample density) and thermal effusivity 

(defined as e= (KCp ρ)1/2) respectively. From the measured values of α 

and e, the thermal conductivity (k) and heat capacity (Cp) of the samples 

were calculated, and are presented in Table 5.2.  It is seen from the table 

that the values of thermal diffusivity (α) and effusivity (e), the thermal 

conductivity (k) of the samples increase with increase in the filler 

concentration whereas specific heat capacity (Cp) decreased with 

increasing filler concentration.  

Table 5.2: Thermal parameters of EVA and EVA / CdSe nanocomposites 

Sample 
Thermal 
effusivity 

(Ws1/2/m2K) 

Thermal 
diffusivity 

(X 10-7m2/s) 

Thermal 
conductivity 

(W/mK) 

Sp.Heat 
capacity(J/KgK) 

EVA 446 0.2334 0.14 1530 
EVA /1% CdSe 469 0.2547 0.17 1395 
EVA /2% CdSe 481 0.2677 0.21 1228 
EVA/4% CdSe 523 0.3165 0.24 1187 

 



Chapter 5 

132 

5.3.6 Mechanical Properties 

Fig.5.14 shows the tensile strength and elongation at break of EVA 

and EVA / CdSe at different filler concentrations. The virgin EVA sample 

showed tensile strength in the range of 29-31 MPa, with 430% elongation. 

The addition of 1% CdSe nanoparticles reduced the tensile strength, 

whereas the percentage elongation reduced to 410 % from 430 %. Further 

addition of the nanoparticle further reduces the tensile strength of the 

samples. The reduction of tensile strength with incorporation of nano 

loading was due to stress concentration at the interface of CdSe particles. 

As the loading level increases, the effect of dispersion and distribution of 

nanomaterials gets reduced. Percentage stretch possible with the 

nanocomposite sample reduces with CdSe loading. The inherent chain 

flexibility and the deforming ability of EVA was found to be absent in 

the nanofilled systems. It has led to the drastic reduction of elongation to 

340% with the incorporation of 4% of nano CdSe. The tensile strength of 

EVA / CdSe nanocomposites depends on the degree of strain induced 

crystallization which in turn depends on the EVA chain length and its 

flexibility. Longer chains show higher strain induced crystallization and 

strength. The nano filler incorporation might have reduced the strain 

induced effect and led to reduction of tensile strength with nano CdSe 

incorporation [23]. 

Peel strength increases for EVA / CdSe composites on all 

substrates upto 1% incorporation. The adhesion properties differ, based 

on the molecular interactions of the adhesive with the adherent. Fig.5.15 

shows that the molecular flexibility of EVA is not negatively affected by 
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1% of CdSe on all substrates. The improvement in cohesive strength 

resulting from the presence of CdSe might be responsible for the 

improvement in peel strength. The lack of distribution with increased 

amount of nano particles might be the underlying reason for the drastic 

reduction of peel strength at 4% loading. Nanoparticles in the polymer 

matrix could have reduced the surface interaction of the adhesive layer 

between the adherents to reduce the peel resistance. In the cotton 

substrate the peel resistance was reduced to 2.0 N/mm from 2.1 N/mm. 

The reduction of elongation at break of the nanocomposite may be due 

to the restricted mobility of the molecular chain due to the presence of 

the nanoCdSe [24]. 
 

 
Fig.5.14: Tensile strength and Elongation at break of EVA / CdSe 

nanocomposite 
 



Chapter 5 

134 

 
Fig.5.15. Peel Strength v/s EVA / CdSe ratio 

5.4  Conclusion 

 EVA/CdSe nanocomposite materials of different concentrations of 

CdSe nanoparticle (1%, 2% and 4%) have been prepared successfully by 

ultrasonication solution casting. The CdSe nanoparticles were synthesized 

using solvo-thermal method and the size of the particles was found to be 

around 50nm. The dielectric constant and dielectric loss were found to 

decrease with increasing frequency being almost constant at higher 

frequencies. Dielectric constant and loss increase with increase in filler 

concentration. The band gap of the nancocomposites decreases on 

increasing the amount of CdSe, whereas the Urbach energy was found to 

increase. The onset decomposition temperature of pure EVA, EVA / 1% 

CdSe, EVA / 2%  CdSe and EVA / 4% CdSe  are 298˚C, 326˚C, 338˚C 

and 352˚C respectively. The thermal conductivity of the nanocomposites 
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was found to be increasing with increasing filler concentration. The tensile 

strength of the nanocomposites was found to decrease with the addition of 

CdSe nanomaterials. On addition of CdSe, the elongation properties also 

get reduced. Peel resistance increased with 1% CdSe and afterwards, 

strength of adhesion on all substrates was found to be reduced. 
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SSYYNNTTHHEESSIISS  AANNDD  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  
PPOOLLYYSSTTYYRREENNEE  ((PPSS))  //  ZZnnOO  NNAANNOOCCOOMMPPOOSSIITTEESS  

  

6.1  Introduction 
6.2  Experimental Procedure 
6.3 Results and Discussions 
6.4  Conclusion 

 
 

6.1  Introduction 

Polymer nanocomposites (PNCs) have received great attention in 

both academic and industrial fields due to their peculiar and unique 

properties. Incorporation of nanofillers to polymer matrices in quantities 

below 5% imparts enhanced mechanical, optical, barrier and flame 

resistant properties. Electrical properties of PNCs can also be tuned 

based on the required end product properties. In an electroactive 

polymer nanocomposite, the polymer matrix can be either intrinsically 

conducting or insulating. Polystyrene (PS) is a hard, rigid, transparent 

thermoplastic with good electrical insulation properties. Polystyrene 

matrix nanocomposites have been widely studied with metal, metal 

oxide, nonmetal oxide and other nano materials. Carbon nanotubes[1-2], 

carbon black [3], silica [4], titanium arsenate [5], quantum dots [6] etc. 

show  specific property enhancement in polystyrene matrices. Addition 

Co
nt

en
ts

 



Chapter 6 
 

138 

of graphite nanoplatelets can convert polystyrene into a semiconducting 

material [7]. 

Metal oxides have been found effective in polymer matrices for 

improving electrical properties. TiO2 [8] and Al2O3 [9] nanoparticles 

exhibit improvement in electrical properties and fracture toughness of 

polyethylene and polyester resin. Electrical conductivity of polyethylene 

modified with single walled carbon nanotubes [10] and poly vinylcarbazole 

with titanium dioxide [11] has also been investigated. ZnO nanoparticles 

have got tremendous attention in recent years due to their chemical stability, 

high luminous transmittance, ultraviolet absorption and low dielectric 

constant [12-13]. The semiconducting nature of ZnO was utilized to 

develop short wave length light emitting diodes (LEDs), piezo and pyro 

electric varistors and thin film transistors [14]. PS / ZnO nanocomposites 

were investigated for applications in organic LEDs [15] and light 

transmitters [16].  

The present chapter focuses on the effect of ZnO on the electrical, 

thermal and optical properties of insitu polymerized polystyrene. 

6.2 Experimental Procedure 

6.2.1 Synthesis of ZnO Nanoparticles 

ZnO nanoparticles were prepared by hydrothermal method. A 

solution of 1M NaOH was prepared by dissolving 2g of NaOH in 50ml 

of deionized water and the mixture was kept stirring for 15 minutes. A 

solution of 0.5M zinc acetate was prepared by dissolving 5.48g zinc 

acetate in 50ml deionized water and the mixture was kept stirred for      
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15 minutes. Then the zinc acetate solution was added to the basic solution 

and the reaction mixture was stirred for 15 minutes. The prepared solution 

was kept in a Teflon lined sealed stainless steel autoclave and maintained 

at a temperature of 2000C for 6 hours under autogenous pressure. The 

overall reaction can be written as:  

Zn (CH3COO)2 + 2NaOH →ZnO+ 2Na(CH3COO)2+ H2O. 
 

6.2.2 Insitu - Polymerisation of Polystyrene 

Styrene monomer was taken in a separating funnel and 5% NaOH 

solution was added into it. The mixture was shaken for 10 minutes to 

remove the inhibitor along with the alkali layer. This was done four times 

to purify the monomer. Deionised water was then mixed with styrene and 

washed to remove the traces of NaOH. Purified styrene was then 

transferred to a three necked round bottom glass reactor. Reflux condenser 

and nitrogen inlet were connected to the reactor and the assembly was 

kept on a hot plate magnetic stirrer. Benzoyl peroxide (1 wt%) was then 

added as the initiator to the monomer  in the reactor. The temperature was 

then increased to 800C along with stirring. Bulk polymerization was 

allowed for 5 hrs. Then the mixture was transferred to a Teflon coated 

mould and dried in an air oven at 600C for 18 hrs. The polystyrene film 

(80% yield) obtained was then peeled off from the mould. 

6.2.3 Preparation of PS / ZnO Nanocomposite 

To synthesize insitu polymerized nanocomposite, the required 

amount of nano ZnO was first dispersed in the purified styrene monomer 

(for 2 wt percentage nanocomposite, 0.8 gm of ZnO in 50 ml of styrene). 
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The ZnO-styrene mixture was ultrasonicated for one hour at room 

temperature to obtain good dispersion. This solution was then 

polymerized at 800C in the three necked reactor for 5hrs after adding the 

benzoyl peroxide initiator. The polymerized PS / ZnO nanocomposite 

was then poured into the teflon coated mould and kept in air oven to a 

obtain thin film of approximately 0.1 mm thickness. 

