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ABSTRACT 

Development of polymer nanocomposites is an interesting area in 

advanced research because of its capability of providing improved mechanical, 

thermal and electrical properties. The main application areas of polymer 

nanocomposites are aerospace, automotive, electrical, electronics and 

consumer products etc. 

Although the potential use of polymer nanocomposites in electrical 

insulating industry has only recently begun to be explored, the insulators made 

from polymeric materials offer numerous advantages in out-door insulation 

systems due to their good dielectric properties, light weight, better pollution 

performance, low cost and easy processing. The commonly used polymeric 

materials for electrical insulators are ethylene propylene rubber, ethylene 

propylene diene monomer rubber (EPDM), silicone rubbers etc.  

Silicone rubber is the lead polymer currently used for making high voltage 

insulators due to its excellent dielectric properties coupled with superior thermal 

stability, excellent UV resistance and better hydrophobicity. It suffers from poor 

mechanical strength, tracking resistance and high cost. Instead, EPDM possess 

excellent mechanical strength and tracking resistance with comparatively lower 

cost. Recently, polymer nanocomposites are suggested for electrical insulation 

applications. 

Hence, the present work is directed towards the development of 

EPDM/Silicone nanocomposites for outdoor high voltage insulators. 

EPDM/Silicone rubber nanocomposites have been prepared by incorporating 

various phr of organically modified montmorillonite (OMMT) nanoclay and nano 

silica onto compatibilised and uncompatibilised EPDM/Silicone rubber blends 

using two roll mill. Compatibilisation of EPDM and silicone rubber blend was 

achieved through insitu grafting of silane onto EPDM during mixing of rubbers. 

Effect of OMMT and nano silica content and compatibilisation of  blend system  

on mechanical, electrical and thermal properties of the nanocomposites were 
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investigated. Mechanical properties such as tensile strength, percentage 

elongation at break and hardness were tested. Thermogravimetric analysis was 

carried out to analyse the thermal stability of the nanocomposites. Dielectric 

strength, dielectric constant, volume and surface resistivity and dissipation factor 

of the nanocomposites were also measured.  

The results obtained for various properties indicate that the 

compatibilised EPDM/Silicone rubber nanocomposites have improved 

mechanical, thermal and dielectric  properties compared to that of 

uncompatibilised blend nanocomposites. It is observed that, the addition of 

OMMT upto 5 phr  and nano silica up to 3 phr onto compatibilised blends of 

EPDM/Silicone offers significant improvement in the above properties. 

Increasing content of OMMT and nano silica onto the blends caused marked 

enhancement in thermal stability of the nanocomposties. Transmission electron 

micrograph showed uniform dispersion of OMMT and silica and also the 

exfoliation of OMMT in the rubber matrix. The present work reveals that the 

compatibilised EPDM/ Silicone/OMMT and EPDM/Silicone/Silica nanocomposite 

could be a better candidates for  high voltage electrical insulation due to its 

enhanced dielectric, mechanical and  themal characteristics. 
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1. INTRODUCTION 

 

1.1 COMPOSITES 

A composite is defined as a combination of two or more materials with 

different physical and chemical properties and distinguishable interface. Main 

advantages of composites are high specific stiffness and strength, high 

toughness, excellent corrosion resistance, low density and thermal insulation. 

In most composite materials; one phase is usually continuous and is called 

as the matrix or dispersion medium, while the other phase is called as the 

dispersed phase. On the basis of the nature of the matrices or dispersion 

medium composites can be classified into four major categories as Polymer 

matrix composite, Metal matrix composite, Ceramic matrix composite and  

Carbon matrix composite. 

Polymer matrix composite can be processed at a much lower 

temperature, compared to other composite materials. Generally, polymer 

composites are composed of resins, reinforcements, fillers and additives. 

Each of these constituent materials or ingredients plays an important role in 

the processing and final performance of the end product. The resin 

or polymer  holds the composite together and influences the physical 

properties of the end product. The reinforcement provides the mechanical 

strength to the composites. The fillers and additives are used as processing 

or performance aids to impart special properties to the end product.  

Depending on the types of polymer matrices, polymer matrix 

composites are classified as thermoplastic, thermosetting and elastomeric 

composites. 

 

1.2 POLYMER NANOCOMPOSITES 

Polymer nanocomposites are new class of materials possessing 

improved mechanical strength, thermal stability, flame retardancy and 

dielectric properties.  Nanocomposites are the materials that are 

manufactured by the dispersion of nanofillers (at least one dimension in 

nanometers (<100 nm) into the macroscopic materials. Nanocomposites 

have recently attracted significant research interest due to their improved 

strength and modulus, better thermal and chemical stabilities etc. due to its 

http://www.mdacomposites.org/MDAcomposites/Glossary.htm#polymer
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higher surface area and enhanced interfacial adhesion between nano 

particles and the matrix material. Such improved properties make 

nanocomposites attractive in various applications such as automotive, 

construction, packaging, household, medical, agricultural and space 

industries. The scientific and industrial interests have been devoting to 

polymer nanocomposites in recent years. They often exhibit remarkable 

improvement in material properties when compared to virgin polymer or 

conventional composites.  

 

1.2.1 Classification of Polymer Nanocomposites 

 Depending upon the type of the matrix material, polymer 

nanocomposites can be classified as thermoplastic, thermoset and 

elastomeric nanocomposites. 

 

Thermoplastic nanocomposites 

 The addition of thermally and / or electrically conductive nano fillers 

allows the polymer formulator the opportunity to develop materials with 

insulating to conductive type characteristics. Their properties of lower density 

offer an advantage in applications where lighter weight is required. The 

packaging applications area is a large area for thermoplastics, from bottles to 

plastic wrap. The polymers used to make thermoplastic nanocomposites 

include acetal, fluoropolymers, polyethylene, polypropylene, nylon, 

polycarbonate, polystyrene, PVC, etc 

 

Thermo set nanocomposites 

 Thermosetting type resins consist of solid, semi-solid or liquid organic 

reactive intermediate material that cures or cross links into a high molecular 

weight product with no observable melting point. In general, these 

intermediate; reactive thermosetting compositions contain two or more 

components: a reactive resinous material with a curing agent that causes the 

intermediate material to cure. The commonly used thermosetting resins used 

for the preparation of nanocomposites include epoxy, phenolic, polyesters, 

polyimide, vinyl ester etc. These thermosetting nanocomposites can be 

impregnated into fiber reinforcements such as glass, silica, quartz, carbon / 
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graphite, aramid, polyethylene, boron or ceramic and upon curing lead to 

laminates or nano modified polymer matrix composites. 

 

Elastomeric nanocomposites 

Rubbers or elastomers are important type of polymeric materials 

widely used for making nanocomposites due to its high and reversible 

deformity. These elastomeric materials can be block co-polymers or 

multiphase systems containing soft (low Tg) segments and hard segments. 

They are processable under thermoplastic conditions. Elastomers which are 

used for making nanocomposites are natural rubber, butadiene rubber, butyl 

rubbers, ethylene propylene rubbers, ethylene propylene diene monomers, 

fluoroelastomers, polychloroprene, silicone rubber, etc. 

 

1.2.2 Preparation of Polymer Nanocomposites 

 After the selection of a particular polymer matrix and the appropriate 

nanoparticles for a specific application, the next challenge is to decide a 

proper method of preparation of polymer nanocomposites. The commonly 

used methods are: 

 Solution blending 

 Melt blending  

 In-situ polymerization 

 Latex compounding 

 Roll milling and 

 High-shear mixing 

 

Solution blending 

 Solution blending is one of the most common methods for the 

preparation of nanoclay and CNT based polymer nanocomposites. In this 

method, nanofiller is dispersed in a suitable solvent or polymer solution and 

the polymer and the filler in the solution is mixed by ultrasonication. 

Precipitation or casting is used for the recovery of nanocomposites.  This 

method is mainly used for making the nanocomposites in film form. The 

solvent chosen should completely dissolve the polymer as well as disperse 

the nanofiller. The solvent used will help in the mobility of the polymer chains 
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which in turn helps in the intercalation of the polymer chains with the layered 

filler. 

 

Melt blending 

Extruder or an internal mixer is used in melt blending. This process 

generally involves the melting of polymer pellets to form a viscous liquid. 

Nanoparticles are dispersed into the polymer matrix using high shear mixing 

combined with diffusion at high temperature. After the preparation, the 

nanocomposite comes out from the die. Products can then be fabricated by 

compression molding, injection molding, or fiber forming techniques. This 

method is widely used for making CNT and clay based nanocomposites 

containing polyolefins, PMMA, polyimide, etc as the matrix material. 

 

In-situ polymerization 

 In case of in-situ polymerization, the monomer and nano 

reinforcement (swollen within the liquid monomer or monomer solution) are 

mixed. The monomer is allowed to intercalate between the silicate layers. 

Once the monomer is intercalated, polymerisation can be initiated by different 

methods such as heat or radiation. This method is widely used for the 

synthesis of polymer – layered silicate nanocomposites. 

 

Latex Compounding Method 

 Latex compounding is a promising method used in the preparation of 

rubber/layered silicate nanocomposites. Latex compounding technique starts 

with dispersing layered silicates in water which acts as a swelling agent 

owing to hydration of the inter gallery cations. Rubber latex is then added and 

mixed followed by coagulation, filtering and drying. 

 

Roll milling 

Three roll milling is considered as low – shear mixing for incorporating 

solid nanoparticles into a liquid polymer as compared to high shear mixing. 

Eg: preparation of POSS-EVA nanocomposites. Two roll milling is used for 

the preparation of rubber nanocomposites. 
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High shear mixing 

In high shear mixing, the solid or liquid nanoparticles are mixed with 

liquid polymer matrix using high - shear equipment. Under these conditions 

and if the surface treated nanoparticles are compatible with the selected 

polymer, the high-shear mixing will disrupt the nanoparticle aggregates and 

disperse the filler in the matrix phase resulting an intercalated or an 

exfoliated nanocomposites. 

 

1.2.3 Properties of Polymer Nanocomposites 

Polymer nanocomposites generally possess the following properties. 

 Improved modulus and strength  

 Improved toughness 

 Improved glass transition and relaxation behaviour  

 Improved wear resistance and decreasd coefficient of friction 

 Better dielectric characteristics 

 Relatively good optical clarity  

 Better gas barrier properties 

 Excellent thermal stability and flame retardancy characteristics. 

 

1.2.4 Applications of Polymer Nanocomposites 

The improvements in mechanical properties of nanocomposites have 

resulted in major interest in numerous defences, automotive, medical and 

general/industrial applications.  

Defence applications - structural components, high performance 

fibre/fabrics for mechanical and electronic applications, ballistic protection, 

body armour, microwave absorbers, optical applications such as 

telecommunications, lubricant, actuators, sensors, diffusion barriers, etc. 

Automotive applications - mirror housing, door handles, engine covers, 

fuel tanks, belt covers, etc. 

Medical applications – container seals for blood collection tubes, 

stopper for medical containers, blood bags, etc 
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Other industrial/general applications include power tool housing and 

cover for portable electronic equipment such as mobile phones and pagers, 

membranes for fuel cell applications, packaging, coatings, etc.  

 

1.3 NANOFILLERS 

Nanofillers are introduced in to polymers in addition to traditional fillers 

and additives to enhance the performance properties.  The most commonly 

used nanofillers are discussed below: 

 

1.3.1 Montmorillonite Nanoclays (MMT) 

Nanoclay is the most investigated nanofiller in a variety of polymer 

matrices for a spectrum of applications due to its natural abundance and its 

very high form factor. Clay based nanocomposites generate an overall 

improvement in physical performance. The origin of bentonite (natural clay) is 

most commonly formed by the in-situ alteration of volcanic ash. Another, less 

common origin is the hydrothermal alteration of volcanic rocks. Bentonite 

contains montmorillonite, glass, mixed layer clays, kaolinite, quartz, zeolite 

and carbonates. Montmorillonite clay named after Montmorillon, a mountain 

in France belongs to the pyrophylites, which is a member of the family of 

smectites. Montmorillonite is the most common type of clay used for the 

preparation of nanocomposites. 

 

Structure of Montmorillonite (MMT) 

MMT consists of layers containing tetrahedral silicates and octahedral 

alumina. The tetrahedral silicate layer consists of SiO4  groups linked together 

to form a hexagonal network of the repeating units of composition Si4O10 .The 

alumina layer consists of two sheets of closely packed oxygens or hydroxyls, 

between octahedrally coordinated aluminium atoms imbedded in such a 

position that they are equidistant from six oxygens or hydroxyls. The two 

tetrahedral layers sandwich the octahedral layer, sharing their apex oxygens 

with the latter. These three layers form a clay sheet that has a thickness of 

0.96 nm. The chemical formula of montmorillonite clay is Na1/3(Al5/3Mg1/3) 

Si4O10 (OH)2. In its natural state Na+ cation resides on the MMT clay surface. 

The chemical structure of montmorillonite is shown in Figure 1.1 
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Figure 1.1  Chemical structure of montmorillonite   

 

Organic treatment of MMT 

 Layered silicates are hydrophilic materials and are incompatible with a 

wide range of polymers. They must be made organophilic (hydrophobic) to 

become compatible with host polymers that are hydrophobic in nature. 

Organic treatment is typically accomplished via ion exchange between 

inorganic alkali cations on the clay surface with the desired organic cation. 

The different compounds used for clay surface treatments are: 

 Quaternary ammonium salts 

 Alkyl imidazoles which provides improved thermal stability 

 Coupling agents and teathering agents-can be functional amino 

compounds 

 Compounds consist of cation types with phosphorous ionic 

compounds. 

 

Preparation of Organically modified Montmorillonite (OMMT) 

 The ideal dispersion of the layered silicate is realised when all the 

layers are sufficiently separated from each other in the polymer matrix. 

Normally, the gap between the two successive layers in MMT is too small to 

allow the penetration of polymer molecule. Organomodification is one of the 
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techniques which enhances the gap between the layers and overcome this 

problem. Generally quaternary alkyl ammonium cations are used for this 

purpose. The cations which are present in the gallery are replaced by some 

quaternary ammonium compounds with a long hydrophobic tail. The organic 

cations lower the surface energy and improve the wetting and intercalation by 

the polymer matrix resulting in a larger interlayer spacing. The organic 

cations may provide functional groups that may react with the monomer or 

polymer to enhance the interfacial adhesion between the clay nanolayers and 

polymer matrix. 

 A frequently used method for the preparation of organomodified clay is 

given by the general reaction: 

 

NaZ+RNH3 
+

 ↔ Na+ + RNH3Z 

 

Where NaZ is montmorillonite with Na+ as interlayer cation, R is the alkyl 

chain of the acidified primary amine surfactant, RNH3Z is the organoclay. 

 

Types of Clay composites 

Depending upon the mode of dispersion of clays in the polymer matrix, 

the composites can be classified into intercalated or exfoliated. In 

intercalated composites, polymer penetrates the interlayer spacing of the 

clay, without breaking the layered structure of the clay. In exfoliated structure, 

the polymer penetrates thoroughly and breaks down the layered structure of 

the clay. This results in even distribution of clay layers within the polymer 

matrix. Intercalation or exfoliation in the matrix material is depends upon the 

factors such as the exchange capacity of the clay, polarity of the reaction 

medium, the chemical nature and loading of the interlayer - cations on the 

clay. Mode of dispersion of clays is shown in Figure 1.2. 
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Figure 1.2 Types of clay dispersion 

 

Properties of OMMT 

OMMT offers following properties to the nanocomposites. 

 Better modulus, strength and tear resistance 

 Excellent dielectric properties 

 Better facture toughness 

 Better abrasion resistance 

 Superior  barrier properties 

 Excellent flame retardancy 

 Good anti-corrosive properties, etc. 

 

Applications of OMMT 

The major application areas of OMMT are  

 Anti-corrosive paints and coatings. 

 Aerospace components, housing for electronics, etc. 

 Industrial applications such as rheological additives and thickeners, 

etc.  
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1.3.2 Carbon Nanotubes (CNT) 

 CNT was first synthesized in 1991 by Sumio Iijima of NEC Corporation 

in Japan in the carbon cathode by arc discharge. CNTs can be prepared by 

using different methods such as arc evaporation, laser ablasion, pyrolysis, 

PECVD and electrochemical methods. In general, three kinds of carbon 

nanotubes are considered. They are: 

Single – walled carbon nanotube (SWCNT) – SWNTs are made of 

singe graphene (one layer of graphite) cylinders. It is having diameter of 1 – 

2 nm and micro-meter scale lengths. 