6.3  Results and Discussions 

6.3.1 Scanning Electron Microscopy (SEM) 

  

  
Fig.6.1: SEM Micrographs of PS / ZnO nanocomposites under different 

magnifications 
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For scanning electron microscopy (SEM), a JEOL JSM-6390LV 

microscope was used. The samples were gold sputtered with 10 nm gold 

and the observation was made at 15-20 kVolts. The dispersion pattern of 

ZnO in polystyrene was confirmed by scanning electron microscope 

(Fig.6.1). 

6.3.2 Optical Absorption Studies 

The optical absorption spectra of the samples were recorded in the 

region between 200 and 700 nm, using a UV-1800 Shimadzu 

spectrophotometer and are shown in Fig.6.2. It was observed from the 

spectra that samples have a large transmission window starting from 275 to 

700 nm without any absorption peak. The values of cut off wavelength of 

the samples were found to be almost the same for all filler concentrations. 

 
Fig.6.2: Optical absorption spectra of PS / ZnO nanocomposites 
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The band gap (Eg) of the PNC's was calculated using Tauc plotting 

technique and is shown in Fig.6.3.  The band gaps of PS and 1%, 2% and 

4% PS/ZnO PNC's were found to be 4.418 eV,  4.342 eV, 4.266 eV and  

4.071 eV respectively. The decrement in the band gap of the materials 

reveals the increment in the conductivity as the filler concentration 

increases. 

 
Fig. 6.3: Tauc – Plot of PS / ZnO nanocomposites 

The exponential character of the absorption coefficient of the 

nanocomposites near the fundamental absorption edge is expressed by 

the Urbach rule [17] α =α0 exp [hν/Eu], where α is the absorption 

coefficient, hν is the incident photon energy, and Eu is the Urbach 

energy. Fig.6.4 shows Urbach plot of the nanocomposites. Urbach 

energy was found to increase with increasing filler concentration. It may 
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be due to the modification of electronic structure of PS matrix by the 

ZnO nano particles which led to the formation of various polaronic and 

defect levels [18]. The internal potential fluctuations caused by structural 

disorder due to the presence of nano fillers may be the reason for the 

increase in Urbach energy [19]. 

 
Fig. 6.4: Relation between ln (α) and hν for PS at different ZnO 

concentration. 

 
6.3.3 FTIR Studies  

The FTIR spectra of the samples were carried out in the wave 

number range 400 – 4000 cm-1. The FTIR spectra of filler and polymer 

composites (PNC) are shown in Fig.6.5. The polystyrene material shows 

all its characteristic peaks in the pure and the doped composites. C-H out 

of the plane bending was observed between 900-690 cm-1. Strong 
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absorption peaks were noticed at 699 cm-1 and 755 cm-1 due to the 

presence of mono substituted ring structure. Overtone and combination 

bands were seen between 2000 cm-1 and 1667cm-1. The C-H stretch 

was observed at around 2850 cm-1 whereas the aromatic C-H stretch 

provided a peak at 3026 cm-1. The ZnO incorporated in polystyrene 

produced additional peaks at 622 cm-1 and 3431cm-1. Table 6.1 shows 

the observed bands and vibrational assignements of pure PS, ZnO and 

its composites. 

 
Fig.6.5: FTIR spectra of ZnO, pure PS and PS / ZnO composites 
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Table 6.1: Polymeric group identification of PS and PS / ZnO nanocomposites 
from FT-IR analysis 

Pure PS ZnO / 1%PS  ZnO / 2%PS  ZnO / 4%PS  Assignements 

1449.46 

1492.34 

1600.86 

1449.91 

1492.31 

1600.65 

1448.51 

1492.05 

1600.68 

1448.19 

1492.06 

1600.80 

Aromatic 

C=C 

1183.49 

1155.07 

1183.45 

1155.01 

1183.47 

1155.13 

1183.61 

1155.13 

C-H 

3059.72 

3026.37 

2850.61 

3059.66 

3026.24 

2850.52 

3059.65 

3026.32 

2850.52 

3059.66 

3026.33 

2850.28 

Aromatic C-H 
stretching 

 

6.3.4 Raman spectral studies 

In the present study, a mobile Raman microspectrometer (HE 785, 

JY Horiba) was used. The excitation source is a cw diode laser, emitting 

at 786 nm (maximum power on the sample, 50 mW), fibre-optically 

coupled to an optical head that enables focusing of the beam by means 

of a number of objective lenses (×10, ×20, ×50) which provide a 

variable focusing of the beam (and thus magnification of the work area) 

down to a few microns on the sample surface. A white light illumination 

system and a high-resolution colour camera (video microscope) are also 

part of the optical head and offer a very clear view of the area under 

investigation, necessary for positioning the beam on nanocomposites. 

The scattered Raman radiation is collected through the focussing 

objective and sent through an optical fiber to a compact spectrograph, 

equipped with a concave grating, which provides spectral coverage up to 

3,200 cm −1 at a spectral resolution of about 10–15 cm −1. Spectra are 
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recorded on a high-sensitivity, aircooled C detector (1,024×256 pixels, 

Synapse, JY Horiba). In a typical measurement, the entire fragment is 

placed under the microscope objective and with the help of an XYZ 

micro-positioner and the video microscope the spot to be analysed is 

selected. The beam power on the sample was, depending on the material 

investigated, in the range of 0.05–5.5 mW. Typical exposure time of the 

CCD was 20s per scan, while normally 10 to 20 scans were averaged.  

Raman spectra of PS and PS / ZnO nanocomposites are shown in 

Fig.6.6. The peaks at 621.672 cm-1, 1001.677 cm-1, 1607.606 cm-1 are         

the most intense bands. These bands represent the ring deformation 

(621.672 cm-1), aromatic ring breathing (1001.677 cm-1), and C=C aromatic 

ring stretching (1607.606 cm-1).  

 
Fig. 6.6: Raman spectra of PS and PS / ZnO nanocomposites 
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These peaks are also present in PS / ZnO nanocomposites but the relative 

intensity of these peaks in the spectra of different concentrations of PS / 

ZnO are different. The peaks at 406.135 cm-1 in PS /  1% ZnO, 399.177 cm-1  

in PS /  2%  ZnO and 406.135 cm-1 in PS / 4% ZnO confirm the presence of 

ZnO in the composite. Table 6.2 shows the observed bands and the 

vibrational assignments of PS / ZnO composites. 

Table 6.2: Raman spectra analysis of PS and PS / ZnO nanocomposites 

`Pure PS 
(cm-1) 

PS /  1% 
ZnO 
(cm-1) 

PS / 2% 
ZnO 
(cm-1) 

PS / 4% 
ZnO 
(cm-1) 

Assignments 

 406.135 399.177 406.135 ZnO vibration 
621.672 621.672 622.457 621.672 Ring deformation 
1001.677 1001.677 999.567 1001.677 Aromatic ring breathing 
1607.606 1617.99 1608.394 1607.606 C=C aromatic ring stretching 

 

6.3.5 Laser induced fluorescence studies 

The fluorescence of the samples was conveniently monitored by 

laser-induced fluorescence (LIF). The irradiation was performed with a 

nanosecond excimer laser (Lambda Physik EMG 201 MSC) operating at 

248 nm in ambient atmosphere (Flaser ~ 5 mJ cm-2). Fig.6.7 shows the LIF 

spectra of the nanocomposites. From the figure, one can easily find that the 

fluorescence intensity increases with increase in filler concentrations. The 

ZnO filler atoms incorporated into the PS through -CH2-CH- bonding of 

the compound may enhance stability of the molecular orbital electron 

density. As the filler concentration increases, the electron density 

becomes more and more stable which means the number of effective 
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transitions increases. This may be the reason for the enhancement in the 

intensity of the fluorescence when the filler concentration increases. 
 

 
Fig.6.7: LIF spectra of pure PS and its composites 

6.3.6 Dielectric studies 

A well-polished sample of polymer nanocomposite of dimension    

9.5 × 10-5 mm2  having silver coating on the opposite faces was introduced 

between two copper electrodes and then connected to HIOKI 3532-50 

LCR HITESTER to measure parameters such as capacitance, resistance, 

inductance, impedance, dielectric loss and quality factor of the material 

by varying the frequency from 100 Hz to 5MHz. Fig.6.8 shows the 

variation of dielectric constant of PNC’s at different frequencies. It is 

observed that initially the dielectric constant has larger values at lower 



Synthesis and characterization of polystyrene (PS) / ZnO nanocomposites 
 

149 

frequencies and then decreases with increase in frequency; the dielectric 

constant remains almost constant at higher frequencies. The decrease in 

dielectric constant of PNC at high frequencies may be attributed to the 

dependence on the electronic, ionic, orientational and space charge 

polarizations. At low frequencies, all the four polarizations are active. 

The space charge contribution depends on the purity and perfection of 

the material. Its influence is noticeable in the low frequency region. The 

low frequency dielectric constant is found to increase with increase in 

filler concentration. The orientational effect can sometimes be seen in 

some materials even up to 1010 Hz. Ionic and electronic polarizations 

always exist below 1013 Hz. Hence, the larger values of dielectric 

constant and dielectric loss exhibited by PNC at low frequencies may be 

attributed to space charge polarization. Fig.6.9 shows the variation of 

dielectric loss of samples as a function of frequency. In the lower 

frequency region, dielectric loss shows larger values due to loss 

associated with ionic mobility. The trend in the variations of both 

dielectric constant and dielectric loss as a function of frequency is 

almost the same in all frequency regions especially in low frequency 

range. From the figures, it is quite clear that there is a larger increment in 

both dielectric constant and dielectric loss for the PNC’s as filler 

concentration increases in the low frequency region. 
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 Fig.6.8: Variation of dielectric constant of PS and PS / ZnO 

nanocomposites as a function of frequency at room temperature 

 
 Fig.6.9:  Variation of dielectric loss variation of PS and PS / ZnO 

composites  as a function of frequency at room temperature. 
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6.3.7 A.C conductivity  

Fig.6.10 depicts the variation of a.c conductivity of PNC’s as a 

function of frequency. Conductivity increases as frequency increases. As 

the weight percentage increases conductivity shows a markable increase at 

high frequency. This is due to the reduction in space charge polarization at 

high frequency. The pure PS has low conductivity compared to PS / ZnO 

PNCs of different concentrations, but up to a particular frequency all the 

samples show the same constant conductivity. As the concentration of ZnO 

nanoparticles increases conductivity also increases.  
 

 
Fig.6.10:  AC conductivity of PS and PS / ZnO nanocomposites as a function 

of frequency 
 

6.3.8 Photopyroelectric studies 

 Thermal parameters of PS and ZnO doped polystyrene of 

thickness ranging from 0.16mm to 0.20 mm have been determined by 
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photopyroelectric technique. Using the data of PPE signal phase and 

amplitude, the values of the thermal diffusivity (α) and thermal effusivity 

(e) were determined. From the measured values of α and e, the thermal 

conductivity (k) and heat capacity (Cp) of nanocomposites have been 

calculated and presented in Table 6.3. 

Table 6.3: Thermal parameters of PS and PS / ZnO nanocomposites 

Sample 
Thermal 
effusivity 

(Ws1/2/m2K) 

Thermal 
diffusivity 

(X 10-7m2/s) 

Thermal 
conductivity 
(W/mK) 

Sp.Heat 
capacity 
(J/Kg) 

PS 961 0.5914 0.704 1250 
PS / 1% ZnO 751 0.5882 0.549 980 
PS / 2% ZnO 705 0.5403 0.494 960 
PS / 4% ZnO 686 0.5118 0.468 960 

6.4  Conclusion 

In this study PS/ZnO nanocomposites with different concentrations 

of ZnO nanoparticles (1%, 2% and 4%) have been prepared successfully 

by adding a certain amount of nanosized ZnO into monomer solution 

followed by stirring, ultrasonication and polymerisation. The ZnO 

nanoparticles were synthesized by hydrothermal method. The particle size 

of the ZnO is found to be close to 20 nm. The prepared nanocomposites 

were subjected to optical and electrical characterization studies.  The 

optical properties of PS / ZnO nanocomposite films were investigated 

using UV-Vis spectroscopy and band gap of the films were found to 

decrease with increase in the filler concentrations. The dielectric 

constant and dielectric loss of the compound showed almost the same 
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behavior and both decrease with increase in frequency. The fluorescenece 

intensity was also found to increase with increase in filler concentration.  
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SYNTHESIS AND CHARACTERIZATION OF 
POLYSTYRENE (PS) / ZnSe NANOCOMPOSITES 

  

7.1  Introduction 
7.2  Preparation of PS / ZnSe Nanocomposites 
7.3  Results and Discussions 
7.4  Conclusion 

 

7.1  Introduction 

Conducting polymer composites (CPC) made by the incorporation 

of conducting fillers like carbon fibres [1], metallic particle fillers [2] 

carbon nanotubes [3,4] have been extensively investigated. Nano 

composites based on semiconductor nano materials in polymer systems 

show peculiar electronic and optical properties [5]. It is advantageous to 

embed the semiconductor nanoparticles like metal selenides in thin 

polymer films because the polymer matrix serves as a medium to assemble 

the nanoparticles and stabilize them against aggregation [6,7]. Metal 

selenide nano-particles heterogeneously distributed in the polymer 

matrix can improve its dielectric behaviour.  

The choice of selecting the host polymer matrix mainly depends 

on its processability, electrical, thermal and optical properties [8]. 
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Thermoplastics like polyvinyl chloride (PVC) [9], poly butylene 

terephthalate (PBT) [10], polycarbonate (PC) [11] etc. were used as 

matrix for various investigations. Polystyrene (PS) is a rigid transparent 

thermoplastic with good electrical insulation properties. It can be insitu 

polymerized with nano particles to obtain a uniform thin film on casting. 

Exfoliated polystyrene- nano clay composites [12] and polystyrene- 

multiwalled carbon nanotube (MWCNT) [13] have been studied for 

thermal and electrical features.  

The electrical conductivity of carbon nanotubes in insulating 

polymers has also been a topic of considerable interest. The percolation 

threshold for conduction is about 1.5 wt% of MWCNTs in the 

composites, and a maximum conductivity of about 1 Sm−1 can be 

achieved [14]. Potential applications include electromagnetic interference 

shielding, transparent conductive coatings, electrostatic dissipation, 

supercapacitors, electromechanical actuators and various electrode 

applications. Zinc selenide (ZnSe) thin films were deposited on different 

substrates like glass, stainless steel, ITO for solar cell applications    

[15-17]. Zinc Selenide is an important direct band gap material used 

for fabricating laser diodes [18]. Polyvinyl alcohol (PVA) - ZnSe based 

nanocomposites were reported for their nonlinear optical effects [19]. 

This chapter reports the preparation and characterization of  

nanocomposites of polystyrene with ZnSe nano fillers at varying loading 

levels and to evaluate the electrical properties offered by the nanofiller. The 

mechanical and optical properties with increasing ratios of ZnSe (1-4%) 

to virgin PS were also adjudged. 
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7.2  Preparation of PS / ZnSe Nanocomposites 

To synthesize insitu polymerized nanocomposite, the required 

amount of synthesised nano ZnSe was first dispersed in purified 

styrene monomer (for 1wt % nanocomposite, 0.4gm of ZnSe in 50 ml 

of styrene). The nano ZnSe-styrene mixture was ultrasonicated for one 

hour at room temperature to obtain good dispersion. The mixed solution 

was then transferred to a three necked round bottom glass reactor. Reflux 

condenser and nitrogen inlet were connected to the reactor and the 

assembly was kept on a hot plate magnetic stirrer.  This solution was then 

polymerized at 800C in the three necked reactor for 5hrs after adding 

initiator-benzoyl peroxide. The polymerizing PS-ZnSe mixture was then 

poured into a Teflon coated mould and kept in air oven to obtain a thin 

film of approximately 0.1-0.25 mm thickness. 

7.3  Results and Discussion 

7.3.1 Scanning Electron Microscopy (SEM) 

The size and morphology of the synthesized products were 

determined at 15 kV by scanning electron microscope (SEM). Fig.7.1 

shows the SEM images of PS / ZnSe film, showing the dispersion of  

ZnSe in the polystyrene. The size was about 50 nm, and the shape, 

spherical.  A homogeneous dispersion is observed. 
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Fig.7.1: SEM Micrograph of PS / 4% ZnSe nanocomposites under different 

magnification 
 

7.3.2 UV-Vis Spectroscopy 

UV analysis of PS / ZnSe nanocomposites was done by UV-1800 

Shimadzu UV-VIS spectrophotometer and is shown in Fig.7.2. The spectra 

show large transparency window between 200 nm and 1000nm. 

Absorption peaks are noticed between 200nm and 300nm for all 

samples. It is observed that the intensity of the absorption peak is 

increased with increase in filler concentration. 
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Fig.7.2:  Absorbance as a function of wavelength of ZnSe doped PS films 

at different concentrations 
 
 

 The bandgap of the prepared nanocomposites has been 

determined using the Tauc-relation and is shown in Fig.7.3. Urbach plot 

of the nanocomposites is shown in Fig.7.4. The estimated band gap 

energy and Urbach energy of pure PS and PS / ZnSe  nanocomposites 

are given Table 7.1. From the table it is evident that the bandgap energy 

decreases whereas the urbach energy increases with increase in the filler 

concentrations. 
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Fig. 7.3: Tauc – Plot of PS / ZnSe nanocomposites 

 
Fig.7.4. Relation between ln (α) and hν for PS at different ZnSe 

concentration. 
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Table 7.1: Direct optical energy gap and Urbach energy of PS doped with 

ZnSe. 
 

Samples Band Gap  in eV (Eg) 
Urbach Energy in eV 

(Eu) 
Pure 4.34 0.141 

EVA / 1% CdSe 4.26 0.155 
EVA / 2%CdSe 4.16 0.186 
EVA / 4%CdSe 4.03 0.203 

 
7.3.3 Raman Spectra 

Fig.7.5. shows the Raman spectra of polystyrene (PS) and PS / 1% 

ZnSe, PS / 2% ZnSe, PS / 4% ZnSe nanocomposites.  

 
Fig.7.5: Raman spectra of pure PS and PS / ZnSe nanocomposites 
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The peaks at  250cm-1 and 415 cm-1 are attributed to the scattering 

of the nano ZnSe   by longitudinal optical (LO) photon and transverse 

optical photon modes [20,21] respectively. The other shifts observed 

correspond to polystyrene. The ring deformation of polystyrene 

matrix corresponds to 621cm-1 and 615cm-1 peaks. The shift in the 

peak at 1001cm-1 to 991cm-1 for pure and ZnSe filled polystyrene 

corresponds to aromatic ring breathing. The peaks at 1607cm-1 and 

1617cm-1  in the nanocomposite are attributed by the C=C aromatic 

ring stretching.  