Multi – walled carbon nanotubes (MWCNT) – MWCNTs were the first 

nanotubes observed. It consists of two or more concentric cylindrical shells of 

graphene sheets coaxially arranged around a central hollow core with 

interlayer separation as in graphite (0.34 nm).  MWNTs are having inner 

diameter of about 2-10 nm, an outer diameter of 20-70 nm, and a length of 

about 50 μm. 

Small – diameter carbon nano tubes (SDCNT) – SDCNTs are 

nanotubes having diameters of less than 3.5 nm and lengths from several 

hundred nanometres to several micrometers with one to three walls. 

 

Properties of CNT 

The main properties which are offered by carbon nanotubes in polymer 

nanocomposites are 

 Increased tensile strength and modulus 

 High thermal conductivity.     

 High electrical conductivity 

 Excellent chemical stability 

 Excellent resistance to electron radiation 

 

Applications of CNT 

CNTs are excellent candidates  

 in catalysis, storage of gases, biological cell electrodes, quantum 

resistors, flow sensors, etc. 

 for the preparation of conductive composites. 
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 for stiff and robust structures because the C-C bond in the graphite is 

one of the strongest in nature. 

 for making nanoelectronic and photovoltaic devices, electro chemical 

capacitors, super conductors, etc. 

 

1.3.3  Nano Oxides 

 In 1941 Degussa patented a high temperature hydrolysis process of 

metallic oxides to produce extremely fine particle oxides and in 1950s it has 

become the process for the preparation of nanoparticles based on silicon 

dioxide, aluminium oxide and titanium dioxide. The various nano metal 

oxides and its properties and applications are discussed below: 

 

Nano silica (Silicon dioxide - SiO2)  

It is generally known as Aerosil. Aerosil is highly dispersed, 

amorphous, very pure silica that is produced by high-temperature hydrolysis 

of silicon tetrachloride in an oxy-hydrogen gas flame. It is a white, fluffy 

powder consisting of spherically shaped primary particles. The average 

particle size is in the range of 7-15 nm and the specific surface area range 

between 50 and 380 m2/g. In contrast to the precipitated silica it does not 

have a clearly defined agglomerate size. Particle size distributions become 

wider and the tendency to form agglomerates is reduced.  

Siloxane and silanol groups are situated on the surface of the fumed 

silica particles. Silanol is responsible for hydrophilic behaviour, which 

determine the interaction of the particle with solids, liquids and gases. The 

surface of the particles can be easily modified by reacting the silanol group 

with various silanes and silazanes, resulting hydrophobic particles. . 

 

Properties of Nano silica 

The main properties of silica are 

 High interfacial area 

 Excellent reinforcement 

 Better thermal stability 

 Excellent dielectric properties, etc. 
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Applications of Nano silica 

The application areas are 

 It is used to adjust the rheological properties of silicone rubber, 

coatings, plastics, printing inks, adhesives, lubricants, etc. 

 It is used as reinforcing filler in elastomers 

 It is used as reinforcement in construction industry 

 It is used as thickening agent in adhesives and paints 

 It is used as anti settling agent and a free-flow aid.  

 

Nano aluminium oxide (Al2O3) 

The main properties of nano aluminium oxides are its excellent 

electrical insulation coupled with thermal conductivity. 

Applications includes cable insulation, high voltage insulators, 

transparent coatings, solar resistant mask, coating of steel, nanocomposite 

for improved stereolithographs, etc  

 

Nano titanium dioxide (TiO2) 

 Nano titanium dioxide can offer long-term heat stability at high 

temperatures. It can offer flame retardancy and semi-reinforcing qualities at 

lower filler loading. Creep resistance and dimensional stability can be 

improved by the use of nano titanium dioxide.  

Applications include high-voltage insulation material, IC substrate 

boards, toners, fluorescent tubes, battery separators, UV sun screen lotion, 

etc. 

 

1.3.4 Polyhedral Oligomeric Silsesquioxane (POSS) 

 It has a precise, three-dimensional silicone and oxygen cage structure 

for molecular level reinforcing of polymer segments and coils. POSS are a 

type of hybrid inorganic-organic material of the form (RSiO1/2)n or RnTn, where 

organic substituents are attached to a silicon-oxygen cage. Vinyl and phenyl 

based POSS materials have been used in composites that have shown 

excellent fire resistance performance. POSS molecules are nanoscopic in 

size ranging from 1 to 3 nm. It can be used as multifunctional polymer 
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additives, acting simultaneously as molecular level reinforcements, 

processing aids and flame retardants. 

 

1.3.5 Carbon Nanofibers (CNFs)  

  Carbon nanofibers are a form of vapour-grown carbon fiber which is a 

discontinuous graphitic filament produced in the gas phase from the pyrolysis 

of hydrocarbons. They can be produced in high volumes at low cost. CNFs 

are much smaller than conventional continuous or milled carbon fibers (5-10 

μm) but larger than carbon nanotubes (1-10 nm). CNFs are produced only in 

a discontinuous form, where the length of the fiber can varied from about 100 

μm to several centimetres, and the diameter is of the order of 100nm. As a 

result, CNFs possess an aspect ratio of 1000. CNF have the morphology 

where these are hollow at the centre and have a diameter greater than 

MWCNT. But   individual layers are not arranged in concentric tubes. 

CNFs are more resistant to oxidation and less reactive for bonding to 

matrix materials. Carbon nanofibers exhibit exceptional mechanical and 

transport properties, thus used as an attractive component for engineering 

materials. 

 There are other nano particles such as exfoliated graphite and silicon 

carbide that have been used to form polymer nanocomposites with enhanced 

material properties.  

 

1.4 RUBBER NANOCOMPOSITES 

The use of rubber for making nanocomposites has been growing 

because of its reversible deformity. Rubber consists of polymeric chains 

which are joined together to form a network structure and has high degree of 

flexibility. Upon stretching, the randomly oriented polymer chains undergo 

bond rotation allowing the chain to be extended or elongated. Since the cross 

– linked chains cannot irreversibly slide over one another, the chains allows 

elastomeric recoverability upon the release of force.  

Reinforcement is especially important for the application of elastomeric 

materials because the mechanical strength of unfilled elastomers is generally 

poor. Isometric fillers such as carbon black or conventional grade silica are 

the commonly used reinforcing fillers in elastomeric materials. Natural 
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rubbers, Synthetic rubbers such as nitrile rubbers, EPM, EPDM, butyl rubber, 

silicone rubbers, etc are the commonly used rubbers for the preparation of 

elastomeric nanocomposites. 

 

1.4.1 Advantages of Rubber Nanocomposites 

In comparison with conventional composites, nano reinforcement offers 

rubbers the following advantages: 

 Light weight 

 Efficient load transfer ability from matrix to reinforcement due to good 

interfacial interaction. 

 Easy processability. 

 Excellent gas barrier  

 Better rolling resistance 

 Improved dimensional stability 

 Improved flame resistance  

 Enhanced air retention 

 Lower cost  

 

1.4.2  Limitations/ Challenges of Rubber Nanocomposites 

 Although rubber nanocomposites have many advantages related to 

the nano reinforcement, there are still many challenges. They are: 

 Difficulty to achieve a homogeneous dispersion of nanoparticles due 

to the tendency of nano particles to agglomerate. 

 Health and environmental threats from production, use and disposal of 

nano particles when working with these nanomaterials. 

 

1.4.3 Applications of Rubber Nanocomposites 

Main applications of rubber nanocomposites are: 

 Rubber nanocomposites, due to its excellent chemical barrier 

properties have been utilized in chemical protective and surgical 

gloves in order to protect against chemical warfare agents and for 

avoiding contamination from medicine.  
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 Electrical insulation, due to better dielectric properties. Ethylene 

propylene rubber, ethylene propylene diene monomer, silicone rubber, 

etc are used for making electrical insulators. 

 Tire industry - Rubber/clay nanocomposites are used for improving 

barrier and mechanical properties of tires and tubes.  

 Nanocomposites based on polymers such as butyl rubber, styrene 

butadiene rubber, ethylene propylene diene monomer rubber, 

ethylene vinyl acetate copolymer, ethylene-octene copolymer, have 

been used commercially for barrier applications. These polymers can 

act as excellent barriers for many gases such as CO2, O2, N2, and 

chemicals such as toluene, HNO3, H2SO4, HCl, etc. 

 

1.4.4  Elastomeric Materials 

 

Ethylene Propylene Diene Monomer rubber (EPDM) 

 Polyolefin rubbers are produced in two main types; the saturated 

copolymers (EPR) and the unsaturated terpolymers (EPDM). The EPDM 

contain in addition to olefins, a non-conjugated diene as the third monomer.

  The three commonly used dienes are 5-ethylidene-2-norborene 

(ENB), 1, 4 hexadiene and dicyclopentadiene (DCPD).The amount of the 

third monomer in the terpolymer is from 1 to 2 mol%. Chemical structure of 

EPDM is shown in Figure 1.3. 

 

Figure 1.3 Chemical structure of EPDM rubber  
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Mechanism of Vulcanisation of EPDM rubber with Peroxide 

EPDM can be vulcanised by using sulphur or peroxides.In the first 

step, the peroxide undergoes a homolytic cleavage producing cumyloxy 

radicals under heat. The following reaction shows the decomposition of a 

typical peroxide.  

 

Reaction of Homolytic cleavage of typical Peroxide  

 

Some of these radicals then abstract active unsaturated hydrogen 

from the polymer producing polymer radicals which ultimately couple through 

C-C bonds to form cross – linked form of polymer. The remaining cumyloxy 

radicals decompose to acetophenone and methyl radicals. These methyl 

radicals can also abstract hydrogens from the polymer.  

 

Reaction of Polymer radical formation  

 

The coupling reaction which occurs during peroxide vulcanisation is 

shown below. 

 

Coupling reaction 
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The C-C coupling mechanism is accounting for increased oxidation 

stability in peroxide curing compared with sulphur cured unsaturated 

polymers.  

 

Properties of EPDM rubber 

The characteristic properties of EPDM rubber are; 

 Good mechanical strength  

 Outstanding resistance to attack by oxygen, ozone and weather 

 Excellent dielectric properties 

 Better tracking resistance 

 Resistance to polar substances and steam 

 Good resistance to ketones, acids and alkalines 

 Poor hydrophobicity, etc. 

 

Applications of EPDM rubber 

The most common applications of EPDM are; 

 Tyre inner tubes, door seals, window seals, trunk seals, hood seals, 

etc 

 Production of conveying belts 

 Electrical wiring and cables 

 Roofing  membranes  

 Hoses, seals, O-rings, solar panel heat collectors, etc. 

 

Silicone rubber (Polydimethyl siloxane – PDMS) 

 Silicones are produced by the hydrolysis of appropriate dichlorosilane 

(R2SiCl2). The silanol product undergoes condensation reaction in dilute 

solution to form cyclic tetramer. 

(CH3)2 SiCl2 +2H2O → (CH3)2 Si (OH)2 +2HCl 

n (CH3)2 Si (OH)2 → [-(CH3)2 SiO-]n  (condensation reaction) 

After the treatment with a strong acid or base, the condensation 

polymerisation is allowed to continue until the required molecular weight is 

obtained. 

Chemical structure of PDMS is shown in Figure 1.4. 

http://en.wikipedia.org/wiki/Roof
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 Figure 1.4 Chemical structure of PDMS  

 

The polymer backbone is formed by an alternating row of silicon and oxygen 

atoms where, silicon is attached to side chain methyl groups. 

 

Vulcanisation of PDMS 

 Vulcanisation of PDMS is carried out by a free radical process based 

on thermal decomposition of peroxides. Curing time and temperature are 

determined by the chemical constitution of the peroxide. The most useful 

peroxides are: 

 2, 4-dichloro benzoyl peroxides for extrusions, cure without pressure 

 2-dicumyl peroxide for press cure. 

 The amount of peroxide necessary for vulcanisation is less than one 

part per 100 parts of silicone rubber. Typical press cure conditions for 

rubbers catalysed with 2, 4-dichloro benzoyl peroxide are 5-10minutes at 

165-180°C.  

 In general, press cure is followed by a post cure carried on a 

ventilated oven at about 200°C with continuous admittance of fresh air. By 

this procedure the peroxide decomposition products as well as volatile low 

molecular silicones are evaporated and compression set is optimised. 

 

Properties of PDMS 

The characteristics of PDMS make it suitable for various applications are; 

 Excellent dielectric characteristics – high volume resistivity, high break 

down voltage, good dielectric constant, etc 

 Excellent resistance to corona discharge 
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 Excellent thermal stability  

 Excellent oxygen, ozone and  UV resistance 

 Better chemical stability 

 Excellent hydrophobicity 

 High gas permeability 

 Does not support microbiological growth 

 Low toxicity, etc. 

The main disadvantages of PDMS are 

 Higher cost and 

 Poor mechanical properties, etc. 

 

Applications of PDMS 

The various applications of PDMS are; 

 Cables, wires and general electric goods  

 Heat protective fittings in halogen lamps 

 Lamp seals  

 Door seals of oven and refrigerators.  

 Packaging of antibiotics, etc. 

 

1.4.5 Vinyl Triethoxy silane (Silane) 

The chemical structure of vinyl triethoxy silane  is shown in figure 1.6. 

 

 

Figure 1.5 Chemical structure of Vinyl triethoxy silane  

 

Applications of Vinyl triethoxy silane 

Vinyl triethoxy silane is used  

 as a chemical coupling agent for ligands to glass and silica surfaces 

 as adhesion promoters in fiber glass, adhesives and sealants 

 in pre-treatment for coatings, etc 

http://en.wikipedia.org/wiki/Microbe


20 
 

1.5 HIGH VOLTAGE POLYMERIC COMPOSITE INSULATORS 

Reliable power transmission is of importance in this modern society 

due to the increasing use of electric power.Thus, the use of polymeric 

materials for instance for support of power cables in outdoor applications has 

been steadily increasing over the time at the expense of traditional ceramic 

insulators.The tremendous growth is due to  their superior service properties 

in the presence of heavy pollution and wet conditions such as resistance to 

vandalism, high electrical parameters (low dielectric permitivity, high break 

down voltage, high surface and volume resistance), lower weight in 

comparison to the porcelain glass insulators. 

The typical parts of polymeric insulator are core, metal end fittings and 

polymeric housing material or weather sheds. The fibre glass or ceramic rod 

is employed for mechanical strength and electrical strength under dry 

condition. However the fibre glass is a poor insulator under wet condition as it 

absorbs moisture. To overcome this limitation of intrinsic core and to protect 

the fibre glass rod from the environment and electrical surface discharge the 

housing is installed over the core with the suitable stable interfacial sealant. 

Proper end fittings are provided for connection to pole and conductor. The 

housing materials are made of organic polymeric materials.  

Different polymers used for making composite insulators (weather 

sheds) are Epoxy, EPR, EPDM, Silicone rubber (SIR), etc. SIR insulators 

show excellent electrical performance under wet and contaminated 

environments coupled with high temperature stability but they suffer from 

price, mechanical properties and tracking resistance. EPDM due to its 

combination of superior electrical properties, its flexibility over a wide range 

and its resistance to moisture and weather is used in HV insulators. EPDM 

endures from UV radiation and loss of hydrophobicity. The blend of SIR and 

EPDM make it possible to combine properties of both materials. 

No one base polymer material alone has all the necessary properties 

for an outdoor insulating material. Fillers and additives have a major role in 

reduction of cost and improvements in the performance properties. The 

inclusion of fillers imparts electrical properties such as tracking and/or 

erosion resistance, dielectric strength and resistivity as well as improves the 

mechanical properties of the housing. 
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1.5.1 Requirements of an insulator 

          A true insulator is a material that does not respond to an electric field 

and completely resists the flow of electric charge. In practice, however, 

perfect insulators do not exist. Therefore, dielectric materials with high 

dielectric strength are considered as insulators. In insulating materials, 

valence electrons are tightly bonded to their atoms. The function of insulators 

is to support or separate electrical conductors without allowing current 

through themselves. High voltage insulators are mainly used to attach 

electric power transmission wires to utility poles. 

The basic difference between a conductor and a dielectric is that free 

charge has high mobility in a conductor, whereas free charge has little or no 

mobility on or in a dielectric. The important requirements for good insulation 

are discussed below. 

Dielectric strength is a measure of the electric stress required to 

abruptly move substantial charge on or through a dielectric.  For high-voltage 

(on the order of kilovolts) applications, dielectric strength is the most 

important single property of the insulation.  