7.3.4 Laser induced fluorescence (LIF) 

The fluorescence spectra of the composites have been obtained 

with a nanosecond excimer laser (Lambda Physik EMG 201 MSC) 

operating at 248 nm in ambient atmosphere (Flaser ~ 5 mJ cm-2). The 

laser beam was focused perpendicularly onto the sample at a 1.5 mm2 

surface. The spectrum was recorded on an ICCD –Andor camera, 

interfaced to a PC. Cut-off filters were used to block any probe beam 

scattered light. Fig.7.6. shows the LIF spectra of the nanocomposites. 

From the figure one can easily find that the fluorescence intensity 

increases with increase in filler concentration which means that as 

concentration of the filler increases, the molecular electron density of the 

pristine sample becomes stabilized. 
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Fig.7.6: LIF spectra of pure PS and PS / ZnSe composites 

7.3.5 Electrical Studies 

The dielectric properties of PS/ZnSe nanocomposite in the present 

work were measured in a range of 100 Hz to 5 MHz using HIOKI 3532-

50 LCR HITEST2ER. The dielectric parameter as a function of 

frequency is described by the complex permittivity 
 

ε¿= ε '− jε ' '
 ........................................ (7.1) 

where ε ' is the real part for energy storage and ε ' '  is the imaginary part 

for energy loss. The measured capacitance C is used to calculate the 

dielectric constant using the equation 
 

ε '= Cd
ε0 A  ............................................ (7.2) 
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where d is the thickness, A is the area and ε0 is the permittivity of free 

space. 

Fig.7.7.a-c shows the variation of relative permitivity (real part) of 

nanocomposites with frequency for different temperatures. From the 

figure, it is clear that the effective permittivity of unfilled PS and PS / 

ZnSe composite increases with decreasing frequency. An increase in the 

effective permittivity with filler concentration is also noted may be due 

to the introduction of ZnSe. As the filler concentrations increase the 

number of nanoparticles in the matrix increases thereby increasing 

permittivity. 

 

 
Fig.7.7a: Variation of dielectric constant with frequency at 324 K 
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Fig.7.7b: Variation of dielectric constant with frequency at 344 K 

 

 

 
Fig.7.7c: Variation of dielectric constant with frequency at 364 K 
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The dielectric loss ( ε ' ' ) is described by 

 

ε '' = ε ' tan δ  .............................................. (7.3) 

The variation of relative permittivity (imaginary part) of 

PS/ZnSe nanocomposites with frequency at different temperatures  

are presented in Fig.7.8a - c. From the figure it is clear that when 

ZnSe nano-filler concentration increases, the dielectric loss is also 

increases.  

 

 
Fig.7.8a: Variation of dielectric loss with frequency at 324 K 
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Fig.7.8b: Variation of dielectric loss with frequency at 344 K 

 

 
Fig.7.8c: Variation of dielectric loss with frequency at 364 K 
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7.3.6 Thermal Studies 

The TGA/DTA analyses of PS / ZnSe were carried out using a 

Perkin Elmer Simultaneous Thermal Analyser – STA 6000. The samples 

were heated in the temperature range between 40oC and 700oC at a 

heating rate of 10oC/min under N2 atmosphere with a nitrogen flow rate 

of 20 ml/min. The TGA curve and DTA curve obtained for pure 

polystyrene and PS / ZnSe nanocomposite with different loading levels 

are shown in Fig.7.9 a-d. 

TGA measures the change in weight of samples as it is heated. 

Clearly, there is only one major weight loss step.  For pure PS, degradation 

commences near 2900C and continues rapidly until about 450oC. Hence it is 

stable upto 2900C in nitrogen atmosphere. From thermograms, it is clear 

that the thermal stability of PS / ZnSe nanocomposite is greater than that of 

virgin PS, and among nanocomposites, it increases with increase in loading 

level. DTA signal gives a peak in the endothermic direction.  From the    

Fig. 7.9a, it is observed  ΔT endo down peak at 416oC and the onset of this 

peak is the transformation temperature and is at 360oC. The peak of DTA 

curve gives the temperature corresponding to maximum degradation (Tmax). 

The significant improvement in the resistance to thermal 

decomposition of the nanocomposites may be attributed to the formation of 

thermal insulating and low permeable char residue of ZnSe and polystyrene 

during decomposition at the outer surface of the nanocomposite which acts 

as a protective barrier reducing the heat and mass transfer between the 

flame and polystyrene [22]. The presence of inorganic nanofiller could 

make the polymer resistant from getting volatilized and restrict polymer 
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chain flexibility for thermal conduction. ZnSe’s heat sink property and the 

ability to reduce the defects of organic structure would have caused the 

enhancement in thermal resistance [23]. 

 

 
Fig.7.9a: TGA/DTA curves of pure PS 

 

 
Fig.7.9b: TGA/DTA curves of PS / 1% ZnSe 
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Fig.7.9c: TGA/DTA curves of PS / 2% ZnSe 

 

 

 
Fig.7.7d: TGA/DTA curves of PS / 4% ZnSe 

 

7.3.7 Photopyroelectric Studies 

Thermal parameters of PS and PS / ZnSe composites have been 

determined by photopyroelectric technique using a sample of average 
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thickness 0.94 mm. Using the data of PPE signal phase and amplitude, 

the values of the thermal diffusivity (α) and thermal effusivity (e) were 

determined. From the measured values of α and e, the thermal conductivity 

(k) and heat capacity (Cp) of samples are calculated and tabulated in the 

Table 7.2.  

Table 7.2: Thermal parameters of PS & PS / ZnSe composites 

Sample 
Thermal 
effusivity 

Thermal 
diffusivity 

Thermal 
conductivity 

Sp.Heat 
capacity 

(Ws1/2/m2K) (X 10-7m2/s) (W/mK) (J/KgK) 
PS 961 0.59136 0.704 1250 
PS /1% ZnSe 740 0.5374 0.517 1010 
PS /2% ZnSe 720 0.5346 0.502 986 
PS /4% ZnSe 707 0.5159 0.484 985 

 

7.4  Conclusion 

Polystyrene / zinc selenide nanocomposites have been successfully 

prepared using insitu polymerization method. The homogeneity of the 

dispersion of the ZnSe in the matrix was confirmed by a scanning 

electron microscope. It was found that dielectric constant decreases with 

increasing frequency and almost remained constant on further increase 

in frequency. Onset decomposition temperature of the samples is found 

to increase with increase in filler concentration. Fluorescence intensity 

has also been found to increase with increase filler concentration. 

Thermal conductivity and specific heat capacity decrease with increase 

in filler concentration. 
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CChhaapptteerr  88		

SSYYNNTTHHEESSIISS  AANNDD  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  
PPOOLLYYSSTTYYRREENNEE  ((PPSS))  //  CCddSSee  NNAANNOOCCOOMMPPOOSSIITTEESS  

  

8.1  Introduction 
8.2  Experimental Procedure 
8.3  Results and Discussions 
8.4  Conclusion 

 

8.1  Introduction 

In this chapter, we used polystyrene (PS), rigid commercial 

thermoplastic with good electrical insulation properties as matrix. It is a 

transparent plastic with ease of processability such that it can be insitu 

polymerized with nano particles to obtain a uniform thin film on casting. 

Exfoliated polystyrene- nano clay composites [1], polystyrene- multiwall 

carbon nanotube (MWCNT) [2] have been studied for thermal and 

electrical features. Vollenberg and Heikens [3] performed a wide range of 

tests on composites with matrices made of polystyrene, styrene–

acrylonitrile copolymer (SAN) and nano-sized glass or alumina inclusions. 

Cadmium selenide (CdSe) and its nanoparticles attracted researchers 

because of their unique optical properties, including extended optical 

absorption in the ultra-violet region, bright photoluminescence(PL), 
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narrow emission band, size tunable PL and photostability [4-7], and as 

promising PL materials for optical electronic device applications [8-9]. 

The room temperature electrical properties of poly(butyl acrylate)-   

CdSe nanocomposites have been investigated for their bright green 

photoluminescence [10]. 

In this chapter, the effect of CdSe on the electrical, thermal and 

optical properties of polystyrene has been studied.   

8.2 Experimental Procedure 

8.2.1 Preparation of PS / CdSe Nanocomposite 

To synthesize insitu polymerized nanocomposite, the required 

amount of nano CdSe was first dispersed in the purified styrene 

monomer (for 2 wt percentage nanocomposite, 0.8 gm of CdSe in 50 ml 

of styrene). The CdSe-styrene mixture was ultrasonicated for one hour at 

room temperature to obtain good dispersion. This solution was then 

polymerized at 800C in the three necked reactor for 5hrs after adding the 

benzoyl peroxide initiator. The polymerized PS / CdSe nanocomposite 

was then poured into the teflon coated mould and kept in air oven to 

obtain thin film of approximately 0.1 mm thickness. 

8.3 Results and Discussions 
8.3.1 Scanning Electron Microscopy (SEM) 

Fig.8.1 shows the SEM micrographs of PS / CdSe composite 

surfaces at different magnifications. A uniform distribution of CdSe with 

clear particle profiles and interface boundary was seen on the surface of 

polystyrene. At higher magnification, the size and shape of the particles 
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embedded in the matrix were visible and found to be around 50 nm. It is 

in good agreement with the result obtained from transmission electron 

microscopy (TEM) analysis.  
 

 
Fig.8.1: SEM Micrographs of PS / CdSe  nanocomposite. 

 

8.3.2 Transmission Electron Microscopy (TEM) 

TEM is a vital tool for quantitative measures of grain size and 

morphology. TEM of CdSe nanoparticles are shown in Fig.8.2a-b. The 

images reveal that the shape of the particles is almost spherical and the 

average size of particles is about 50 nm. The dark images show that 

nanoparticles are solid in structure.  
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Fig. 8.2a-b: TEM images of CdSe nanoparticles 

8.3.3 UV-Vis Analysis 

The optical absorption spectra of the samples were recorded in the 

region 200 to 700 nm, using a UV-1800 Shimadzu spectrophotometer and 

are shown in Fig.8.3.  