Resistivity is a measure of how much current will be drained away 

from the conductor through the bulk or along the surface of the dielectric. 

Materials with resistivity equal to or greater than 1013 ohm-cm may be 

considered as good insulator. 

Dielectric constant, also known as the relative permittivity or specific 

inductive capacity, is a measure of the ability of the dielectric to become 

polarized. It may vary with temperature, frequency, and electric-field intensity. 

In ac transmission cables, the lower the dielectric constant, the more the 

current and the voltage will be in phase. This means that more usable power 

will be delivered, without the need for reactive compensation. Materials with 

dielectric constant or relative permittivity of less than 12 can be used as an 

insulating material. 

 Dielectric power loss is proportional to the product of the dielectric 

constant and the square of the electric field in the dielectric. It is small, 

relative to other losses in most ambient-temperature applications. It generally 

decreases at low temperatures and is relatively important for dielectrics to be 

used at cryogenic temperatures. 

http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Dielectric
http://en.wikipedia.org/wiki/Valence_electron
http://en.wikipedia.org/wiki/Electrical_conductor
http://en.wikipedia.org/wiki/Electric_power_transmission
http://en.wikipedia.org/wiki/Utility_pole
http://www.answers.com/topic/dielectric
http://www.answers.com/topic/cryogenic
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1.5.2 Advantages of Polymeric composite insulators  

 The main advantages of polymeric composite insulators over ceramic 

insulators are given in the Table 1.1. 

 

Table 1.1 Advantages of Polymeric insulators over conventional/ 

ceramic insulators 

Properties 

 

Conventional/ 

Porcelain 

insulators 

Polymeric 

composite 

insulators 

Weight Heavy Light 

Hydrophobicity Poor Excellent 

Performance in polluted 

environments 
Not satisfactory Excellent 

Leakage current High Low 

Tracking & Arc 

resistance 
Poor Excellent 

Installation Cost More Less 

Vandalism More susceptible 
Highly 

resistant 

Breakages Prone to breakages Unbreakable 

Maintenance Cost High Negligible 

Mechanical Strength Low High 
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1.6 LITERATURE REVIEW 

 

1.6.1 Studies related to the topic 

 Randolph G.Niemi et al. (1984) patented an invention related to the 

method of manufacturing of coated high voltage insulator. Room temperature 

curable one component silicone containing finely divided aluminium 

hydroxide filler and silane catalyst are produced and coated on the surface of 

the insulator. It resist the development of leakage current and flash over 

failure upon exposure to electric stress, moisture, contamination and other 

outdoor weathering stresses [1]. 

 J.Kindersberger et al. (1989) studied the hydrophobicity and ability of 

hydrophobicity transfer of a bulk silicone rubber after nine years in operation 

and there was no adverse change in properties reported [2]. 

 J. W. Chang et al. (1994) performed a study to obtain a better 

understanding of the material characteristics responsible for hydrophobicity 

recovery leading to a high wet surface resistance in silicone rubbers used for 

outdoor HV insulation [3]. 

 Emmanuel P Giannelis (1996) reported that polymer layered silicate 

nanocomposites exhibit significant improvement in thermal stability, degree 

of stiffness, strength and barrier properties with less inorganic content and 

hence lower cost [4]. 

 Jeffry Mackevich et al. (1997) compared the advantages and 

limitations of porcelain and polymer electrical insulation for outdoor 

application. The factors to be considered for making outdoor insulators and 

different materials and methods suitable were discussed [5, 6].  

 Yukihiro Koshino et al. (1998) investigated the effect of CaCO3 to 

Silicone rubber (SIR) for outdoor insulation. Increase in elongation at break 

and tear strength and decrease in tensile strength, hardness, dry arc, 

tracking and erosion resistance and dielectric strength performance were 

noticed. Increasing trend of water resistance also reported. The study 

suggested that the filler containing CaCO3 must not be used for housing 

materials of polymer insulators without careful study [7]. 
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 M. M. Awad et al. (1999) introduced the characteristics of outdoor 

conventional and polymeric insulators subjected to natural pollution 

conditions near industrial areas in Egypt. The study concluded that Silicone 

rubber insulators still have good insulating ability under severe pollution 

condition compared to porcelain ones. Furthermore, in spite of the difficulty of 

washing polymeric insulators compared to conventional ones, they regain 

their superior electrical performance after removing the traces of fertilizer 

pollutants [8]. 

 Michael G Danikas (1999) conducted ageing studies of glass, 

porcelain and polymeric insulators and reported better performance of EPDM 

and silicone rubber insulators than glass and porcelain based one. He also 

reported comparatively better hydrophobicity and lower leakage current 

activity in silicone than EPDM [9]. 

 Sekiguchi et al. (2001) patented his work on ‘silicone rubber 

insulators for high voltage insulation’. A mixture of silicon containing 

compound was prepared with treated aluminium hydroxide (5-20 μm and 0.1-

2.5 μm) with organosiloxane and finely divided silica cross-linked using 

peroxide. The product shows sufficiently improved properties to serve as high 

voltage electrical insulators even when exposed to air polluted conditions or 

rigorous weather conditions [10]. 

 D.H Han et al. (2003) conducted a study on the influence of the level 

of ATH on the electrical insulation properties and tracking and erosion 

resistance of HTV silicone rubber. The study reported that the electrical 

resistivity and dielectric strength decreased with increasing ATH content [11]. 

 June – Ho Lee and W.Y.Ji (2003) carried out a study to investigate 

the influence of vinyl content in polydimethyl siloxane (PDMS) and 

conventional grade silica on electrical and mechanical properties for high 

voltage insulation and compared with the effect of precipitated silica. 

Increased vinyl content shows increase in cross link density and hence 

hardness. Tensile strength, volume resistivity, tracking resistance also 

improved with vinyl content. Conventional grade silica yields higher volume 

resistivity and dielectric strength than precipitated silica [12]. 
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 O.Yamamoto et al. (2003) reported that increasing surface roughness 

of an insulating spacer made up of SiO2, PMMA, PTFE and alumina prevents 

surface charging and increases flash over voltage [13]. 

 M. Ehsani et al. (2004) reported the results about a study of 

mechanical, thermal, dynamic mechanical and electrical properties of 

housing (weather shed) materials from EPDM/Silicone blend for outdoor 

polymeric insulators. The result of TGA measurement revealed that initial 

thermal degradation of silicone rubber improves by the effect of EPDM in 

blends. The blends of silicone – EPDM show good breakdown voltage 

strength compared to silicone rubber. Improvement in surface and volume 

resistance of silicone rubber by incorporation of EPDM content was reported 

[14]. 

 H. Borsi et al. (2004) reported about the results of a study of 

mechanical and electrical properties of polymeric insulators made by Silicone 

rubber (SIR), ethylene propylene-diene monomer (EPDM) and alloys of 

silicone-EPDM for high voltage applications. The result of mechanical 

measurement shows that the tensile strength, modulus and elongation of 

blends enhanced with increasing SIR in formulation. Dielectric properties 

such as dissipation factor and permittivity of silicone rubber were improved 

by the effect of EPDM in blends. The blends of silicone-EPDM shows good 

dielectric behaviour compared to silicone rubber. The alloy presents excellent 

dielectric properties in water and ambient humidity compared to EPDM and 

silicone [15]. 

M. Ehsani et al. (2004) examined the impact of EPDM on mechanical, 

thermal, dynamic mechanical and electrical properties of EPDM/Silicone 

blends. The article reported enhanced dielectric strength and decomposition 

temperature by the addition of EPDM and hydrophobicity by SIR [16]. 

 Gubanski S. M (2005) discussed about the concerns and challenges 

of modern outdoor insulators. The report reviewed the benefits and the 

ageing behaviour of composite insulators including the brittle fracture of GFR 

rods [17]. 

Toshikatsu Tanaka (2005) reported in his study that the inclusion of 

nano filler in polymeric matrix have positive effect on dielectric break down 

strength than micro fillers. Decrease in permittivity with increase of nano filler 
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content was also reported based on the experiments conducted using epoxy 

–titania nanocomposites [18].  

K.Lida et al. (2005) studied the effect of low molecular weight fluid on 

the surface free energy of an alloy of EPDM/SIR. The article revealed that 

ethylene propylene diene rubber (EPDM), silicone rubber (SIR) and their 

alloys shows good performance when used as outdoor insulators [19]. 

 E.A.Cherney et al. (2005) studied the effect of fillers on dielectric 

properties of silicone for high voltage insulation application. The study 

reported that barium titanate contribute to increasing the relative permittivity 

of silicone composites and hence significant reduction in dry band arcing on 

the surface of the housing. The result of work indicates that silica and ATH 

imparts improvement in thermal conductivity and thereby improved 

resistance to erosion that results from the heat produced in dry band arcing 

[20]. 

 C.Da Silva et al. (2005) explored the preparation of EPDM/MMT 

nanocomposites by direct compounding using brabender plasticorder. Maleic 

anhydride grafted EPDM and organically modified montmorillonite was also 

used. The study revealed that unmodified polymer does not allow exfoliation 

of even modified clay. It was concluded that organic alkyl ammonium treated 

MMT in modified polymer is more effective than the unmodified EPDM 

composite [21]. 

 A.H El-Hag et al. (2006) presented the experimental results obtained 

on the erosion resistance of silicone rubber (SIR) filled with 12 nm size 

conventional grade silica (nano filler) to those filled with 5 μm size silica filler 

(micro filler). The paper discussed about the possible reasons for the 

improvement in the erosion resistance of nano-filled silicone composites [22]. 

 M.G.Mayes et al. (2006) presented information on high voltage 

properties to be characterised in insulating materials. Dielectric constant, 

loss, partial discharge, breakdown voltage are the main properties focused 

[23]. 

 Vahdat Vahedy (2006) has reviewed the different components that 

make up extruded, high voltage cables. The different types of conductors and 

insulation systems that are available for medium and HV cables are 

described. Comparison of the two main insulations used in extruded hv 
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cables, EPR, and XLPE has been made. Each material has certain 

properties that are better than those of the other material [24].   

 R.Mocellini et al. (2006) determined the effect of outdoor ageing in 

service under electric field on crystallinity of the EPDM insulator and found 

that outdoor aged samples at 33kV exhibit a decrease in crystallinity with 

increase of ageing time [25]. 

 Kensuke Hinata et al. (2006) reported the effect of nano size MgO on 

volume resistivity and relative permitivity of LDPE nanocomposites. 

Maximum peek of volume resistivity at 2 phr and minimum relative 

permittivity at 1 phr loading was reported. Dependence of nano filler was 

reported as small under ac high field up to 30kV/mm [26]. 

 Aimin Cheng et al. (2006) studied the effect of methylene diphenyl 

diisocyanate (MDI)  grafted organically modified montmorillonite clay (OMMT) 

on mechanical and thermal properties of elastomeric polyurethane 

nanocomposites  and reported the significant improvement in tensile, tear 

strength and thermal stability. Intercalated morphology was confirmed by 

XRD and TEM analysis [27]. 

 Sami A Ajeel et al. (2007) conducted study of Critical Flash Over 

(CFO) voltage of different types of high voltage insulators and reported a high 

CFO voltage in polymeric insulator protected fiber glass pole than porcelain 

insulators under dry and wet conditions [28]. 

R.Raja Prabhu et al. (2007) studied the mechanical and electrical 

properties    of EPDM/Silicone rubber (SIR) blends and revealed that the 

addition of EPDM to SIR enhances the mechanical strength of the polymer 

blend and reduces raw material cost with a less % reduction in electrical 

characteristics. SIR – rich blends shows better electrical characteristics and 

poor mechanical properties due to highly flexible bonding in silicone. EPDM – 

rich blends possess better strength properties. The study suggested that the 

blend consisting of 50:50 wt % of SIR/EPDM possess balanced electrical and 

mechanical properties [29]. 

 R.Allen Bernstorf et al. (2007) described about the silicone 

compounds used for high voltage insulators. It deals with all the ingredients 

and its functions used [30]. 
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 Mohammad Amin et al. (2007) presented an overview of 

hydrophobicity of silicone rubber used for outdoor insulation. The paper 

reviewed the importance of hydrophobicity theory, its measurement, 

chemistry of hydrophobicity loss and recovery, influence of temperature, 

humidity, corona and UV radiation on hydrophobicity. It also reported the 

adverse effect of increase of ATH filler type which is important to the anti-

tracking properties on hydrophobicity [31]. 

 R. C. Smith et al. (2008) reported that polymer nanocomposites with 

metal oxide nanoparticle fillers exhibit enhanced dielectrical breakdown 

strength and voltage endurance compared to their unfilled or micron filled 

counter parts [32]. 

 Amit Das et al. (2008) investigated the effect of chemical nature and 

organic modification of nanoclay on the vulcanizate properties of chloroprene 

rubber based nanocomposites. Organic modification improved the physical 

and dynamic properties in a remarkable extent by the virtue of exfoliation-

intercalation processes. Enhancement in crystallization behaviour was 

reflected in DMA analysis [33]. 

Morteza Ehsani et al. (2009) prepared LDPE/EPDM blends of 

different ratio for electrical insulation and studied for its mechanical and 

electrical properties. Mechanical properties such as tensile strength, 

hardness, modulus and elongation were found to be directly proportional to 

the LDPE content. Breakdown voltage and volume resistivity was increased 

with EPDM content. Dielectric constant and loss was decreased with 

increasing EPDM [34]. 

John Keith Nelson et al. (2009) patented “Nanostructured dielectric 

composite materials” based on the preparation and characterisation of 

nanocomposites based on XLPE matrix and untreated and treated nano 

silica as dispersed phase. 5% Vinyl silane treated silica filled system shows 

higher dielectric strength. Higher permittivity and lower dissipation factor was 

reported in 5% amino silane treated silica nanocomposite and both the 

properties are decreased with increasing frequency [35]. 

 S.Raetzke et al. (2009) studied the effect of two different kinds of 

nano silica filler particles – precipitated (20 nm) and fumed (20-30 nm) in 

silicone rubber for resistance to high voltage arcing and resistance to tracking 
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and erosion. Improved resistance to high voltage arcing was reported in 

conventional grade silica and resistance to tracking and erosion was 

enhanced in precipitated silica/silicone nanocomposites at loading of 1 to 5 

wt% [36]. 

Jan Sumfleth et al. (2009) studied the electrical percolation behaviour 

of hybrid epoxy nanocomposites containing multiwall carbon nanotubes and 

carbon black. Multiwall CNT exhibit a higher potential as functional fillers 

compared to carbon black due to their higher aspect ratio, resulting a 

decreased percolation threshold and higher bulk conductivity for high filler 

content [37]. 

Pradip K. Maji et al. (2009) studied the effect of nanoclays on 

physico-mechanical properties and adhesion of polyester based 

polyurethane nanocomposites. The nanocomposite containing 3 wt% of 

modified clay exhibits excellent improvement in tensile strength, thermal 

stability, storage modulus and adhesion properties over pristine polyurethane 

[38]. 

Liliane Bokobza (2009) conducted a study on the effect of carbon 

nanotubes and in-situ precipitated silica in mechanical behaviour of silicone 

elastomers. It was concluded that fillers improved tensile properties and is 

more effective in the case of CNTs than silica [39]. 

H.Sjostedt et al. (2009) studied about on spatial and temporal 

distribution of surface discharge on samples of EPDM and Silicone insulators 

for outdoor applications. Charge was deposited from a positive corona 

source located at 1 nm above the polymeric surfaces. Spread of charge as 

well as its magnitude was increases with increasing number of impulses. 

EPDM accumulated charge easier and had a longer relaxation time than 

silicone rubber [40]. 

 B. Baghaei et al. (2009) investigated the morphology, rheology and 

dynamic mechanical properties of interfacially compatibilized LDPE/POE 

blends reinforced with nano clay. Improvement in properties in presence of 

compatibilizer was also reported. Maximum recommended loading level of 

OMMT reported was 5 phr [41]. 

J. Crespo – Sandoval et al. (2010) investigated the degradation of 

silicone rubber insulator from power energy, power factor angle, charge and 
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absorbed energy using leakage current and applied voltage wave form. The 

results proposed that the rate of energy accumulation during tests can be 

used as a good indication to predict the imminent end-point for the insulating 

materials [42]. 