 
Fig.8. 3: UV –Vis Absorption spectra of pure PS and PS / CdSe composites 
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It is observed from the spectra that samples have a large 

transmission window starting from 275 nm without a specified 

absorption peak. The UV cut-off wavelength is around 275nm for all 

the samples and the intensity of UV absorption increases with the 

increase of CdSe content in the composite. The presence of nano 

sized CdSe enhances the uv absorption so that PS possesses a better 

uv shielding properties.  

Fig.8.4 shows Tauc-plot for allowed energy band transitions. 

The extrapolation of the linear portion of the plot on the photon energy 

axis provides the optical energy gap. The curve was characterized by 

the presence of an exponentially decaying tail at low photon energy. It 

is evident from the Tauc plot that gE  (Band Gap) is decreased with 

increase in dopant concentration. It may be due to the modification in 

the electronic structure of the PS matrix due to the appearance of 

various polaronic and defect levels due to CdSe nanoparticles [11]. 

The decrement in the optical band gap may be attributed to the 

generation of excess charge carriers and formation of charge transfer 

complexes. When dopant concentration is increased, the dopant 

molecules start bridging the gap separating the two localized states 

and lowering the potential barrier between them, thereby facilitating 

the transfer of charge carriers between two localized states.  
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Fig. 8.4: Tauc-plot of PS with different CdSe concentration 

The Urbach plot is presented in Fig.8.5, in which the natural 

logarithm of absorption coefficient, α is plotted as a function of photon 

energy (hν). The magnitudes of the Urbach energy, uE  were estimated 

by taking the reciprocal of the slopes of the linear portion of these 

curves. The values of optical band gap and Urbach energy for 

nanocomposites are tabulated in Table 8.1. The uE  values are found to 

be increasing with the concentration of CdSe in PS. The increase of     

uE  values by increasing the concentration of CdSe in the  nanocomposites 

may be due to the effect of internal potential fluctuation associated with 

the structural disorder [12]. 
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Fig.8.5: Relation between ln (α) and hν for PS  and PS / CdSe composites 

 

Table 8.1: Band gap (Eg) and Urbach energy (Eu) values of PS / CdSe 
nanocomposites 

Samples Eg (eV) Eu (eV) 
Pure PS 4.32 0.139 

1%  PS / CdSe 4.29 0.167 
2%    PS / CdSe 3.23 0.201 
4%    PS / CdSe 4.12 0.432 

 

8.3.4 Raman Studies 

Fig. 8.6 shows the Raman spectra of polystyrene (PS) and PS / CdSe 

composites at different filler concentrations. Appearance of the peaks at 

210cm-1 and 401cm-1 in the nanocomposite corresponds to the CdSe 

vibration. The peaks are related to the scattering of the nanoCdSe by 
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longitudinal optical (LO) photon and its first overtone. The ring 

deformation of polystyrene corresponds to 621 cm-1and 615 cm-1 peaks 

of the composite. Weak vibrations of C-C bonds give peak at 800cm-1 . 

The shift in the peak at 1001cm-1 to 1012 cm-1 for pure and CdSe filled 

polystyrene corresponds to aromatic ring breathing. The peaks at  

1607cm-1  and 1618cm-1  in the nanocomposite are attributed to the C=C 

aromatic ring stretching.  
 

 
Fig.8.6: Raman spectra of polystyrene (PS) and PS / CdSe composites 

 

8.3.5 Dielectric Studies 

Fig.8.7 shows the variation of dielectric constant of PNC’s at 

different frequencies. It is observed that initially the dielectric constant 

has larger values at lower frequencies, decreases with increase in 

frequency and remains almost constant at room temperature. The 
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decrease in dielectric constant of PNC on increasing the frequencies may 

be attributed to the dependence on the electronic, ionic and orientational 

polarizations. At low frequencies, all the four polarizations’ influence is 

noticeable. The space charge contribution depends on the purity and 

perfection of the material. Hence, the larger values of dielectric constant 

and dielectric loss exhibited by PNC at low frequencies may be attributed to 

space charge polarization. 

 

 
Fig.8.7:Variation of dielectric constant as a function of frequency of PS 

and PS / CdSe composites. 
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Fig.8.8: Variation of dielectric loss s as a function of frequency of PS and 

PS / CdSe composites 

 
Fig.8.9: A.C Conductivity of pure PS and PS / CdSe composites 
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Fig.8.8 shows the variation of dielectric loss of samples as a 

function of frequency. The trend in the variations of both dielectric 

constant and dielectric loss as a function of frequency is almost the 

same. Fig.8.9 depicts the variation of AC conductivity of PNC’s on 

varying frequency. Conductivity is increased with increase in frequency, 

may be due to the reduction in space charge polarization at high 

frequency. The pure PS has low conductivity when compared to the PS / 

CdSe composites of different concentrations. As the concentration of 

CdSe nanoparticles increases conductivity also increases. 

8.3.6 TG – DTA Analysis 

Thermo gravimetric (TG) and differential thermal analysis (DTA) 

on pure PS and its composites were carried out from room temperature 

to 600˚C. A neat distinctive TG-DTA trace of pure and doped samples 

are shown in Fig.8.10a –d. Almost the same thermal behaviour is 

observed for all the samples. However, there is a change in the onset 

temperature, almost same behavior is seen for the four samples with 

single step decomposition between 350˚C to 460˚C. It is clear that pure 

PS is thermally stable up to 298˚C whereas the thermal stability of 2% 

CdSe and 4% CdSe / PS  increases up to 309˚C and 315˚C respectively. 

That is, the thermal stability of the PS nanocomposite increases with 

increase in the filler concentrations.  
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Fig.8.10a: TGA and DTA trace of pure PS 

 

Fig.8.10b: TGA and DTA trace of PS / 1 % CdSe 
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Fig.8.10c: TGA and DTA trace of PS / 2 % CdSe 

 
Fig.8.10d: TGA and DTA trace of PS / 4 % CdSe 
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8.3.7 Photopyro Electric Studies (PPE) 

An improved photopyroelectric technique has been used to 

determine the thermal parameters of the samples. The necessary criterion 

that needs to be satisfied for such a measurement is that, the sample, the 

pyroelectric detector and the backing should be thermally thick during 

measurements. The sample was illuminated by an intensity-modulated 

beam of light, which gives rise to periodic temperature variation by 

optical absorption. The thermal waves so generated propagate through the 

sample and were detected by the pyroelectric detector. Measurements of 

PPE signal phase and amplitude enable one to determine the thermal 

diffusivity and thermal effusivity. From the measured values of α and e, 

the thermal conductivity k and heat capacity Cp of the samples were 

calculated and presented in Table 8.2. 

Table 8.2: Thermal parameters of PS and PS / CdSe nanocomposites 

Sample 
Thermal 
effusivity 

(Ws1/2/m2K)

Thermal 
diffusivity 

(X 10-7m2/s) 

Thermal 
conductivity 

(W/mK) 

Sp.Heat 
capacity 
(J/KgK) 

PS 961 0.59136 0.704 1250 
PS /1% CdSe 746 0.5807 0.542 990 
PS /2% CdSe 686 0.4809 0.4535 980 
PS /4% CdSe 665 0.4652 0.432 975 

 

8.4  Conclusion 

Polystyrene / CdSe composites of different filler concentrations 

have been prepared successfully using ultrasonication method. The 

bandgap and Urbach energy of the samples were calculated and it is 

found that bandgap energy decreases with increase in filler concentration 
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while Urbach energy increases. Both dielectric constant and dielectric 

loss decrease with increase in frequency. The thermal stability of the 

composites was found to increase by the presence of CdSe nanoparticles 

whereas thermal conductivity decreased.  
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CChhaapptteerr  99		
 

EEFFFFEECCTT  OOFF  EELLEECCTTRROONN  IIRRRRAADDIIAATTIIOONN  OONN  TTHHEE  
PPRROOPPEERRTTIIEESS  OOFF  PPSS,,  EEVVAA  &&  TTHHEEIIRR  NNAANNOOCCOOMMPPOOSSIITTEESS    

  

9.1 Introduction 
9.2  Experimental Procedure 
9.3 Electrical Studies 
9.4  Thermal Properties 
9.5  Conclusion 

 

 

9.1 Introduction 

Recently, material scientists are increasingly attracted to designing 

polymer dielectric materials due to their better signal progression for 

waveguide applications and inter-layer dielectrics that can reduce 

resistance-capacitance (RC) time delays [1].  Nanoparticles intercede 

with polymer matrix and electron beam irradiation offer an alternative in 

fabricating materials of synergistic properties with ease of processing and 

can be readily geared towards miniaturization of electronic device 

fabrication [2,3]. Among many polymer matrices, poly(ethylene-co-vinyl 

acetate (EVA) captures much attention because of its superior qualities 

like tunable electrical properties, flexibility, environmental stability and 

ease of preparation. Polystyrene can also be employed as the matrix 

material as it has got excellent processability, chemical resistance and 

optical transparency [4]. ZnSe nanofiller makes a continuous network in 
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the polymer and impart a greater polarization in an applied electric field, 

thereby increasing the dielectric constant. The unique optical and 

electrical properties of ZnSe [5] play a considerable role in the 

conduction mechanism [6,7] of nanocomposite.  

High energy radiation can modify the structure of polymers and 

can cause changes in chemical, electrical and optical properties [8,9].  