 N. G. Shimpi and S. Mishra (2010) studied the effect of CaCO3 (9, 

15, 21 nm) loading (4, 8 and 12 %) on polybutadiene rubber (PBD) and 

compared with commercial CaCO3 (40 micro metre) and fly ash (75 micro 

metre). It was found that the tensile strength, elongation at break and 

Young’s modulus were more in nano CaCO3 than the other, up to the loading 

of 8 wt%. This increment in properties was more pronounced in 9 nm size 

CaCO3. Thermal stability was more in nanocomposites as compared to 

commercial CaCO3 and fly ash filled PBD, because of uniform transfer of 

heat throughout the matrix [43].  

 Mulayam singh Gaur and Ajay Pal Indolia (2010) prepared PVDF-

Zinc oxide nanocomposites and studied for dielectric properties. It was found 

that permittivity decreases with frequency due to orientation polarization and 

increases with temperature due to free mobility of molecular chain at higher 

temperature. Conductivity was found to increase with increasing 

concentration of ZnO nanoparticles [44]. 

 Onsy I.H Dimitryb et al. (2010) studied the mechanical, thermal and 

electrical properties of PU/OMMT (Cloisite 30B) nanocomposites. Thermal 

stability and mechanical properties are enhanced by OMMT at levels of up to 

5 wt%. The intercalated morphology was confirmed by XRD and SEM 

analysis [45]. 

 G.Momen et al. (2011) presented a state of art on the most common 

micro/nano fillers for dielectric applications. They presented the researches 

carried out on nanofiller reinforced RTV silicone rubber for outdoor insulation. 

The importance of well-dispersed nano particles on the improvement of the 

mechanical and electrical properties of polymers was emphasized [46]. 

Junping Zheng et al. (2011) prepared montmorillonite/high-

temperature vulcanised silicone hybrid nanocomposites via melt mixed 

process and characterized by FTIR, XRD, SEM, tensile testing and swelling 

experiment. Intercalated structure with improved mechanical properties was 



31 
 

observed. Reduction in solvent uptake as a result of intercalation also was 

reported [47]. 

P.Sudhakara et al. (2011) prepared flame retardant nanocomposites 

from diglycidyl phosphate (DGPP) and bisphenol A diglycidyl ether (DGEBA) 

resins with modified montmorillonite (MMT) clay in different ratio. Thermal 

stability was greatly improved by the addition of nanoclay and DGPP. Tensile 

and flexural strength increases up to the loading of 1 to 3 % clay. Tg 

increased with clay up to 1-4% loading.TGA, LOI and UL – 94 data indicated 

that the materials were thermally stable with high flame retardancy resulting 

from synergetic effect of phosphorous and inorganic clay [48]. 

Omar.A.Al Hartomy et al. (2011) studied dielectric and microwave 

properties of siloxane rubber/carbon black nanocomposites in frequency 

range 1GHz-12GHz. It has been established that increasing frequency and 

filler content lead to an increase in relative permittivity and tangent of 

dielectric loss angle [49]. 

 K.Y Lau and M.A.M Piah (2011) highlight some of the past 

developments of polymer nanocomposites in high voltage electrical 

insulation. The paper says that polyolefins, epoxies, elastomer, ethylene-vinyl 

copolymers, polyethylene terephthalate are the main base resins and clays, 

inorganic oxides, carbon nanotubes, graphite, ceramic, etc are the nanofillers 

used in nanocomposites currently under development [50]. 

 G.Janowska et al. (2011) presented the effect of the method of NBR 

cross-linking on the thermal properties, flammability and fire hazard of its 

nanocomposites containing modified montmorillonite. The results show that 

thermal stability depends on both the elastomer network structure and the 

type of montmorillonite. Flammability was found to be decreased by nanofiller 

and limits its fire hazard [51]. 

 M.T.Ramesan (2011) investigated the interaction of silica filler in 

uncompatibilised and compatibilised styrene butadiene rubber (SBR) and 

nitrile rubber (NBR) blends of varying compositions. Dichlorocarbene 

modified styrene butadiene rubber with 25% chlorine content was used as 

the compatibiliser. More intense enhancement in mechanical properties such 

as tensile strength, modulus and tear strength, heat build up and abrasion 

loss with the addition of silica was reported for compatibilised blends than 
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uncompatibilised samples. Reduction in optimum cure time has been 

reported for compatibilised blends and also with loading of filler [52]. 

 Y. J Lee et al. (2011) presented experimental results of epoxy 

nanocomposites in liquid nitrogen and determined the possible applications 

of nanocomposites as insulating material for superconducting equipment. 

Silica, alumina and titanium dioxide are the nano fillers used in the 

preparation of nanocomposites. Among these fillers, alumina showed better 

dielectric strength and surface flash over endurance than the other two fillers 

[53].  

 Yuan Zhang et al. (2012) studied the effect of nanofiller (TiO2) on 

partial discharge characteristics of dielectrics based on epoxy. Due to the 

structure and proximity, nanofiller hinder the ionization and hence 

development of either partial discharge or charging phenomena was reported 

[54]. 

 M. M Ahmad et al. (2012) reported the effect of organically modified 

montmorillonite (OMMT) at a loading level of 3 phr as a barrier of propagation 

of electrical treeing channel in Silicone rubber [55]. 

R.J.Sengwa et al. (2012) studied the effect of trimethyl stearyl 

ammonium modified MMT clay on dielectric properties of melt compounded 

hot pressed polyethylene oxide. Results showed an increasing trend in 

dissipation factor with filler loading up to 10 wt. Static permittivity also was 

increased with increasing MMT filler content [56]. 

 

1.6.2  Summary of the literature review 

 Polymer nanocomposites have attracted a great deal of attention over 

past few years. After the review of the available data, polymer 

nanocomposites have been found to be promising material for making high 

voltage insulators due to its advantages over traditional materials such as 

ceramic and glass.  

 From the literatures it is clear that epoxy and XLPE based 

nanocomposites were used initially for making high voltage insulators. 

Nowadays development of rubber nanocomposites are increased due to its 

flexibility and excellent performance characteristics. Many research articles 
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discussed about the use of EPR, EPDM and silicone rubbers in the field of 

HV insulation. 

 The literature survey indicates that the addition of fillers imparts 

enhanced performance in polymeric materials. Fillers such as calcium 

carbonate, ATH, conventional grade silica, barium titanate were used in the 

preparation of polymeric insulators. It is also noted from the literatures that 

the addition of compatibilisers can improve the performance of polymeric 

nanocomposites. 

 Literature studies also revealed that mechanical properties of silicone 

rubber can be significantly improved by blending with EPDM without much 

reduction in electrical properties and blend consisting of 50:50 weight 

percentages of EPDM / silicone shows balanced properties. The influence of 

nano fillers such as OMMT and nano silica and compatibilisation on the 

properties of EPDM/Silicone blend is not explored completely. Hence, the 

present work has been directed to investigate the effect of compatibilisation 

and addition of nano fillers such as OMMT and silica on the mechanical, 

thermal and electrical properties of EPDM/Silicone blend and also to explore 

the potential applications of such nanocomposites as high voltage insulators.  

 

1.7 RESEARCH OBJECTIVES 

In this research work, it is aimed to study the following: 

 To study the effect of compatibilisation on mechanical, thermal and 

electrical properties of EPDM / Silicone / OMMT nanocomposites. 

 To investigate of the effect of nanoclay (OMMT) on mechanical, 

thermal and electrical properties of compatibilised EPDM / Silicone 

nanocomposites. 

 To study the effect of nano silica on mechanical, thermal and electrical 

properties of compatibilised EPDM/Silicone nanocomposites. 

 To investigate the synergistic effect of OMMT and nano silica with 

micro silica on mechanical, thermal and electrical properties of 

compatibilised EPDM / Silicone nanocomposites. 
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2. EXPERIMENTAL METHODS 

 

This chapter discusses the specification of the materials used for the 

preparation of nanocomposites. The various characterization techniques 

used for the evaluation of properties are also explained. 

 

2.1 SPECIFICATION OF RAW MATERIALS 

All the material used in this work are commercially available and were 

used as such without further treatment. Specifications of the materials used 

in this study are given in Table 2.1 

 

Table 2.1 Specification of the raw materials used 

Raw material (Grade) Supplier Specification 

Ethylene propylene 

diene monomer rubber 

(EPDM) (KEP 960) 

Kumho  Polychem, 

Korea 

Volatile matter,% - 0.75 

ML(1+8)@125°C,MU–43 - 

55 

Ethylene content, wt% - 

68.1 

Diene (ENB) content , wt% 

- 5.6 

Oil content, phr – 47 - 53 

Silicone rubber(SIR) 

(NE-5160) 

DJ Silicone 

(Dongjue  silicone- 

Nanjing co., ltd), 

China 

Appearance – Milky white 

Hardness, shore A – 60 

Tensile strength, MPa – 

8.1 

Elongation at Break, % - 

400 

Shear strength, KN/m – 

23.3 

 

 

 

 



35 
 

Raw material (Grade) Supplier Specification 

Vinyltriethoxysilane 

(Dynasylan VTEO) 

 

Degussa 

Evonik, 

Germany 

Appearance – Colourless 

transparent liquid 

Density, g/cc – 0.90 

Flash point, °C - 44 

Commercial grade silica 

micro silica 

Cabot 

corporation, 

Germany 

Appearance - white powder 

Particle size – 300 microns 

Specific gravity – 2.2 

Organically Modified 

Montmorillonite (OMMT) 

(Nano fil 5) 

Sud chemie, 

Germany 

Appearance - Off-white 

powder 

Specific surface area, m2/g – 

700 – 800 

Density, cc – 0.45 

Particle size, nm - 1x 100x 

100 

Nano silica (Silicon 

dioxide) 

Sigma Aldrich, 

United States 

Appearance - white  powder 

Particle shape – Spherical 

Porosity – Porous 

Particle size - 5-15 nm (TEM) 

Dicumyl peroxide (40% 

active) 

(Di-Cup 40KE) 

Alkema 

peroxide india 

pvt ltd,Chennai 

Appearance - White free 

flowing powder 

Density – 1.56 

Melting point , ºC – 270 

Water solubility - Insoluble 

 

2.2 PREPARATION OF NANOCOMPOSITES 

Nanocomposites were prepared with the following compositios; 

1. Uncompatibilised and compatibilised, micro silica (25 phr) filled 

EPDM/Silicone/OMMT nanocomposites with varying content of OMMT  

0, 1, 3, 5 and 7 phr. 

2. Compatibilised EPDM/Silicone/OMMT nanocomposites without micro 

silica and varying content of OMMT 0, 1, 3, 5 and 7 phr. 
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3. Compatibilised EPDM/Silicone/Silica nanocomposites without micro 

silica and varying content of nano silica 0, 1, 3, 5 and 7 phr. 

4. Compatibilised and micro silica filled EPDM/Silicone/Silica 

nanocomposites using micro silica of 25 phr and varying nano silica 

content of 0, 1, 3, 5 and 7 phr. 

 

Compositions of nanocomposites developed  in the present study are 

given in Table 2.2, 2.3, 2.4, 2.5 and 2.6. 

 

Table 2.2 Compositions of uncompatibilised micro silica filled EPDM /    

                 Silicone / OMMT   nanocomposites 

Material UFO-0 UFO-1 UFO-3 UFO-5 UFO-7 

EPDM 50 50 50 50 50 

Silicone 50 50 50 50 50 

Micro silica 

(phr) 
25 25 25 25 25 

OMMT phr) 0 1 3 5 7 

DCP-40 (phr) 6.25 6.25 6.25 6.25 6.25 

 

 

Table 2.3 Composition of compatibilised micro silica filled EPDM/                

                Silicone/OMMT nanocomposites 

Material CFO-0 CFO-1 CFO-3 CFO-5 CFO-7 

EPDM 50 50 50 50 50 

Silicone 50 50 50 50 50 

Silane (phr) 3 3 3 3 3 

Micro silica 

(phr) 
25 25 25 25 25 

OMMT (phr) 0 1 3 5 7 

DCP-40 

(phr) 
6.25 6.25 6.25 6.25 6.25 
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Table 2.4 Composition of Compatibilised EPDM/Silicone/OMMT  

                 nanocomposites 

Material CO-0 CO-1 CO-3 CO-5 CO-7 

EPDM 50 50 50 50 50 

Silicone 50 50 50 50 50 

Silane (phr) 3 3 3 3 3 

OMMT 

(phr) 
0 1 3 5 7 

DCP-40 

(phr) 
6.25 6.25 6.25 6.25 6.25 

 

Table 2.5 Composition of Compatibilised EPDM/Silicone/Silica  

                 nanocomposites 

Material CS-0 CS-1 CS-3 CS-5 CS-7 

EPDM 50 50 50 50 50 

Silicone 50 50 50 50 50 

Silane  (phr) 3 3 3 3 3 

Nanosilica  

(phr) 
0 1 3 5 7 

DCP-40  (phr) 6.25 6.25 6.25 6.25 6.25 

 

Table 2.6 Compositions of Compatibilised micro silica filled EPDM/   

                 Silicone/Silica nanocomposites 

Material CFS-0 CFS-1 CFS-3 CFS-5 CFS-7 

EPDM 50 50 50 50 50 

Silicone 50 50 50 50 50 

Silane (phr) 3 3 3 3 3 

Micro silica 

(phr) 
25 25 25 25 25 

Nanosilica 

(phr) 
0 1 3 5 7 

DCP-40 (phr) 6.25 6.25 6.25 6.25 6.25 
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Preparation of EPDM /Silicone blends 

Blend of EPDM and Silicone rubber in the presence and absence of 

silane compatibiliser was prepared by mixing equal weight percentages (1:1) 

of the materials in a two roll mill (Figure 2.1) for about 15 minutes at room 

temperature. Micro silica of required quantity was added directly to the blend 

and mixing was continued till to gets properly dispersed (10-15 minutes). 

 

Preparation of EPDM /Silicone Nanocomposites 

 For the preparation of EPDM/Silicone rubber nanocomposites with 

varying content of OMMT/Nanosilica, required quantities of OMMT 

/Nanosilica (0, 1, 3, 5 and 7 phr) was incorporated by mixing the blend in the 

two roll mill for about 5-10 minutes at room temperature. After getting the 

complete dispersion of fillers, dicumyl peroxide (40% active) was added and 

mixed for about 5 minutes.  

 

 

Figure 2.1    Two roll mixing mill 

Vulcanization and Moulding  

  The vulcanization of the rubber compound was carried out in a 

hydraulically operated press (Figure 2.2) at 150°C for 8 minutes. The 

vulcanized samples were post-cured at 140°C for 1hr in an air-circulating 

oven.  
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Figure 2.2 Hydraulic Press 

 

Test specimens were punched out from the compression-moulded 

sheets. The various nanocomposite   prepared were tested for their electrical, 

mechanical and thermal characteristics. 

 

2.3 CHARACTERISATION OF NANOCOMPOSITES 

 EPDM/Silicone rubber nanocomposites prepared with various 

compositions were characterized for mechanical, thermal and electrical 

properties.  

 

2.3.1 Spectroscopic Analysis  

FTIR (Fourier Transform Infrared) Spectroscopy is the most useful 

technique provides information about the chemical bonding or molecular 

structure of materials. Fourier transform infra-red spectroscopic (FTIR) 

analysis was used to identify the interaction between EPDM and Silicone 

rubber. 

 In infrared spectroscopy, IR radiation is passed through the sample. 

Some of the infrared radiation is absorbed by the sample and some of it is 

passed through (transmitted). The resulting spectrum represents the 
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molecular absorption and transmission, creating a molecular fingerprint of the 

sample.  

The FTIR spectroscopic studies were conducted in    PERKIN ELMER 

1FT-IR instrument. It consists of global and mercury vapour lamp as sources, 

an interferometer chamber comprising of KBr and Mylar beam splitters 

followed by a sample chamber and detector. The interference pattern 

obtained from a two beam interferometer as the path difference between the 

two beams is altered, when Fourier transformed, gives rise to the spectrum.  

 

2.3.2 Measurement of Mechanical Properties 

 Mechanical properties basically define the strength and stiffness of 

the material. Modifiers and fillers are used to strengthen the properties of 

rubber. Restricting the molecular movement helps to vary the hardness, 

elasticity and strength of rubber. Tensile strength, percentage elongation at 

break and hardness are the most commonly performed mechanical tests for 

rubber compounds. 

 

2.3.2.1 Tensile strength and Percentage elongation at break 

The strength properties are used as a general indicator of the quality 

of the rubber compound. The tensile properties were measured using dumb-

bell shaped specimen as per ASTM D-412 in Universal testing machine 

(TKG-EC-25000N) at a cross-head speed of 500mm/minute at room 

temperature. Five dumb-bell shaped samples for each composition were 

used. Three thickness measurements with precision of 0.01mm were made 

for each sample and the average of them were calculated. Tensile test was 

conducted by stretching the sample in the test machine until it breaks. 

 The amount of force required to break the material in tension and 

extent to which the specimen stretches or elongates to that breaking point 

are measured.  

 

Calculation 

Tensile strength = F/A 

Where, F - Force required to break the specimen and 

             A - Cross sectional area of the unstretched specimen 
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It can be expressed in Mega pascal (MPa), Kilogram force /square inch or 

Pound force/square inch. 

Percentage elongation at break is calculated as follows: 

Elongation = (L-L0) ×100/L0 

Where, L is the observed distance between the benchmarks on the 

stretched specimen and L0 is the original distance between the benchmark 

before stretching. 

 

2.3.2.2 Hardness 

Hardness test measures the resistance of the material to a small rigid 

object pressed onto the surface at certain force. The hardness of 

EPDM/Silicone rubber nanocomposites were tested according to ASTM 

standard D-2240 by using an instrument called Durometer and the value is 

expressed in A scale.  To ensure the sample thickness of at least 6 mm, 

three   sheets of samples were used. The surface of the specimen was flat 

over sufficient area to permit the pressure foot to contact the specimen over 

an area having a radius of at least 6 mm from indenter point. The test was 

carried out by placing the specimen on a hard, flat surface and then pressure 

foot of the instrument is pressed onto the specimen. Hardness was read 

within 1 sec after the pressure foot is in firm contact with the specimen. 

Hardness values of test specimen were measured at five different parts of 

each sample and the average of these values were taken. 

 

2.3.3 Measurement of Thermal Properties 

 

2.3.3.1 Diffrential Scanning Calorimetry (DSC) 

          DSC is a thermal analysis method that measures the quantity of 

energy absorbed or evolved by a specimen in calories as its temperature is 

changed. Differential Scanning Calorimetry is a thermo analytical technique 

in which the difference in the amount of heat required to increase the 

temperature of a sample and reference are measured as a function of 

temperature. Both the sample and reference are maintained at nearly the 

same temperature throughout the experiment.  

http://en.wikipedia.org/wiki/Thermal_analysis
http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Temperature
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The basic principle underlying this technique is that, when the sample 

undergoes a physical transformation such as phase transitions, more (or 

less) heat will need to flow to it than the reference to maintain both at the 

same temperature. Whether more or less heat must flow to the sample 

depends on whether the process is exothermic or endothermic. For example, 

as a solid sample melts to a liquid it will require more heat flowing to the 

sample to increase its temperature at the same rate as the reference. This is 

due to the absorption of heat by the sample as it undergoes the endothermic 

phase transition from solid to liquid. Likewise, as the sample undergoes 

exothermic processes (such as crystallization) less heat is required to raise 

the sample temperature. By observing the difference in heat flow between 

the sample and reference, differential scanning calorimeters are able to 

measure the amount of heat absorbed or released during such transitions.  

DSC may also be used to observe more subtle phase changes, such 

as glass transitions. DSC is widely used in industrial settings as a quality 

control instrument due to its applicability in evaluating sample purity and for 

studying polymer curing.  

DSC measurements were carried out in differential scanning 

calorimeter model- Q10, TA Instruments. Sample of 5-6 mg were scanned 

from -100 to 100 °C under nitrogen atmosphere at a heating rate of 10 

°C/min. The glass transition temperature (Tg) was determined by the 

midpoint method. 

 

2.3.3.2 Thermogravimetric analysis (TGA) 

 Thermogravimetry measures changes in the mass of a sample that 

occur when it is progressively heated at constant rate. These changes relate 

to the reaction during decomposition, the loss of volatile material and the 

reactions with the surrounding atmosphere. The components of polymer 

volatilise at different temperature, this leads to a series of weight loss steps 

that allow the component to be quantitatively measured. TGA examines the 

mass changes as a function of temperature in the scanning mode. Samples 

were scanned from 0 - 600 °C. Changes in the sample weight were recorded 

electronically by change in voltage output from a linear variable differential 

transformer. 

http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Exothermic_reaction
http://en.wikipedia.org/wiki/Endothermic_reaction
http://en.wikipedia.org/wiki/Melting
http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Crystallization
http://en.wikipedia.org/wiki/Calorimeter
http://en.wikipedia.org/wiki/Glass_transition
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 Thermogravimetric analysis is mainly used for the analysis of 

inorganic salts and complexes, rubbers, etc. Polymer stability and 

decomposition temperature of plastics can be investigated using 

thermogravimetric analysis. 

Thermo gravimetric analysis was carried out to analyze the thermal 

stability of cured nanocomposites using a Sii TG-DTA 6500 thermal analyzer 

in a dry nitrogen atmosphere at a heating rate of 20 °C / min. 

 

2.3.4 Measurement of Electrical Properties 

 

2.3.4.1 Volume resistivity  

 Volume resistivity is defined as the ratio of potential gradient parallel to 

the current in the material to the current density. i.e.; electrical resistance 

between the opposite faces of a unit cube of a given material at a given 

temperature or the resistance to leakage current through the body of an 

insulating material. 

 The volume resistivity of the samples was measured as per ASTM D 

257 (IEC 60093) standards. The voltage applied was 500 V (DC) for 90 

seconds at room temperature. The diameter and thickness of the specimen 

were 100 mm and 3 mm respectively. Million meg-Ohm meter was used to 

measure the volume resistivity. 

 The circuit diagram for volume resistivity measurement is shown in 

Figure 2.3. 
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Figure 2.3 Circuit diagram for volume resistivity measurement 

 

Procedure of Volume resistivity test 

 Million meg-Ohm meter is used for measuring volume resistivity. Test 

set-up consists of three brass electrodes E1, E2 and E3 of diameter 50, 70 

and 70/ 80 mm respectively. E3 is an inter connected electrode of inner ring 

dia 70 and outer ring dia of 80mm. These electrodes act as connector 

junctions for the high, low voltages and guard. To measure the volume 

resistance, E1 and E3 are placed above and E2 below the specimen. 

Connections are made in such a way that E1  to the positive, E2 to the 

negative terminals and E3 to the guard of the mega ohm meter. The input 

voltage is set as 500V and the measurements were carried out at room 

temperature. Direct value of volume resistance was taken from the million 

mega ohm meter. 

 

Calculation 

Volume resistivity, in ohm cm was calculated using the formula  

Volume resistivity= (RV × A)/h 

 Where, RV  - Volume resistance in ohm 

    A  -  Area of guarded electrode (cm2) 
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             h - Specimen thickness (cm) 

Volume resistivity can be used as an aid in the choice of insulating 

materials for specific applications. The changes of resistivity with temperature 

and humidity may be great and must be known when designing for operating 

conditions. Volume resistivity measurements are often used in checking the 

uniformity of insulator conductivity, either with regard to processing or to 

detect conductive impurities that affect the quality of the materials and that 

may not be readily detectable by other means. 

 

2.3.4.2 Surface resistivity  

  Surface resistivity is defined as the electrical resistance 

between opposite sides of a square on the surface of an insulating material. 

 The surface resistivity of the samples was measured as per ASTM D 

257 (IEC 60093) standards. The circuit diagram used for the measurement of 

surface resistivity is shown in Figure 2.4. 

 

Figure 2.4 Circuit diagram for surface resistivity measurement 
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Procedure of Surface resistivity test 

 To measure the surface resistance, E1 and E3 are placed above and 

E2 below the specimen. Connections are made in such a way that E1   to the 

positive, E3 to the negative terminals and E2 to the guard of the mega ohm 

meter. The input voltage is set as 500V and the measurements were carried 

out at room temperature. The value of Surface resistance was noted from the 

million mega ohm meter. 

 

Calculation  

Surface resistivity, in ohm was calculated using the formula 

Surface Resistivity, = (Rs × P)/g 

Where, Rs - Surface resistance in ohm 

    P - Perimeter of guarded electrode, cm 

    g - Electrode gap, cm 

Insulating materials are used in general to isolate components of an 

electrical system from each other and from earth. Solid insulating materials 

may also provide mechanical supports. For these purpose it is generally 

desirable to have the insulation resistance as high as possible.  

 

2.3.4.3 Dielectric strength 

  The voltage at which dielectric breakdown occurs is known as 

dielectric breakdown voltage. Dielectric strength was calculated as the ratio 

of dielectric breakdown voltage (kV) to the thickness of the specimen 

(mm).Circuit diagram of dielectric strength measurement is shown in Figure 

2.5. 
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Figure 2.5 Circuit diagram for Dielectric strength measurement 

 

Calculation 

Dielectric Strength = Breakdown Voltage/ Thickness of Specimen. 

 The dielectric strength, which indicates electrical strength of a material 

as an insulator, is a very important characteristic of an insulating material. The 

higher the breakdown strength, the better the quality of an insulator.  

 Dielectric strength was tested as per IEC-60243-1 (ASTM D 149) 

standard at 250 V and 50 Hz. The diameter and thickness of the samples used 

were of 100 mm and 2 mm respectively. Test specimens were placed between 

two electrodes and the voltage increased at a fixed rate of 2 kV/s, until the 

dielectric breakdown occurs.  

  

2.3.4.4  Dielectric constant (Permittivity) 

 Dielectric constant of an insulating material is defined as the ratio of 

the charge stored in an insulating material placed between two metallic 

plated to the charge that can be stored when the insulating material is 

replaced by air (or vacuum). 
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Dielectric constant (permittivity) measurements were carried out by 

using Weis-500 impedance analyser in the frequency range of 10Hz to 106Hz 

at room temperature. The specimens with 50 mm in diameter and 3 mm in 

thickness were used. Figure 2.6 shows the typical impedance analyser. 

 

Figure 2.6 Impedance analyser 

 

Procedure for Dielectric constant measurement 

Test specimen was placed between the two gold plated electrodes. 

Frequency dependent values of parallel plate capacitance Cc were directly 

measured from the impedance analyser. 

Dielectric constant values were calculated by the relation 

 =Cc t/ 0. 

Where,   - dielectric constant 

   t - thickness of specimen 

 0 - permittivity of the free space (8.854×10-12F/m). 

 

2.3.4.5 Dissipation factor (Tan δ) 
Dissipation factor (Tan ) is the measure of energy loss in the 

dielectric during ac operation. Or the amount of energy dissipated by the 

insulating material when the voltage is applied to the circuit. 

 Dissipation factor (Tan ) measurements were carried out by using 

Weis-500 impedance analyser in the frequency range of 10Hz to 106Hz at 

room temperature. The specimens with 50 mm in diameter and 3 mm in 

thickness were used.  

 



49 
 

Procedure of Dissipation factor measurement 

 Test specimen was placed between the two gold plated electrodes. El  

and Ell values were directly measured from the analyser. Dissipation factor 

values were calculated by the relation 

Tan  = Ell / El 

Where,  Ell - Dielectric loss factor 

    El  - AC Capacitivity 

 

2.3.5 Morphological Studies 

Morphological study is a method for investigating the structure, 

geometry, polarity and molecular orientation of polymeric materials. In this 

study, Scanning electron microscopy and Transmission electron microscopy 

are used to investigate the dispersion of nano fillers in the polymeric matrix 

material. 

2.3.5.1  Scanning Electron Microscopy (SEM) 

 In scanning electron microscopy, images of the sample are produced 

by scanning it with a focused beam of electrons which is thermionically 

emitted from the electron gun fitted with a tungsten filament cathode. The 

electron is scanned in a raster scan pattern. The electrons interact with the 

atoms in the sample, producing various signals that is detected and contain 

the information about the samples surface topography. 

Surface morphology of the nanocomposites was investigated by using 

Scanning electron microscopy (FEI Quanta FEG 200-High Resolution 

Scanning Electron Microscope) operated at 30 kV from the fractured surface 

of the tensile samples. The sample surfaces were gold-coated by sputtering 

before SEM examination to avoid electro static charging during examination. 

 

2.3.5.2 Transmission Electron Microscopy (TEM) 

In Transmission electron microscopy, high voltage electron beam 

produced by an electron gun was used to create the image. The beam 

produced is focused by electrostatic and electromagnetic lenses and 

transmitted through the specimen that is in part transparent to electrons and 

in part scatters them out of the beam. The emerged electron beam from the 
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specimen carries the information about the structure of the specimen that 

was magnified by the objective lens system of the microscope. 

Morphology of EPDM/Silicone/OMMT and EPDM/Silicone/Silica 

nanocomposites was directly observed by Transmission electron microscope 

(Model JEM 2100) at an accelerating voltage of 200 kV. Ultra thin film of 

nanocomposite (less than 100nm) obtained by ultra microtome cutting under 

cryogenic conditions was used for the morphological studies. 
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3. RESULTS AND DISCUSSION 

 

This chapter presents the results obtained for the mechanical, thermal, 

electrical and morphological characteristics of both uncompatibilised and 

compatibilised EPDM/Silicone/OMMT nanocomposites and EPDM/Silicone/ 

silica nanocomposites.  

 

3.1 SPECTROSCOPIC ANALYSIS – FOURIER TRANSFORM INFRA-

RED SPECTROSCOPY 

To assess the compatibilization occurred between EPDM and silicone 

rubber, FTIR spectroscopic analysis was carried out.  Fourier Transform 

Infra-Red (FTIR) spectra of uncompatibilised EPDM/Silicone blends and 

compatibilised EPDM/Silicone blends are shown in Figure 3.1 and 3.2 

respectively. 
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Figure 3.1 FTIR spectra of uncompatibilised EPDM/Silicone 

blend  
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Figure 3.2 FTIR spectra of compatibilised EPDM/Silicone 

blend  

  

 The stretching vibration of CH3 and CH2 groups of EPDM appears at 

2871 cm-l and 2930 cm-l in Figure 3.1, 2949 cm-l and 2873 cm-l in Figure 3.2 

respectively. The peaks at 1178 cm-l in Figure 3.1 belongs to the stretching 

vibration of Si-O-CH3 of silicone rubber. The peaks at 1125 cm-l and 1031 

cm-l in Figure 3.2 results from the stretching vibration of Si-O-C2H5 and Si-O-

Si respectively due to the presence of silane. There is an inflection at 1623 

cm-l in Figure 3.1 shows the absorption of ENB group. .The absence of the 

stretching vibration inflection at 1500-1600 cm-l in Figure 3.2 reveals that 

double bond of ENB has been taken up by silane to form silane grafted 

EPDM/Silicone blend. 

 

3.2 EPDM/SILICONE/OMMT NANOCOMPOSITES 

 

3.2.1 Evaluation of Mechanical Properties 

In order to investigate the effect of compatibilisation, OMMT content, 

and micro silica on mechanical properties of EPDM/Silicone/OMMT 

nanocomposites, tensile strength, percentage elongation at break and 

hardness of the nanocomposites were tested and the results are discussed 

below.  
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3.2.1.1 Tensile strength and Percentage elongation at break of 

EPDM/Silicone/OMMT nanocomposites 

 The results obtained for tensile strength and percentage elongation at 

break of EPDM/Silicone/OMMT nanocomposites are presented in Tables 3.1, 

3.2 & 3.3 and Figures 3.3 & 3.4. 

 

Table 3.1 Effect of OMMT content on tensile strength and percentage  

elongation at break of uncompatibilised micro silica filled    

EPDM/ Silicone/OMMT nanocomposites 

 

 

Table 3.2 Effect of OMMT content on tensile strength and percentage  

elongation at break of compatibilised micro silica filled 

EPDM/Silicone/OMMT nanocomposites 

 

 

  

Sample code 
OMMT content 

(phr) 

Tensile strength 

(MPa) 

Percentage 

elongation 

at break (%) 

UFO-0 0 3.01 225 

UFO-1 1 3.52 234 

UFO-3 3 3.84 245 

UFO-5 5 5.46 330 

UFO-7 7 3.62 326 

Sample code 
OMMT content 

(phr) 

Tensile strength 

(MPa) 

Percentage 

elongation  

at break (%) 

CFO-0 0 3.21 230 

CFO-1 1 3.74 240 

CFO-3 3 4.28 265 

CFO-5 5 5.70 352 

CFO-7 7 3.75 341 
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Table 3.3 Effect of OMMT content on tensile strength and percentage 

elongation at break of Compatibilised EPDM/Silicone 

nanocomposites 

 

 From the results obtained for tensile strength and percentage 

elongation at break of uncompatibilised EPDM/Silicone/OMMT 

nanocomposites, it was found that both the tensile strength and percentage 

elongation increased with increasing amount of OMMT up to the loading of 5 

phr and the values decreased as the level of OMMT increased beyond 5 phr. 