Irradiation can also result in bond rupturing and atomic displacement in 

the polymer so that the displaced atoms can migrate through polymeric 

network until they are trapped in the lattice leaving deficiency regions [10]. 

Chain scission, cross linking and chemical transformations are the 

possible events that affect the variation of electrical properties [11,12].  

In order to assess the applicability of ethylene vinyl acetate and 

polystyrene as dielectric materials, it is necessary to study their dielectric 

parameters. In the present day environment, electrical engineering 

materials using dielectrics pave a new path for progress in radio-

electronics, automatics, nuclear engineering etc [13]. Modulation of 

dielectric properties and the ease with which polymers can be shaped 

into complex multi-polymer systems are the reasons why industrialists 

looking for novel applications. The dispersion of nanoparticles and 

subsequent electron irradiation could make considerable progress in this 

area. Organically modified nano-clay reinforced EVA [14], nano-

hydroxyapatite modified LDPE [15], glass fibre reinforced polyamide 6 

[16] etc. were some of the electron irradiated polymer composites recently 

explored for enhancement in thermal and mechanical properties. Electron 

beam irradiation was found to be a useful method for improving the 
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dielectric behaviour and AC conductivity of polyethylene –glycol [17] 

and polyethylene-oxide based electrolyte films [18].  

The present chapter deals with the effect of electron irradiation on 

the electrical and thermal properties of virgin polystyrene (PS) and PS / 

2% ZnSe nanocomposites & virgin poly(ethylene-co-vinyl acetate) (EVA) 

and EVA / 2% ZnSe nanocomposites at 2 kGy and 4 kGy doses.  

9.2  Experimental Procedure 

The procedure for the synthesis of ZnSe nanoparticles and the 

preparation of EVA / ZnSe and PS / ZnSe composites etc. are the same as 

described in Chapter 4 and Chapter 7 respectively.  

A variable energy microtron facility available at Microtron center, 

Mangalore University was made use of for the experiment. The facility 

provides electrons of 4 - 12 MeV energy and bremsstrahlung radiation of 

energy 3 - 10 MeV.  

The prepared virgin polymer and nano composite films were 

exposed to 8 MeV electrons in the free air environment.  The films were 

kept at a distance of 30 cm from the beam exit point where almost uniform 

electron beam distribution exists for an area of 8cm x 8cm. The dose rate 

was adjusted with a current of 20 mA and the accelerator was operated 

in pulsed mode at a repetition frequency of 50 Hz and the samples were 

exposed to a graded electron beam dose of 2 and 4 kGy.   The salient 

features of the Microtron accelerator are detailed elsewhere [19].  The 

delivered doses were measured using a current integrator calibrated 

against appropriate radiation dosimeters.  
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9.3  Electrical Studies 

LCR Impedance analyzer, HIOKI 3532-50, was used to study the 

dielectric behavior of the prepared composites in the range of 100 Hz to 

5 MHz. Here the polarized molecules or atoms can align in accordance 

with the applied field and cause electromagnetic energy to be transferred 

into materials. The dielectric properties of materials are characterized by  

ε=  ε0( ε′ − j ε″)    ............................................................ (9.1)  

where ε0 is the permittivity of the free space, ε′ is the real part of 

permittivity of medium and ε″ is the imaginary part of relative 

permittivity, which gives the amount of energy dissipated in the 

dielectric. Amount of energy dissipated to energy stored in an applied 

electric field, called the loss co-efficient. These results reveal the 

sensitive effect on molecule's electrical polarizability. 

The complex capacitance and dielectric loss are estimated in 

frequency range of 100Hz to 1MHz. The complex capacitance which 

relates to a sample of planar geometry of area A and thickness d is 

C(ω) = (Α/d) ε(ω)   ......................................................... (9.2) 

ε(ω) is the permittivity of material. Relative permittivity can be thus 

obtained. 

Fig.9.1 and 9.2 show the variation of dielectric constant as a 

function of frequency for pure EVA and EVA /  2 % ZnSe with electron 

irradiation of 2 kGy and 4 kGy doses at room temperature. At lower 
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frequencies, the samples possesses a high relative permittivity and   

drops down around 1KHz region, then reaches a constant value. The 

sharp decrease in the value of dielectric constant on increasing the 

frequency is due to the inability of the dipolar molecules in the polymer 

to adjust to changes in the orientation direction. The high values of 

dielectric constant at low frequencies may be due to the accumulation of 

charges at the interface between the sample and electrodes. The 

dielectric constant is found to be enhanced by increasing irradiation 

doses in both the cases. The enhancement in the dielectric constant by 

electron irradiation may be due to the creation of some defect sites in the 

band gap of samples. These defects are the result of confinement of 

charge carriers in the band gap of polymer [14].  
 

 
Fig.9.1: Variation of dielectric constant as a function of frequency at room 

temperature for pure and irradiated EVA 
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Fig.9.2: Variation of dielectric constant as a function of frequency at room 

temperature for EVA / 2 % ZnSe and  irradiated EVA / 2 % ZnSe 

The values of dielectric constant at 2 KHz are tabulated in the 

Table.9.1. From the table it is clear that the value of dielectric constant 

of pure EVA increases with increase of filler concentration and 

irradiation doses.   

 
Table 9.1: The values of dielectric constant at 2 KHz for pure and irradiated 

EVA 

Sample   Dielectric constant 
EVA  2.5 

EVA + 2 kGy  2.6 
EVA + 4 kGy  2.8 

EVA / 2% ZnSe  3.375 
EVA / 2% ZnSe+ 2 kGy  3.5 
EVA / 2% ZnSe+ 4 kGy  3.8125 
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 The percentage of enhancement in the dielectric constant of 

polymer composites are compared with pure EVA and tabulated in Table 

9.2. From the table it is observed that concentration of ZnSe plays a 

major role in tuning the pure EVA to a semiconductor. The electron 

irradiation enhances the dielectric constant of EVA, however there is a 

drastic enhancement in the dielectric constant when there is a presence 

of filler. From the above studies it is clear that the effect of electron 

irradiation is more in the EVA / ZnSe composite than in the virgin EVA. 

In the pure EVA electric field is created due to electron irradiation only, 

however in the case of EVA composites the creation of electric field is 

not only due to irradiation but also due to filler. The variation of 

dielectric loss with frequency of the pure EVA and EVA / 2% ZnSe at 

different doses of electron irradiation is shown in the Fig.9.3 and Fig.9.4 

respectively. As in the case of dielectric constant, dielectric loss also 

found to be decreasing with increase in frequency. But there is a slight 

increase in the dielectric loss as the doses of the electron irradiation 

increases.  

Table 9.2:  Comparison of the percentage of enhancement in the dielectric 
constant of polymer / composites with pure EVA 

Sample   % of enhancement 
EVA & EVA + 2 kGy  4.0 
EVA & EVA + 4 kGy  12.0 

EVA & EVA / 2% ZnSe  35.0 
EVA & EVA / 2% ZnSe + 2 kGy  40.02 
EVA & EVA / 2% ZnSe + 4 kGy  52.5 
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Fig.9.3: Variation of dielectric loss as a function of frequency at room 

temperature for pure and irradiated EVA 

 
Fig.9.4: Variation of dielectric loss as a function of frequency at room 

temperature for EVA / 2% ZnSe  and irradiated EVA / 2% ZnSe   
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The electrical conductivity in the presence of an alternating current 

field was also measured using LCR meter at ambient temperature for a 

frequency range of 100 Hz to 3 MHz. The ac conductivity (σac) of the 

samples was calculated using the formula 0tanac rσ ωε δε= . Fig.9.5 and 

Fig.9.6 show the plot of log f versus σ. Figures show the frequency 

dependent electrical conductivity of unirradiated and irradiated films. 

The AC conductivity of the polymer film increases with frequency 

which is the common characteristics of disordered materials [20]. 

Further, the enhancement in conductivity with electron beam is found to 

be increased with increasing electron beam dose index. There is not 

much change in conductivity with frequency within 105Hz for all films, 

thereafter an increase in frequency leads to an increase in conductivity 

[18]. This is due to the fact that trapped charges by e-irradiation are 

activated at higher frequencies in the disordered EVA polymer chain and 

are attributed a gradual approach towards the resonance frequency of the 

charge carriers along the polymeric chain. There may be large energy 

loss along beam trajectories by the formation of single or multiple 

helices in the host matrices, thereby increasing the free charge carriers 

[21]. However, the frequency dependent A.C conductivity of EVA / 

2%ZnSe nanocomposite increases with electron beam dose. It may be due 

to the degradation of the polymer chains [22,23].  
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Fig.9.5:  Variation of AC conductivity as a function of frequency for pure 

EVA and irradiated EVA 

 

 
Fig.9.6:  Variation of AC conductivity as a function of frequency for EVA / 

2% ZnSe and irradiated EVA / 2% ZnSe 
 



Effect of electron irradiation on the properties of PS, EVA & their nanocomposites 
 

201 

Fig.9.7 and Fig.9.8 show the variation of dielectric constant with 

frequency at room temperature for 2 kGy and 4 kGy doses of electron 

irradiation for pure and PS / 2 % ZnSe polystyrene. The trend in the 

variation of dielectric constant with frequency is same as in the case of 

EVA. Dielectric constant in both cases found to decrease with increase 

in frequency. But there is an increment in the value of dielectric constant 

when the doses of the electron irradiation increases, which may be 

attributed to the increment in the charge carriers by electron irradiation. 

The variation of AC conductivity with frequency for pure PS and PS / 

2% ZnSe for 2kGy and 4kGy doses are shown in Fig. 9.9 and 9.10 

respectively. From the figure it is clear that AC conductivity is almost 

constant in the low frequencies and increases in the higher frequencies. 