The decrease in tensile properties at higher loading is probably caused by 

poor filler dispersion. 

 Tensile properties such as strength and percentage elongation at 

the break point of the cured materials as a function of the nanoclay (OMMT) 

loading are given in Figures 3.3 & 3.4 respectively.  

 From the Figures, it is observed that the increasing content of 

OMMT up to 5 phr increases the tensile strength and percentage elongation 

at break of both compatibilised and uncompatibilised nanocomposites. This 

may be due to the improvement in interfacial interaction of organically 

modified clay surface and rubber molecules.  This interaction delays the 

detachment between clay and rubber molecules and promotes the rise of 

stress during tensile process. With further addition of OMMT, the values for 

tensile strength and percentage elongation are found to decrease gradually. 

The decrease in above properties may be due to the poor dispersion 

nanofiller at higher loading level.  

 

Sample code 

OMMT 

content 

(phr) 

Tensile 

strength 

(MPa) 

Percentage 

elongation at 

break (%) 

CO-0 0 2.25 635 

CO-1 1 2.86 640 

CO-3 3 3.24 658 

CO-5 5 3.42 665 

CO-7 7 3.36 630 
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Figure 3.3 Effect of OMMT content on tensile strength of EPDM/ 

Silicone nanocomposites 

 

 

 

Figure 3.4 Effect of OMMT content on percentage elongation at break 

of EPDM/Silicone nanocomposites 
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 Higher values of tensile strength and percentage elongation at break 

are obtained for compatibilised EPDM/Silicone nanocomposites compared to 

uncompatibilised nanocomposites. This indicates that there is an improved 

interaction between EPDM and silicone in compatibilised blend which 

reduces the interfacial tension between the component polymers.  

In the case of micro silica incorporated EPDM/Silicone/OMMT 

nanocomposites (CFO), higher values were observed compared to that of 

compatibilised system without micro silica filler (CO). Higher values of 

percentage elongation at break were observed for EPDM/Silicone 

nanocomposites prepared without micro silica. This indicates that there is a 

comparatively larger free volume in the nanocomposites prepared without 

adding micro silica compared to micro silica filled system and hence high 

elasticity and elongation at break. 

 

3.2.1.2 Hardness of EPDM/Silicone/OMMT nanocomposites 

 The results obtained for hardness testing of EPDM/Silicone/OMMT 

nanocomposites are given in Tables 3.4, 3.5 & 3.6 and Figure 3.5. 

 

Table 3.4 Effect of OMMT content on hardness of uncompatibilised 

micro silica filled EPDM/Silicone/OMMT nanocomposites  

 

 

 

 

 

 

Sample 

code 

OMMT content 

(phr) 

Hardness 

(Shore A) 

UFO-0 0 70 

UFO-1 1 74 

UFO-3 3 75 

UFO-5 5 79 

UFO-7 7 81 
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Table 3.5 Effect of OMMT content on hardness of compatibilised 

micro silica filled EPDM/Silicone/OMMT nanocomposites 

 

 

Table 3.6 Effect of OMMT content on hardness of compatibilised 

EPDM/Silicone/OMMT nanocomposites 

 

From the data obtained it was inferred that hardness of 

nanocomposites are found to be increased directly in proportion with 

increasing amount of OMMT. The hardness values of compatibilised 

nanocomposites are higher when compared to that of uncompatibilised 

nanocomposites. These results indicate that silane incorporated on to the 

blends offers compatibility between component polymers. Higher values of 

hardness were observed for compatibilised and micro silica incorporated 

EPDM/Silicone/OMMT nanocomposites compared to that of nanocomposites 

without micro silica. This may be due to the higher hardness of micro silica 

incorporated on to the rubber matrix. 

 

Sample 

code 

OMMT content 

(phr) 

Hardness 

(Shore A) 

CFO-0 0 74 

CFO-1 1 76 

CFO-3 3 79 

CFO-5 5 82 

CFO-7 7 84 

Sample 

code 

OMMT content 

(phr) 

Hardness 

(Shore A) 

CO-0 0 44 

CO-1 1 45 

CO-3 3 46 

CO-5 5 48 

CO-7 7 49 
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Figure 3.5 Effect of OMMT content on hardness of EPDM/Silicone 

nanocomposites 

 

3.2.2 Evaluation of Thermal Property  

To explore the thermal stability of EPDM/Silicone/OMMT 

nanocomposites, thermo gravimetric analysis was carried out and the results 

obtained are discussed below. Differential scanning calorimetry was used to 

study the effect of compatibiliser on glass transition temperature of 

EPDM/Silicone blends. 

3.2.2.1 Differiential Scanning Calorimetry (DSC) 

Thermograms obtained for uncompatibilised and compatibilised 

EPDM/Silicone blend from differential scanning calorimetric analysis is 

shown in Figure 3.6 and 3.7 respectively. 
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Figure 3.6    DSC thermogram of uncompatibilised EPDM/Silicone 

blend 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.7   DSC thermogram of compatibilised EPDM/Silicone blend 

 The DSC thermogram obtained for uncompatibilised nanocomposite 

shows the glass transition at -75°C.The DSC thermogram of compatibilised 

blend shows glass transition at -76.3°C. This shifting of glass transition 

temperature in compatibilised blend system shows the improved interaction 

between EPDM and silicone rubber. The sharp transition temperature 

obtained for compatibilised blend indicates that both the polymers are 
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miscible and forms a homogenous mix. The improved properties of 

nanocomposites based on compatibilised blend also confirms that there is a 

good interaction between the component polymers. 

 

3.2.2.2 Thermogravimetric analysis (TGA) 

           TGA spectra obtained for  uncompatibilised nanocomposites in 

presence of micro silica are shown in Figures 3.8 and the values are given in 

Table 3.7. 

 The decomposition of organic materials starts around 250°C and 

occurs at a very slow rate until 400°C. Above 400°C, the decomposition rate 

is higher, which shows the decomposition of organic polymeric materials. It 

can be seen from the Table 3.7 that the EPDM/Silicone nanocomposites with 

7phr OMMT leaves highest amount of residue even at 600°C. 

 

Table 3.7 Effect of OMMT content on thermal stability of 

uncompatibilised micro silica filled EPDM/ Silicone/OMMT 

nanocomposites 

Temperature(°C) 
Residue weight (%) 

UFO-0 UFO-1 UFO-3 UFO-5 UFO-7 

0 100 100 100 100 100 

100 99.34 99.42 99.56 99.72 99.94 

200 98.72 98.94 99.03 99.15 99.59 

300 94.84 95.73 96.24 97.06 98.53 

400 85.59 86.87 87.82 89.42 91.05 

500 50.1 51.52 52.73 54.72 58.12 

600 30.69 36.19 36.43 39.28 39.83 
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Figure 3.8 TGA curves of uncompatibilised micro silica filled 

EPDM/Silicone/OMMT nanocomposites 

   

 Figure 3.9 shows the TGA curves of micro silica filled compatibilised 

EPDM/Silicone/OMMT nanocomposites. Residue weight percentage 

obtained during decomposition is given in Table 3.8. In these systems, the 

similar trend of decomposition behaviour was observed with slightly higher 

residue weight percentage compared to uncompatibilised nanocomposites. 

Table 3.8 Effect of OMMT content on thermal stability of 

compatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

Temperature(°C) 
Residue weight (%) 

CFO-0 CFO-1 CFO-3 CFO-5 CFO-7 

0 100 100 100 100 100 

100 99.32 99.37 99.48 99.62 98.31 

200 98.42 98.64 98.76 98.65 97.22 

300 96.42 96.31 95.23 96.89 94.81 

400 84.93 85.71 89.36 85.85 84.25 

500 50.42 53.29 56.08 54.53 52.12 

600 31.02 36.48 36.82 39.46 40.02 
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Figure 3.9 TGA curves of compatibilised micro silica filled 

EPDM/Silicone/OMMT nanocomposites 

   

 TGA thermograms of EPDM/Silicone/OMMT nanocomposites 

without micro silica are illustrated in Figure 3.10 and the values are 

presented in Table 3.9. It is noticed from the Table 3.9 that the percentage of 

residue obtained is more in the case of EPDM/Silicone nanocomposites with 

7phr of OMMT. But the value is lower compared to the nanocomposites 

containing micro silica.  

 

Table 3.9 Effect of OMMT content on thermal stability of 

compatibilised EPDM/ Silicone/OMMT nanocomposites 

Temperature(°C) 
Residue weight (%) 

CO-0 CO-1 CO-3 C0-5 CO-7 

0 100 100 100 100 100 

100 99.74 99.75 99.78 99.75 99.79 

200 98.93 98.95 98.98 98.79 98.92 

300 97.09 97.03 96.86 96.84 97.28 

400 87.25 86.32 85.86 86.81 87.02 

500 46.84 47.32 48.1 48.74 48.95 

600 26.08 26.56 27.01 27.82 28.02 
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Figure 3.10 TGA curves for compatibilised EPDM/Silicone/OMMT 

nanocomposites 

   

 The TGA curves obtained (Figures 3.8, 3.9 & 3.10) are  indicative of 

single stage degradation process. It can be seen from the TGA thermograms, 

the range of temperature from room temperature to 250°C, did not affect the 

change of weight of all samples. Above 250°C, slow degradation was 

observed  upto 400°C. Above 400°C, the decomposition rate is higher 

showing the decomposition of organic polymeric materials. It is apparent from 

the Figures that the EPDM/ Silicone/OMMT nanocomposite having 7 phr 

OMMT leaves highest amount of residue among all vulcanizates. This is 

expected as the inorganic layers of the OMMT are thermally stable and do 

not degrade even at 600°C. The thermal stability of both UFO and CFO 

increases with increasing clay loading and also it is clear that the 

decomposition temperature increases slightly. Comparison of CO and CFO 

compositions also demonstrate that micro silica has a major role in 

improvement of thermal stability.The improvement in thermal stability with 

increasing OMMT loading,  shows the ability of nanofiller in retarding  the 

heat diffusion into the rubber matrix.  

 The effect of OMMT content on  temperature at which 50% 

decomposition occurs has been studied and the values obtained are given in 

Tables 3.10, 3.11 and 3.12.  
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Table 3.10 Effect  of OMMT content on temperature at 50% 

decomposition of uncompatibilised  micro silica filled 

EPDM/ Silicone/OMMT  nanocomposites  

Sample code 
OMMT content 

(phr) 

Temperature at 50% 

weight loss (°C) 

UFO-0 0 500 

UFO-1 1 522 

UFO-3 3 525 

UFO-5 5 533 

UFO-7 7 537 

 

Table 3.11 Effect  of OMMT content on temperature at 50% 

decomposition of compatibilised micro silica filled EPDM/ 

Silicone/OMMT  nanocomposites  

Sample code 
OMMT content 

(phr) 

Temperature at 50% 

weight loss (°C) 

CFO-0 0 503 

CFO-1 1 525 

CFO-3 3 530 

CFO-5 5 536 

CFO-7 7 539 

 

Table 3.12 

 

Effect  of OMMT content on temperature at 50% 

decomposition of compatibilised EPDM/Silicone/OMMT  

nanocomposites 

Sample code 
OMMT content 

(phr) 

Temperature at 50% 

weight loss (°C) 

CO-0 0 486 

CO-1 1 485 

CO-3 3 489 

CO-5 5 493 

CO-7 7 498 
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 In Figure 3.11, the temperature at which 50% decomposition takes 

place of EPDM/Silicone/OMMT nanocomposites is plotted against  OMMT 

content. The Figure shows the improvement in thermal stability of 

nanocomposites when OMMT content  increased.The values are  maximum 

in compatibilised nanocomposites containing micro silica.This improvement 

in thermal stsbility is due to  the delay in diffusion of volatile decomposition 

products from the nanocomposite structure. 

.  

Figure 3.11   Effect  of OMMT content on temperature at 50% 

decomposition of EPDM/Silicone/OMMT  nanocomposites  

 
3.2.3  Evaluation of Electrical Properties 

 In order to explore  the effect of OMMT content, compatibilisation and 

micro silica on electrical properties of EPDM/Silicone/OMMT 

nanocomposites, volume resistivity, surface resistivity, dielectric strength, 

dielectric constant, and dissipation factor were measured and  the results are 

discussed below. 

 

3.2.3.1 Volume resistivity of EPDM/Silicone/OMMT nanocomposites 

The results obtained for volume resistivity of EPDM/Silicone/OMMT 

nanocomposites are presented in Tables 3.13, 3.14 & 3.15 and Figures 3.12, 

3.13 & 3.14.  
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Table 3.13 Effect of OMMT content on volume resistivity of 

uncompatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

 

 

Figure 3.12 Effect of OMMT content on volume resistivity of 

uncompatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

 

 

 

 

 

 

Sample code 
OMMT content 

(phr) 

Volume resistivity 

(Ω. cm) 

UFO-0 0 2.48×1011 

UFO-1 1 3.13×1011 

UFO-3 3 3.28×1011 

UFO-5 5 3.40×1012 

UFO-7 7 2.62×1012 
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Table 3.14 Effect of OMMT content on volume resistivity of 

compatibilised micro silica filled  EPDM/Silicone/OMMT 

nanocomposites 

 

 

 

Figure 3.13 Effect of OMMT content on volume resistivity of 

compatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

 

 

 

 

 

 

Sample code 
OMMT content 

(phr) 

Volume resistivity 

(Ω. cm) 

CFO-0 0 2.82×1011 

CFO-1 1 3.29×1013 

CFO-3 3 2.73×1014 

CFO-5 5 3.11×1014 

CFO-7 7 2.77×1014 



68 
 

Table 3.15 Effect of OMMT content on volume resistivity of  

compatibilised EPDM/Silicone/OMMT nanocomposites 

 

 

 

Figure 3.14 Effect of OMMT content on volume resistivity of 

compatibilised EPDM/Silicone/OMMT nanocomposites 

From the values obtained, it was found that 5 phr OMMT is the critical 

level for volume resisstivity in both compatibilised and uncompatibilised 

nanocomposites. Compatabilised EPDM/Silicone rubber nanocomposites 

show higher values of volume resistivity  than the uncompatibilised 

conterparts. This indicates the occurence of  more interaction between 

EPDM and silicone rubber and better dispersion of the nanofiller in the rubber 

matrix phase. In the absence of micro silica, volume resistivity of 

EPDM/Silicone nanocomposites increased up to the loading of 3 phr OMMT 

and  decreased on further loading. 

Sample code 
OMMT content 

(phr) 

volume resistivity 

(Ω.cm) 

CO-0 0 4.77×1010 

CO-1 1 2.98×1013 

CO-3 3 2.76×1014 

CO-5 5 2.96×1013 

CO-7 7 2.84×1012 
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3.2.3.2 Surface resistivity of EPDM/Silicone/OMMT nanocomposites 

 The values obtained for surface resistivity of EPDM/Silicone/OMMT 

nanocomposites are given in Tables 3.16, 3.17 & 3.18 and presented in 

Figures 3.15, 3.16 & 3.17. 

 

Table 3.16 Effect of OMMT content on surface resistivity of  

uncompatibilised micro silica filled EPDM/Silicone/OMMT  

nanocomposites 

 

 

Figure 3.15 Effect of OMMT content on surface resistivity of 

uncompatibilised  micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

Sample code 
OMMT content 

(phr) 

Surface resistivity 

(Ω) 

UFO-0 0 2.96×109 

UFO-1 1 2.86×1010 

UFO-3 3 3.06×1010 

UFO-5 5 3.57×1011 

UFO-7 7 3.70×1011 
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Table 3.17 Effect of OMMT content on surface resistivity of 

compatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

 

 

Figure 3.16 Effect of OMMT content on surface resistivity of 

compatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

 

 

 

 

Sample code 
OMMT content 

(phr) 

Surface resistivity 

(Ω) 

CFO-0 0 3.02×1010 

CFO-1 1 2.89×1012 

CFO-3 3 3.06×1013 

CFO-5 5 3.31×1013 

CFO-7 7 3.47×1013 
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Table 3.18 Effect of OMMT content on surface resistivity of 

compatibilised  EPDM/Silicone/OMMT  nanocomposites 

 

 

 

Figure 3.17 Effect of OMMT content on surface resistivity of 

compatibilised  EPDM/Silicone/OMMT nanocomposites  

 

From the result obtained from the surface resistivity test,  it was  found 

that the surface resistivity increases with increasing content  of OMMT. 

Compatabilised nanocomposites show better surface resistivity compared to 

that of  uncompatibilised nanocomposites. Micro silica incorporated 

EPDM/Silicone/OMMT nanocomposites show lower value than EPDM/ 

Silicone/OMMT nanocomposites prepared without the addition of micro silica. 

This may be due to the lower interspacing between filler particles in micro 

silics filled nanocomposites. 

Sample code 
OMMT content 

(phr) 

Surface resistivity 

(Ω) 

CO-0 0 3.06×108 

CO-1 1 3.92×1013 

CO-3 3 2.86×1014 

CO-5 5 2.96×1014 

CO-7 7 3.14×1014 
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3.2.3.3 Dielectric strength of EPDM/Silicone/OMMT nanocomposites 

 The results obtained for dielectric strength of EPDM/Silicone/OMMT 

nanocomposites are summarized in Tables 3.19, 3.20 & 3.21and presented 

in Figure 3.18.   

 

Table 3.19 Effect of OMMT content on dielectric strength of 

uncompatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

 

Table 3.20 Effect of OMMT content on dielectric strength of 

compatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites 

 

 

 

 

 

Sample code OMMT content (phr) Dielectric strength (kV/mm) 

UFO-0 0 15.58 

UFO-1 1 16.18 

UFO-3 3 18.72 

UFO-5 5 20.57 

UFO-7 7 19.52 

Sample code OMMT content (phr) Dielectric strength (kV/mm) 

CFO-0 0 18.20 

CFO-1 1 20.29 

CFO-3 3 20.69 

CFO-5 5 22.94 

CFO-7 7 20.18 
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Table 3.21 Effect of OMMT content on dielectric strength of 

compatibilised EPDM/Silicone/OMMT nanocomposites  

 

 

 

Figure 3.18 Effect of OMMT content on dielectric strength of EPDM/ 

Silicone/OMMT nanocomposites 

 

From the results, it was observed that, the dielectric strength of 

EPDM/Silicone rubber nanocomposites increased up to the OMMT loading of 

5 phr and then decreased with further addition. The addition of 5 phr of 

OMMT onto the compatibilised nanocomposite system caused about 47% 

increase in dielectric strength characteristics compared to that of nano 

composites prepared without OMMT (UFO-0). The values obtained for 

uncompatibilised nanocomposite with 5 phr of OMMT loading (UFO-5) was 

Sample code 
OMMT content 

(phr) 

Dielectric strength 

(kV/mm) 

CO-0 0 17.76 

CO-1 1 18.48 

CO-3 3 21.09 

CO-5 5 21.64 

CO-7 7 20.82 
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only 32% of UFO-0. CO-5 shows about 39% increase in dielectric strength 

compared to UFO-0. This enhancement in dielectric property is caused by 

the formation of strong chemical bonds between EPDM and Silicone by the 

silane compatibiliser. It is clear from the Figure 3.18 that the presence of 

micro silica in EPDM/Silicone/OMMT nanocomposites plays an important role 

in improving the dielectric strength. However on further increment of OMMT 

on to the system causes a decrease in dielectric strength. This may be due to 

the lower interspace distance among the filler particles.  

 

3.2.3.4 Dielectric constant of EPDM/Silicone/OMMT nanocomposites 

Frequency dependent values of  dielectric constant (relative 

permitivity) of EPDM/Silicone/OMMT nanocomposites were measured  in the 

frequency range of 10-106 Hz at room temperature. The values  are 

presented  in Tables 3.22,3.23 & 3.24. and Figures 3.19, 3.20 & 3.21 

 

Table 3.22 Effect of OMMT content on dielectric constant of 

uncompatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites  at various frequencies 

Frequency (Hz) 
Dielectric constant 

UFO-0 UFO-1 UFO-3 UFO-5 UFO-7 

10 3.542 3.894 4.426 4.826 4.932 

100 3.539 3.89 4.424 4.794 4.921 

1000 3.537 3.884 4.392 4.721 4.916 

10000 3.532 3.878 4.398 4.73 4.894 

100000 3.526 3.862 4.364 4.729 4.863 

1000000 3.52 3.842 4.286 4.623 4.812 
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Figure 3.19 Effect of OMMT content on dielectric constant of 

uncompatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites  at various frequencies 

 

 

Table 3.23 Effect of OMMT content on dielectric constant of 

compatibilised micro silica filled EPDM/Silicone/ OMMT 

nanocomposites at various frequencies 

Frequency (Hz) 
Dielectric constant 

CFO-0 CFO-1 CFO-3 CFO-5 CFO-7 

10 3.84 4.24 5.421 7.246 9.062 

100 3.781 4.228 5.402 7.204 8.976 

1000 3.722 4.162 5.362 7.182 8.972 

10000 3.638 4.136 5.348 7.164 8.968 

100000 3.633 4.124 5.331 7.152 8.97 

1000000 3.62 4.062 5.328 7.148 8.964 
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Figure 3.20 Effect of OMMT content on dielectric constant of 

compatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites at various frequencies 

 

 

Table 3.24 Effect of OMMT content on dielectric constant of 

compatibilised EPDM/Silicone/OMMT nanocomposites at 

various frequencies 

 

Frequency (Hz) 
Dielectric constant 

CO-0 CO-1 CO-3 CO-5 CO-7 

10 3.24 3.43 3.79 4.948 5.287 

100 3.2 3.38 3.762 4.823 4.948 

1000 3.182 3.324 3.684 4.693 4.864 

10000 3.168 3.269 3.521 4.724 4.828 

100000 3.104 3.186 3.478 4.629 4.91 

1000000 3.062 3.162 3.326 4.483 4.798 
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Figure 3.21 Effect of OMMT content on dielectric constant of 

compatibilised EPDM/Silicone/OMMT nanocomposites at 

various frequencies 

 

It is evident from the results that the dielectric constant of both 

compatibilised and uncompatibilised nanocomposites decreased with 

increasing frequency and increased with increasing OMMT content. 

It is known that dielectric polarization and relaxation mechanisms in 

the bulk of the material will govern their permittivity behaviours and the 

polarization processes in turn are influenced by the frequencies of 

measurement. The decrease in dielectric constant with increasing frequency 

may be caused by the dielectric dispersion. In the case of silicone/EPDM 

nanocomposite loaded with nano fillers, the polarization of silicone/EPDM is 

associated with nanoparticles and the interfacial polarization between the 

system and the particle interfaces dictate the value of effective permittivity. 

The addition of fillers with a higher permittivity to a polymer causes an 

increase in the effective permittivity of the polymer composite due to the 

influence of filler permittivity. 
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Dielectric constant of uncompatibilised and compatibilised 

nanocomposites with varying OMMT content at frequency of 1MHz are 

shown in Figure 3.22.  

 

Figure 3.22 Effect of OMMT content on dielectric constant of 

EPDM/Silicone/ OMMT nanocomposites at frequency of 

1MHz. 

 

The dielectric constant at 1 MHz frequency of uncompatibilised 

nanocomposite without OMMT for and compatibilised nanocomposites in the 

presence of micro silica are 3.52 and 3.62 respectively. The dielectric 

constant value of compatibilised neat EPDM/Silicone blend is 3.062. 

Dielectric constant was increased with the addition of micro silica.The values 

of dielectric constant of both  compatibilised and uncompatibilised 

nanocomposites increases with increasing content of OMMT. Tghe results 

indicate that OMMT rich compatibilised nanocomposites possess higher 

dielectric constant. The presence of silane in compatibilised nanocomposites  

causes increase in dielectric constant due to electrical polarity. 
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3.2.3.5  Dissipation factor (tan δ) of EPDM/Silicone/OMMT 

nanocomposites 

Dissipation factor (tan ) of  EPDM/Silicone/OMMT nanocomposites 

as a function of frequency in the range of 10-106Hz are shown in Tables 

3.25, 3.26 & 3.27 and Figures 3.23, 3.24 & 3.25 respectively.  

 

Table 3.25 Effect of OMMT content on Dissipation factor of 

uncompatibilised micro silica filled EPDM/Silicone/ OMMT 

nanocomposites  at various frequencies 

Frequency (Hz) 
Dissipation factor 

UFO-0 UFO-1 UFO-3 UFO-5 UFO-7 

10 0.0236 0.0207 0.0168 0.0092 0.0108 

100 0.0237 0.0217 0.0174 0.0093 0.0124 

1000 0.0239 0.0219 0.0176 0.0096 0.0138 

10000 0.024 0.0226 0.0182 0.0112 0.0156 

100000 0.0243 0.0231 0.0186 0.0118 0.0168 

1000000 0.0244 0.0233 0.0192 0.0123 0.0172 

 

 

Figure 3.23 Effect of OMMT content on Dissipation factor of 

uncompatibilised micro silica filledEPDM/Silicone/OMMT 

nanocomposites  at various frequencies 
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Table 3.26 Effect of OMMT content on dissipation factor of 

compatibilised micro silica filled EPDM/Silicone/ OMMT 

nanocomposites  at various frequencies 

Frequency (Hz) 
Dissipation factor 

CFO-0 CFO-1 CFO-3 CFO-5 CFO-7 

10 0.0162 0.0154 0.0082 0.0084 0.0098 

100 0.0178 0.0168 0.0094 0.0087 0.0108 

1000 0.0184 0.0182 0.0102 0.0092 0.0136 

10000 0.0186 0.0194 0.0146 0.0104 0.0134 

100000 0.0192 0.0204 0.0172 0.0106 0.0149 

1000000 0.0196 0.0228 0.0184 0.0112 0.0198 

 

 

 

Figure 3.24   Effect of OMMT content on dissipation factor of 

compatibilised micro silica filled EPDM/Silicone/OMMT 

nanocomposites  at various frequencies 
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Table 3.27 Effect of OMMT content on dissipation factor of 

compatibilised EPDM/Silicone/OMMT nano composites  at 

various frequencies 

Frequency (Hz) 
Dissipation factor 

CO-0 CO-1 CO-3 CO-5 CO-7 

10 0.0241 0.0204 0.0182 0.0194 0.0202 

100 0.0248 0.0218 0.0186 0.0196 0.0236 

1000 0.0252 0.0216 0.0195 0.021 0.0256 

10000 0.0256 0.022 0.0204 0.0218 0.0235 

100000 0.0267 0.0247 0.0218 0.0226 0.0226 

1000000 0.0274 0.0252 0.0232 0.0241 0.0268 

 

 

 

Figure 3.25 Effect of OMMT content on dissipation factor of 

compatibilised EPDM/Silicone/OMMT nanocomposites  at 

various frequencies 

 

Dissipation factor is increased with increasing frequency. This  may be 

due to the charge mobility at higher frequencies.  

 Effect of OMMT content, compatibilisation and micro silica on 

dissipation factor of EPDM/Silicone/OMMT nanocomposites at frequency of 1 

MHz is tested and the results are shown in Figure 3.26.  
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Figure 3.26 Effect of OMMT content on dissipation factor of 

EPDM/Silicone/OMMT nanocomposites 

  

 The dissipation factor of uncompatibilised nanocomposites was found 

to be decreased with increasing OMMT content upto the loading of 5 phr. 

Above 5 phr loading of OMMT,  an increasing trend in dissifaction factor was 

observed. This may be due to the poor dispersion of filler in the matrix 

phase.The same trend was observed in the case of compatibilised 

nanocomposites with varying content of OMMT.This revealed that a better 

dispersion of OMMT in compatibilised nanocomposites. In the case of micro 

silica unfilled nanocomposites, 3 phr is the optimum level of loading. The 

value of dissipation factor is comparatively higer than UFO and CFO. This 

may be due to the increased fraction of rubber content with lower filler 

content which causes higher dissipation. 

 

3.2.4 Morphological Studies 

 

3.2.4.1 Scanning Electron Microscopy (SEM) 

Compatibilised EPDM/Silicone/OMMT nanocomposites (CO-3) 

consisting of 50:50 weight percentages of silicone and EPDM were 
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cryogenically fractured and fractured surfaces were subjected to SEM 

analysis. The SEM images are shown in Figure 3.27.      

          

Figure 3.27 SEM photographs of EPDM/Silicone/OMMT 

nanocomposite 

From SEM micrographs, no phase separation is evidenced which 

confirm the existence of homogeneity between both the component polymers 

EPDM and silicone rubber. The high level of compatibilization imparted by 

the insitu grafting of silane compatibiliser played a vital role in improving 

mechanical, thermal and dielectric properties of EPDM/silicone/OMMT 

nanocomposites. 

 

3.2.4.2 Transmission Electron Microscopy (TEM) 

HRTEM images of compatibilised EPDM/Silicone/OMMT 

nanocomposite at 5 phr filler loading are shown in Figure 3.28.  

 

 

Figure 3.28 HRTEM image of EPDM/Silicone/OMMT nano 

composite 
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The very thin dark lines appeared in the TEM micrograph show the 

evidence for exfoliation of OMMT platelets in the rubber matrix. 

 

3.3 EPDM/SILICONE/SILICA NANOCOMPOSITES 

 

3.3.1  Evaluation of Mechanical Properties 

 The effect of nano silica content and micro silica on mechanical 

properties such as tensile strength, percentage elongation at break and 

hardness of EPDM/ Silicone/Silica nanocomposites was investigated.  

 

3.3.1.1 Tensile strength and Percentage elongation at break of 

EPDM/Silicone/ Silica nanocomposites 

 The mechanical properties such as tensile strength and elongation 

at break of compatibilised EPDM/Silicone/Silica nanocomposites in the 

absence and presence of micro silica were determined and the values are 

summarized in Tables 3.28 & 3.29 and are presented in the Figures 3.29 & 

3.30. 

 

Table 3.28 Effect of Nanosilica on tensile strength and percentage 

elongation at break of compatibilised EPDM/Silicone/ 

Silica nanocomposites  

 

 

 

 

Sample code Silica content (phr) 
Tensile strength 

(MPa) 

Percentage 

elongation 

at break(%) 

CS-0 0 2.25 635 

CS-1 1 4.4 722 

CS-3 3 5.0 758 

CS-5 5 5.13 634 

CS-7 7 4.83 612 
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Table 3.29 Effect of Nanosilica on tensile strength and percentage 

elongation at break of compatibilised micro silica filled 

EPDM/Silicone/Silica nanocomposites  

 

 

 

Figure 3.29 Effect of Nanosilica on tensile strength of EPDM/Silicone/ 

Silica nanocomposites 

 

Sample code 
Silica  content 

(phr) 

Tensile strength 

(MPa) 

Percentage 

elongation at 

break (%) 

CFS-0 0 3.21 230 

CFS-1 1 4.08 295 

CFS-3 3 4.47 340 

CFS-5 5 4.68 409 

CFS-7 7 3.42 382 
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Figure 3.30 Effect of Nanosilica on percentage elongation at break of 

EPDM/Silicone/Silica nanocomposites 

 

 Compared to the neat EPDM/Silicone blend (CS-0), micro silica filled 

EPDM/Silicone blend (CFS-0) shows remarkable increase in tensile strength, 

which shows strong interaction between the polymer and filler. By the 

addition of micro silica, percentage elongation at break was decreased, and it 

indicates the comparatively smaller free volume fraction in silica filled system 

than the neat EPDM/Silicone blend and hence low elasticity and elongation 

at break. 

 The addition of nano silica brought a remarkable increase in tensile 

strength and elongation at break in both micro silica filled and unfilled EPDM/ 

Silicone/Silica nanocomposites. This trend suggests the strong interaction 

between the silica and the rubber macromolecules in the nanocomposites. 

The nano silica content of 5 phr is considered to be the optimum dosage for 

the present nanocomposite systems. In the absence of micro silica, 3 phr of 

nano silica is the maximum loading level for attaining maximum elongation. 
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3.3.1.2 Hardness of EPDM/Silicone/ Silica nanocomposites 

 Hardness values of EPDM/Silicone/ Silica nanocomposites prepared 

with and without micro silica as a function of nano silica are shown in Tables 

3.30 & 3.31 and Figure 3.31. 