Conductivity also increases with the increase of electron irradiation 

dose. This may be due to the formation of single on multiple helices, 

thereby increasing the free charge carriers in the polymer film. The 

values of AC conductivity of PS and PS / 2 % ZnSe at different doses 

are given in Table 9.2. 
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Fig.9.7: Variation of dielectric constant as a function of frequency at room 

temperature for pure and irradiated PS 

 

 
Fig.9.8: Variation of dielectric constant as a function of frequency at room 

temperature for PS / 2% ZnSe and irradiated PS / 2% ZnSe 
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Fig.9.9: Variation of AC conductivity with frequency for pure and 

irradiated PS 

 
Fig.9.10: Variation of AC conductivity with frequency for PS / 2% ZnSe 

and irradiated PS / 2% ZnSe 



Chapter 9 

204 

Table 9.2: AC conductivity values of PS and PS / 2 % ZnSe composites with 
different irradiation doses at 316 kHz frequency. 

Sample AC conductivity (S/m) 
PS 0.0625 x 10 -5 

PS + 2 kGy 0.125  x 10 -5 
PS + 4 kGy 0.625  x 10 -5 

PS + 2% ZnSe 0.46  x  10 -5 
PS +  2% ZnSe + 2 kGy 0.76  x  10 -5 
PS +  2% ZnSe + 4 kGy 1.07  x  10 -5 

 

9.4  Thermal Properties 

The thermal properties of composites depend on the fillers and 

interfacial compatibility of the composite system [15]. Perkin Elmer’s 

STA 6000, simultaneous thermal analyzer is used for the thermal analysis 

of the samples 

9.4.1 Differential Scanning Calorimetry 

The differential scanning calorimetry (DSC) curves of pure EVA, 

irradiated EVA (2KGy & 4KGy) are ahown in Fig.9.11. It shows an 

endothermic peak at 970C, representing the melting temperature of the 

crystalline phase of EVA [24]. The pure EVA samples as well as the 

irradiated samples have shown an exothermic peak starting at 3500C. 

The exothermic peak of the virgin EVA has been found to be larger 

indicating liberation of heat by molecular rearrangement or crystallization. 

The increased molecular order or crosslink formation might have reduced 

the exotherm for irradiated samples. EVA nanocomposites show endotherm 

peak at around 5000C, representing the complete decomposition of EVA 
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nanocomposite. The decomposition proceeds around 4500C, almost in a 

similar fashion for both irradiated and virgin EVA. 

The 2% ZnSe filled EVA nanocomposite showed similar pattern 

for the DSC curve (Fig. 9.12). The thermal behaviour of the irradiated 

and unirradiated nanocomposites showed variation in the exothermic 

curve starting at 325 0C.Unirradiated samples showed larger peak due to 

the increased crystallization effect at higher temperature. The thermal 

decomposition behaviour of all the nanocomposites remain the same. 

 
Fig. 9.11: DSC curves of pure EVA and irradiated EVA 
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Fig. 9.12: DSC curves of EVA / 2 % ZnSe and irradiated EVA / 2 % ZnSe. 

The DSC curves of pure polystyrene and the irradiated samples 

(Fig 9.13) shown similar characters on heating from 150C. The glass 

transition endothermic peaks of polystyrene were produced at around 

1000C [25]. The melt behaviour shown by the virgin polystyrene and 

2kGy irradiated polystyrene were similar, 4kGy irradiated sample exhibited 

more resistance to melting at around 1400C. The thermal decomposition of 

all the samples became uniform at around 4000C.  

DSC curves of 2% ZnSe filled polystyrene nanocomposite exhibited 

the same pattern of the virgin material and shown in Fig.9.14. Irradiation of 

the polystyrene nanocomposites exhibited characteristic peaks of virgin and 

non-irradiated samples, except the 4kGy irradiated nanocomposite. The    

2% ZnSe filled nanocomposite with 4kGy irradiation shows higher 

decomposition peak at around 4250C. 



Effect of electron irradiation on the properties of PS, EVA & their nanocomposites 
 

207 

 
Fig. 9.13: DSC curves of pure PS and irradiated PS 

 
Fig.9.14: DSC curves of PS / 2 % ZnSe and irradiated PS / 2 % ZnSe. 
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9.4.2 TGA analysis 

Thermogravimetry is a technique in which the mass of a substance 

is measured as a function of temperature or time, while the substance is 

subjected to a controlled temperature program. The TGA analysis of the 

samples were carried out between 40°C and 600 °C at a heating rate of 

20°C/min in nitrogen atmosphere. TGA curves of the pure EVA and 

irradiated EVA are shown is Fig.9.15. Thermal degradation of pure EVA 

and irradiated EVA presents a two step thermal decomposition. The first 

step of decomposition is in between 300oC and 380oC, which corresponds 

to thermal decomposition of vinyl acetate (-CH2-CH2(O(-COCH3)-)m 

and double bonds in the polymer backbone. The second step between 

380oC and 500oC corresponds to the degradation of ethylene segments   

(-CH2-CH2-)n. Almost same thermal behaviour is observed by Pistor V 

et al. [26]  when they studied the effect of organophilic montmorillonite 

clay (OMMT) in EVA. In the first step around 17% of the weight is lost, 

but the major portion of the weight is lost in the second stage, which is 

around 83%. A close observation in the TGA curves reveals that there is 

a slight increase in the thermal stability of the irradiated EVA as 

compared to pure EVA. This may be due to the creation of more 

compact three-dimensional crosslinking networks which is more stable 

against formation of gaseous products on heating due to electron 

irradiation [27]. Similar behaviour is also observed in the case of EVA / 

2% ZnSe and irradiated EVA / 2% ZnSe composites. 
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Fig.9.15: TGA curves of pure EVA and irradiated EVA 

 

 
Fig.9.16: TGA curves of EVA / 2% ZnSe and irradiated EVA / 2% ZnSe 
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Effect of irradiation (doses of 2 kGy and 4 kGy) on the TGA 

curves of pure polystyrene and EVA / 2% ZnSe have also been done 

using STA 6000 thermal analyser in nitrogen atmosphere at the rate of 

20oC / minute. Instead of two stage decomposition in EVA composites, 

one stage decomposition occurs in the case of polystyrene composites. 

From the figure, it is clear that there is a slight increase in the onset 

temperature decomposition of the pure EVA and EVA / 2% ZnSe at 

2kGy and 4kGy doses. The enhanced thermal stability by the electron 

irradiation may be due to the increase in the charge carriers. The same 

effect is observed by Shah A H et al. [28] by the addition of multiwalled 

carbon nanotubes in polystyrene. 

 

 
Fig.9.18: TG curves of pure PS and irradiated PS 
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Fig.9.17: TG curves of PS / 2% ZnSe and irradiated PS / 2% ZnSe 

9.5  Conclusion 

Effect of electron irradiation on the electrical and thermal properties 

of the pure EVA and EVA / 2% ZnSe nanocomposites as well as  pure 

PS and PS / 2 % ZnSe PS have been done for 2 kGy and 4 kGy doses. It 

is found that the dielectric constant of the pure PS, EVA and their 

nanocomposites increases with increase in dose. However, the percentage 

of the enhancement of dielectric constant in the nanocomposites was 

found to be higher than that of pure polymer. AC conductivity of the 

samples was also increasing with increase in frequencies. The thermal 

properties of the samples have also been studied. The melting point and 

the thermal properties of the samples found to increase with increase in 

the electron irradiation doses. 
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10.1  Introduction 
10.2  Summary 
10.3  Conclusions 

 

10.1  Introduction 

This chapter gives a glimpse of the summary and conclusion of 

the work carried out. The study reveals the effectiveness of II-VI 

semiconductor nanomaterials as fillers in polystyrene (PS) and poly 

(ethylene-co-vinyl acetate) (EVA) matrices in enhancing thermal, 

dielectric and optical properties. The possibility of improvement in the 

electrical and thermal properties of nanocomposites by electron 

irradiation is also investigated and reported as part of this research. 

10.2  Summary 

This thesis focuses mainly on the development of nanocomposite 

films based on poly (ethylene co-vinyl acetate) and polystyrene with 

zinc oxide (ZnO), zinc selenide  and cadmium selenide (CdSe) as  

semiconductor nanofillers for various applications in optoelectronic 

industry. The contents of various chapters in this thesis are summarised 

in the following sections. 

Co
nt

en
ts
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In Chapter 1, major types of nanocomposites, their constituents, 

methodology of nanocomposite preparation etc. are explained. The opto-

electronic applications of different polymer nanocomposites are also 

discussed along with a brief description of previous studies done in this 

field. Literature regarding the nanocomposite structures based on 

polystyrene and EVA are reviewed. Previous work reported on II-VI 

semiconductor nano materials embedded in different polymer matrices 

are also detailed in this chapter. The scope and objectives of the present 

study are also listed. 

Semiconductor nanomaterials in II-VI group used for these 

experiments were synthesised by hydrothermal / solvothermal methods. 

The nanopowder obtained was purified and the particle size was evaluated 

and confirmed by a transmission electron microscope. Zinc oxide (ZnO), 

cadmium selenide (CdSe) and zinc selenide (ZnSe) nanopowders were then 

used to synthesise the polymer nanocomposites. 

Poly(ethylene-co-vinyl acetate) EVA / ZnO composites were 

prepared by solution casting method with toluene as the solvent for 

EVA. Nanocomposites with different weight percentages (1,2 and 

4 %) of ZnO were prepared after ultrasonication to provide proper 

filler dispersion. Scanning elelctron microscope images showed 

homogeneous dispersion of nano ZnO in the polymer matrix. Optical 

absorption spectra of the composites gave a large transparency 

window between 500nm and 1600nm. Band gap of the composites 

was determined from Tauc plot and found that band gap energy got 

reduced to 3.97eV by the addition of  4% ZnO. Thermal stability was 
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found to increase with filler concentration. Photopyroelectric studies 

showed that thermal conductivity, diffusivity and effusivity increased 

with ZnO filler concentration. Tensile strength and peel resistance 

of the prepared composites were increased by 1% incorporation of 

ZnO. 

EVA/ZnSe nanostructures were made in varying percentages of 

ZnSe by solution casting after direct probe sonication. Microscopic 

evaluation of ZnSe and EVA/ZnSe composites was done by TEM and 

SEM. FT-IR and refractive index studies were done to evaluate the 

nanocomposite’s chemical and physical properties. Tauc Plot and 

Urbach plot were made and it was found that band gap decreases and 

Urbach energy increases with ZnSe filler incorporation. Dielectric 

constant, dielectric loss and AC conductivity measurements were 

carried out at different frequencies. From TG-DTA analysis, it was 

found that thermal stability improves with nano ZnSe. Thermal 

conductivity also increased, as found from photopyroelectric studies.  

EVA/CdSe nanocomposite materials of different concentrations of 

CdSe nanoparticle (1%, 2% and 4%) have been prepared successfully by 

ultrasonication and solution casting. The dielectric constant and 

dielectric loss were found to be decreasing with increasing frequency 

remaining almost constant at higher frequencies, but increasing with 

increase in filler concentration. The band gap of the nancocomposites 

decreased with increase in the amount of CdSe, but the Urbach energy 

was found to increase. The onset decomposition temperatures of pure 

EVA, EVA / 1% CdSe, EVA / 2%  CdSe and EVA / 4% CdSe  are 



Chapter 10 

218 

298˚C, 326˚C, 338˚C and 352˚C respectively. The thermal conductivity 

of nanocomposites was found to increase with increasing filler 

concentration. The tensile strength of nanocomposites was found to 

decrease by the addition of CdSe nanomaterials. On the addition of CdSe, 

the elongation properties also get reduced. Peel resistance of the 

nanocomposite increased with 1%CdSe.  

Insitu-polymerisation of styrene monomer mixed with ZnO 

nanomaterials was done to prepare the nanocomposite. Scanning 

electron microscopy confirmed the dispersion of nano ZnO in the 

polystyrene matrix. UV-Vis absorbance spectra and Tauc plot and 

Urbach studies were utilised to study the band gap and Urbach energy 

of the nanocomposite. Raman, FTIR and laser induced fluorescence 

spectra were obtained and the effect of incorporation of the ZnO filler 

was analysed. Dielectric studies and AC conductivity studies at 

varying frequencies were done to find the effect of nanomaterials. 

Photopyroelectric study was carried out to find the thermal parameters 

of the prepared PS/ZnO nanocomposite. Thermal conductivity was 

found to reduce with ZnO filler incorporation. 

Chapter 7 explains the synthesis and characterisation of 

polystyrene-zinc selenide system. Studies were carried out on these thin 

film nanocomposites with different (1%, 2%, 4%) filler concentrations. 

Morphological studies and dielectric studies of the nanocomposites were 

carried out. UV absorption and Raman spectra were used to find optical 

properties and TG-DTA evaluation was done to identify the thermal 

behaviour. Onset decomposition temperature of the samples was found to 
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increase by increasing the filler concentrations. Thermal effusivity, 

diffusivity, conductivity and specific heat capacity of the samples were 

studied by photopyroelectric method. 

Chapter 8 deals with the influence of cadmium selenide (CdSe) on 

polystyrene polymer matrices. Solvothermal method was used to 

synthesize nanoparticles whereas nanocomposites were prepared by in 

situ polymerization method.  Dispersion of the CdSe was studied using 

SEM analysis. Thermal stability of the composites was found to increase 

with increasing filler concentration. It was found that both dielectric 

constant and loss decreased by increasing frequency. UV-Vis-NIR 

spectroscopy was used to record the optical absorption of the samples 

and the band gap of the samples was plotted using Tauc’s method. It is 

evident from the Tauc plot that band gap decreased with increasing dopant 

concentration, which means that the conductivity increases with increasing 

filler concentration.  

The effect of electron irradiation on various properties of virgin 

polystyrene and EVA matrices and their nanocomposite derivatives 

based on ZnSe nsnocomposites are described in Chapter 9. Thermal 

stability and the conductivity of the pristine samples and ZnSe 

composites were found to enhance by increasing the doses of electron 

irradiation. 
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10.3  Conclusions 

The conclusions from the investigations can be stated as follows: 

Synthesis and preparation: 

 Hydrothermal and solvothermal processes can be employed as 

a simple preparation method to synthesise ZnO, ZnSe and 

CdSe nanoparticles. 

 Solution casting of ethylene vinyl acetate copolymer with 

required ultrasonication can be used for making thin film 

nanocomposites with uniform thickness. 

 In-situ polymerisation of styrene with the nanomaterial dispersed 

in the monomers can be used for making homogeneous thin 

films. 

Characterisation and optical studies 

 TEM images and SEM images of the morphology of  

nanoparticles and nanocomposites confirmed that the synthesis/ 

preparation method  was reliable. 

 FTIR, Raman and LIF spectra confirmed the presence of 

various chemical groups and their characteristic vibrations 

and peaks. 

 UV-VIS-NIR spectra of the nanocomposites showed the 

characteristic absorptions, the Tauc and Urbach plots exhibited 

the decreased bandgap energy and increased Urbach energy 

with the incorporation of nanofillers. 
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Dielectric Studies 

 The dielectric constant and dielectric loss of the 

nanocomposites decrease at higher frequencies. With 

increase of doping, the dielectric properties exhibited slight 

increase at all frequencies.  At a particular frequency, the 

dielectric constant is found to decrease with increase of 

temperature. 

 AC conductivity of the nanocomposites increases with 

increasing frequency. At frequencies near 100 kHz, the 

doped and undoped materials showed much difference in 

conductivity. At higher doping the conductivity increased 

exponentially at higher frequencies. 

Thermal analysis 

 The thermal stability of the nanocomposites was found to 

increase with semiconductor nano doping. The polystyrene 

and ethylene vinyl acetate matrices showed enhanced 

thermal stability and prolonged decomposition characterstics. 

 Enhanced thermal conductivity is noticed in ethylene vinyl 

acetate samples, whereas the thermal conductivity is reduced 

in polystyrene matrices. Specific heat capacity, thermal 

effusivity and diffusivity showed considerable variation with the 

nanofiller incorporation. 
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Mechanical properties 

 The effect of incorporation of nanofillers on ethylene vinyl 

acetate was measured. The peel resistance of EVA with 

nanomaterials improved at very low (1%) loading on all 

substrates.  

Electron irradiation 

 Dielectric constant, AC conductivity and thermal stability of 

the II – VI semiconductor nanocomposites exhibited good 

improvement on electron irradiation.  

In nutshell, the thermal, optical, electrical properties of Ethylene 

vinyl acetate and polystyrene matrices are improved by the addition 

of ZnO, ZnSe and CdSe nanoparticles. Electron irradiation on the 

nanocomposites has a synergistic effect on polymers.  Since the properties 

of the nanoparticles depend on the size, EVA and PS nanocomposite can 

be utilized effectively for optoelectronic device fabrications by varying 

the size and concentrations of nanoparticles dispersed in the matrix.  
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0ε  -  Permittivity of free space 

rε  - Dielectric constant  

μV -  Microvolt 
mW - Milliwatt 
W - Watt 
J - Joule 
K - Kelvin 
Kg - Kilogram 
nm - Nanometer 

μm -  Micrometer 

μ0 - Permeability of free space  

Å - Angstrom 

θ - Theta 

Δ -  Delta 

ω - Omega 
g - Gram 

λ - Wavelength 

α  - Thermal diffusivity 
k - Thermal conductivity 
e - Thermal effusivity  
Cp  -  Specific Heat capacity 
eV  -  Electron Volt 
Eg  - Band gap 
Eu - Urbach energy  
UV-Vis-IR - Ultraviolet  Visible  Infrared 
FT-IR - Fourier Transform Infrared 
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TGA  -  Thermogravimetric   
DTA  -  Differential thermal analysis 
DSC  -  Differential scanning calorimetry (DSC), 
PPE -  Photopyroelectric  
PNC  -  Polymer Nanocomposite 
PS  -  Polystyrene 
EVA  -  Ethylene Vinyl Acetate 
ZnO  -  Zinc Oxide 
ZnSe  -  Zinc Selenide 
CdSe  -  Cadmium Selenide 
LIF  -  Laser Induced Fluorescence 
CNC  -  Cellulose Nano Crystal 
CNT  -  Carbon Nano Tube 
TEM  -  Transmission Electron Microscopy 
SEM  -  Scanning Electron Microscopy 
ASTM  -  American Society for Testing and Materials 
PANI  -  Polyaniline 
PTP  -  Polythiophene 
PPy  -  Polypyrrole 
PVDF  -  Poly-Vinylidine Fluoride 
OPV  -  Organic Photovoltaic 
OLED  -  Organic Light Emitting Diodes 
PVA  -  Poly Vinyl Alcohol 
PP  -  Poly Propylene 
PLA  -  Poly Lactic Acid 
ICP  -  Intrinsically Conducting Polymers 
CPC  -  Conductive Polymer Composite 
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