  

Table 3.30 Effect of Nanosilica on hardness of compatibilised 

EPDM/Silicone/Silica nanocomposites 

Sample code 
Nano silica content 

(phr) 
Hardness(Shore A) 

CS-0 0 44 

CS-1 1 46 

CS-3 3 47 

CS-5 5 50 

CS-7 7 51 

 

 

Table 3.31 Effect of Nanosilica on hardness of micro silica filled 

compatibilised EPDM/Silicone/Silica nanocomposites 

Sample code Silica content (phr) Hardness(Shore A) 

CFS-0 0 74 

CFS-1 1 77 

CFS-3 3 81 

CFS-5 5 83 

CFS-7 7 86 

 

   



88 
 

 

Figure 3.31 Effect of Nanosilica on hardness of EPDM/Silicone/Silica 

nanocomposites 

Hardness values are found to be increased with increasing content of 

nano silica. The value increased from 44 for pure EPDM/Silicone 

nanocomposite (CS-0) to 74 for micro silica filled nanocomposite system 

(CFS-0) and 86 for micro silica filled nanocomposites containing 7phr 

nanosilica (CFS-7). The marked increase in hardness of the nanocomposites 

may be attributed to the higher hardness of the nano silica filler. 

 

3.3.2 Evaluation of Thermal Property  

The effect of nano silica content on thermal stability of micro silica 

filled and unfilled EPDM/Silicone/Silica nanocomposites were studied using 

thermgravimetric analysis (TGA). 

 

3.3.2.1 Thermogravimetric analysis (TGA) 

 The results of TGA analysis for the EPDM/Silicone/Silica 

nanocomposites with and without micro silica are shown in Figures 3.32 & 

3.33  and the values are presented in Tables 3.32 & 3.33.  
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Table 3.32 Effect of Nanosilica on thermal stability of compatibilised 

EPDM/ Silicone/Silica nanocomposites  

Temperature(°C) 
Residue weight (%) 

CS-0 CS-1 CS-3 CS-5 CS-7 

0 100 100 100 100 100 

100 99.74 99.8 99.72 99.85 99.69 

200 98.93 97.82 97.7 97.29 97.43 

300 97.09 95.62 95.55 94.92 95.26 

400 87.25 86.04 86.29 85.11 85.43 

500 46.84 46.32 48.77 48.17 48.68 

600 26.08 26.42 26.66 25.29 26.5 

 

 

Figure 3.32 TGA curves of compatibilised EPDM/Silicone/Silica 

nanocomposites 

  It can be seen from the Figure 3.32 that in the temperature 

range 200-300°C, nanocomposite containing organic assist agents degrades 

slightly faster causing slight weight loss in nanocomposites. The 

decomposition of organic polymeric materials occurs at a very slow rate until 

400°C. Above 400°C, the decomposition rate is higher which shows the 

faster decomposition of organic polymeric materials. From the Table 3.32 it 

can be inferred that, the EPDM/Silicone nanocomposites with 3 phr 
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nanosilica leaves highest amount of residue. This result shows the better 

dispersion of nano silica and hence the nanocomposites possess good 

thermal stability even at 600°C.  

 The effect of nano silica in presence of micro silica on thermal 

stability of nanocomposites was studied and the results are presented in 

Table 3.33 and Figure 3.33.  

  

Table 3.33 Effect of Nanosilica on thermal stability of compatibilised  

micro silica filled EPDM/Silicone/Silica nanocomposites 

Temperature(°C) 
Residue weight (%) 

CFS-0 CFS-1 CFS-3 CFS-5 CFS-7 

0 100 100 100 100 100 

100 99.32 99.4 99.46 99.29 99.35 

200 98.42 98.58 98.62 98.6 98.45 

300 96.42 97.26 97.05 96.88 97.21 

400 84.93 86.54 88.48 87.94 86.28 

500 50.42 52.72 54.96 53.28 52.45 

600 31.02 38.42 42.35 40.52 40.43 

 

 

Figure 3.33 TGA curves of compatibilised  micro silica filled EPDM/ 

Silicone/Silica nanocomposites 
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 In this compatibilised system, the same trend of decomposition 

behaviour with slightly higher residue weight percentage was observed as in 

the case of nanocomposites prepared without micro silica. This trend  

demonstrate that micro silica has a major role in the improvement of thermal 

stability of nanocomposites. The improvement in thermal stability with 

increasing nanosilica loading,  shows the ability of nanofiller in retarding  the 

heat diffusion into the rubber matrix. 

 The effect of nanosilica on  temperature at which 50% 

decomposition occurs is listed  in Tables 3.34 & 3.35.  

 

Table 3.34 Effect  of Nanosilica on temperature at 50% decomposition 

of compatibilised EPDM/Silicone/Silica  nanocomposites 

Sample code 
Silica content 

(phr) 

Temperature at 50% 

weight loss (°C) 

CS-0 0 486 

CS-1 1 492 

CS-3 3 497 

CS-5 5 495 

CS-7 7 496 

 

 

Table 3.35 

 

 

Effect  of Nanosilica on temperature at 50% 

decomposition of compatibilised micro silica filled 

EPDM/Silicone/Silica  nanocomposites  

Sample code 
Silica content 

(phr) 

Temperature at 50% 

weight loss (°C) 

CFS-0 0 503 

CFS-1 1 522 

CFS-3 3 548 

CFS-5 5 539 

CFS-7 7 528 
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 Residue of sample is increased with increasing silica content up to 

3 phr which shows the better dispersion of nano silica up to the loading of 3 

phr.When the nano silica content was increased beyond 3 phr, little decrease 

in the weigth of residue was observed. 

 In Figure 3.34, the temperature at which 50% decomposition takes 

place is plotted against  nanosilica content.  

 

 

Figure 3.34 Effect  of Nanosilica on temperature at 50% 

decomposition of EPDM/Silicone/Silica  nanocomposites 

  

The Figure shows the improvement in thermal stability of 

nanocomposites when silica content  increased up to the loading of 3 phr.The 

value is maximum in nanocomposites containing micro silica 

reinforcement.This improvement attributes the delay in diffusion of volatile 

decomposition products from the nanocomposite structure. 

 

3.3.3 Evaluation of Electrical Properties  

 In order to study the effect of nano silica content and micro silica on 

the electrical properties, volume and surface resistivity, dielectric strength, 

dielectric constant and dissipation factor were studied.  
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3.3.3.1 Volume resistivity of EPDM/Silicone/Silica nanocomposites 

 The values obtained for volume resistivity of EPDM/Silicone/Silica  

nanocomposites with and without micro silica are presented in Tables 3.36 & 

3.37 and shown in Figure 3.35 & 3.36  

 

Table 3.36 Effect of Nanosilica on volume resistivity of 

compatibilised EPDM/Silicone/Silica nanocomposites  

 

 

 

Figure 3.35 Effect of Nanosilica on volume resistivity of 

compatibilised EPDM/Silicone/Silica nanocomposites  

  

 

Sample code 
Silica content 

(phr) 

Volume resistivity 

(Ω. cm) 

CS-0 0 4.77×1010 

CS-1 1 2.92×1015 

CS-3 3 3.30×1015 

CS-5 5 3.18×1015 

CS-7 7 2.55×1015 
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Table 3.37 Effect of nanosilica on volume resistivity of 

compatibilised micro silica filled EPDM/Silicone 

nanocomposites 

 

 

 

Figure 3.36 Effect of Nanosilica on volume resistivity of 

compatibilised micro silica filled EPDM/Silicone/Silica 

nanocomposites  

  

 The result obtained for volume resistivity of nanocomposites increases 

show increasing trend in the values of volume resistivity up to the loading of 3 

phr of nano silica. High aspect ratio of the nanosilica allows the system to 

reach percolation threshold at lower content. At higher concentration 

decreasing trend of volume resistance was noticed and it shows the 

percolation threshold at 3 phr. 

Sample code 
Silica content  

(phr) 

Volume resistivity 

(Ω.cm) 

CFS-0 0 2.82×1011 

CFS-1 1 3.48×1013 

CFS-3 3 2.82×1014 

CFS-5 5 2.76×1014 

CFS-7 7 2.04×1014 
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3.3.3.2 Surface resistivity of EPDM/Silicone/Silica nanocomposites 

 Surface resistivity measurements of EPDM/Silicone/Silica 

nanocomposites with and without micro silica were carried out and the results 

are shown in Tables 3.38 & 3.39 and Figures 3.37 & 3.38 respectively.  

 

Table 3.38 Effect of Nanosilica on surface resistivity of 

compatibilised EPDM/Silicone nanocomposites 

 

 

 

Figure 3.37 Effect of Nanosilica on surface resistivity of 

compatibilised EPDM/Silicone/Silica nanocomposites  

 

 

 

Sample code 
Silica content 

(phr) 

Surface resistivity 

(Ω) 

CS-0 0 3.06×108 

CS-1 1 3.01×1014 

CS-3 3 3.27×1014 

CS-5 5 3.37×1014 

CS-7 7 3.72×1014 
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Table 3.39 Effect of Nanosilica on surface resistivity of 

compatibilised micro silica filled EPDM/Silicone/Silica 

nanocomposites  

 

 

 

Figure 3.38 Effect of Nanosilica on surface resistivity of 

compatibilised micro silica filled EPDM/Silicone/Silica 

nanocomposites  

  

 The values show that the surface resistivity increases with increasing 

content of nano silica in the composites. 

 

Sample code 
Silica content 

(phr) 

Surface resistivity 

(Ω) 

CFS-0 0 3.02×1010 

CFS-1 1 2.62×1013 

CFS-3 3 2.91×1013 

CFS-5 5 2.96×1013 

CFS-7 7 3.12×1013 
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3.3.3.3 Dielectric strength of EPDM/Silicone/Silica nanocomposites 

 The results of the dielectric strength measurement of 

EPDM/Silicone/Silica nanocomposites incorporated with and without micro 

silica are summarized in Tables 3.40 & 3.41 respectively and Figure 3.39. 

 

Table 3.40 Effect of Nanosilica on dielectric strength of 

compatibilised EPDM/Silicone/Silica nanocomposites  

 

 

Table 3.41 Effect of Nanosilica on dielectric strength of 

compatibilised micro silica filled EPDM/Silicone/Silica 

nanocomposites 

  

 For nanocomposites prepared without micro silica, the dielectric 

strength increases with increasing content of nano silica. In the case of micro 

silica filled system the increasing trend in dielectric strength was observed up 

to the concentration of 3 phr of nanosilica. This result indicates that increase 

in nano silica content leads to lower spacing between the fillers, which in turn 

reduces the dielectric strength. 

Sample code 
Silica content 

(phr) 

Dielectric strength 

(kV/mm) 

CS-0 0 17.76 

CS-1 1 18.62 

CS-3 3 18.76 

CS-5 5 19.76 

CS-7 7 19.98 

Sample code 
Silica content 

(phr) 

Dielectric strength 

(kV/mm) 

CFS-0 0 18.20 

CFS-1 1 19.64 

CFS-3 3 20.82 

CFS-5 5 19.08 

CFS-7 7 18.78 
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Figure 3.39 Effect of Nanosilica on dielectric strength of 

Compatibilised EPDM/Silicone/Silica nanocomposites 

 

3.3.3.4 Dielectric constant of EPDM/Silicone/Silica nanocomposites 

 The influence of nano silica on dielectric constant of the 

compatibilised, micro silica filled and unfilled EPDM/Silicone/Silica 

nanocomposites were investigated in the frequency range of 10-106 and the 

values are given in Tables 3.42 & 3.43 respectively. Plot of dielectric constant 

versus nano silica content is shown in Figures 3.40 & 3.41 respectively. 

 

Table 3.42 Effect of Nanosilica on dielectric constant of 

compatibilised EPDM/Silicone/Silica nano composites 

Frequency (Hz) 
Dielectric constant 

CS-0 CS-1 CS-3 CS-5 CS-7 

10 3.24 4.382 5.628 7.974 8.469 

100 3.2 4.468 5.536 7.948 8.384 

1000 3.182 4.426 5.498 7.842 8.327 

10000 3.168 4.387 5.412 7.738 8.294 

100000 3.104 4.382 5.378 7.702 8.21 

1000000 3.062 4.278 5.264 7.637 8.184 
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Figure 3.40 Effect of Nanosilica on dielectric constant of 

Compatibilised EPDM/Silicone/Silica nanocomposites 

 

 

Table 3.43 Effect of Nanosilica on dielectric constant of 

compatibilised micro silica filled EPDM/Silicone/ Silica 

nanocomposites 

Frequency (Hz) 
Dielectric constant 

CFS-0 CFS-1 CFS-3 CFS-5 CFS-7 

10 3.84 4.742 5.884 8.132 10.103 

100 3.781 4.694 5.792 8.046 10.046 

1000 3.722 4.628 5.818 7.947 9.924 

10000 3.638 4.498 5.842 7.923 9.812 

100000 3.633 4.517 5.637 7.812 9.794 

1000000 3.62 4.543 5.437 7.834 9.746 
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Figure 3.41 Effect of Nanosilica on dielectric constant of 

compatibilised micro silica filled EPDM/Silicone nano 

composites 

  

 It is evident from the Figures 3.40 & 3.41 that the dielectric constant of 

nano composites decreased with increasing frequency. The decrease in 

dielectric constant with frequency may be caused by dielectric dispersion and 

increase in ion mobility.  

 Moreover, Figure 3.42 shows that the values of dielectric constant at 

frequency of 1MHz increased with increasing nano silica content which is 

comparatively higher in EPDM/Silicone/Silica nanocomposites with micro 

silica than that of nanocomposites without micro silica. The interface between 

the nanoparticles and the matrix material has different properties compared 

to that of the particles and the matrix which causes the increase in dielectric 

constant.  
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Figure 3.42 Effect of Nanosilica on dielectric constant of 

compatibilised EPDM/Silicone/Silica nanocomposites at 

frequency of 1MHz 

 

3.3.3.5  Dissipation Factor of EPDM/Silicone/Silica nanocomposites 

Dissipation factor (tan ) as a function of frequency in the range of 10-

106Hz for EPDM/Silicone/Silica nanocomposites in the absence and 

presence of micro silica are shown in Tables 3.44 & 3.45 and Figures 3.43 & 

3.44  respectively.  

 

Table 3.44 Effect of Nanosilica on dissipation factor of compatibilised 

EPDM/Silicone/Silica  nanocomposites at various 

frequencies 

Frequency (Hz) 
Dissipation factor 

CS-0 CS-1 CS-3 CS-5 CS-7 

10 0.0241 0.0142 0.0124 0.0136 0.0178 

100 0.0248 0.0154 0.013 0.0147 0.0194 

1000 0.0252 0.0163 0.0128 0.0159 0.0182 

10000 0.0256 0.0178 0.0142 0.0173 0.0214 

100000 0.0267 0.0194 0.0168 0.0184 0.0236 

1000000 0.0274 0.0214 0.0184 0.0218 0.0258 
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Figure 3.43 Effect of Nanosilica on dissipation factor of 

compatibilised EPDM/Silicone/Silica  nanocomposites at 

various frequencies 

 

 

Table 3.45 

 

 

Effect of Nanosilica on Dissipation factor of 

compatibilised micro silica filled EPDM/Silicone/Silica 

nanocomposites  at various frequencies 

Frequency(Hz) 
Dissipation factor 

CFS-0 CFS-1 CFS-3 CFS-5 CFS-7 

10 0.0162 0.0158 0.0132 0.0138 0.0146 

100 0.0178 0.0164 0.0158 0.0169 0.0183 

1000 0.0184 0.0178 0.0154 0.0163 0.0169 

10000 0.0186 0.0182 0.0176 0.0186 0.0192 

100000 0.0192 0.0188 0.0173 0.0194 0.0204 

1000000 0.0196 0.0174 0.0168 0.0208 0.0223 

 

 

 



103 
 

 

Figure 3.44 Effect of Nanosilica on Dissipation factor of 

compatibilised micro silica filled EPDM/Silicone/Silica 

nanocomposites  at various frequencies 

 

 Dissipation factor is found to be increased with increasing frequency. 

This trend expalins that  there is a more charge mobility at higher frequency. . 

 Dissipation factor of EPDM/Silicone/Silica nanocomposites obtained at 

frequency of 1 MHz is shown in Figure 3.45. The dissipation factor of 

nanocomposites is found to be decreased with increasing nanosilica content 

upto the loading of 3 phr. Beyond 3 phr  an increasing trend was noticed. 

This  may be due to the agglomeration of filler in the matrix phase at hihger 

concentration. In the case of nanocomposites containig micro silica, 

comparatively lower dissipation factor is noticed. 
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Figure 3.45 Effect of Nanosilica on dissipation factor of 

EPDM/Silicone/Silica nanocomposites at frequency of 1 

MHz 

 

3.3.4 Morphological Studies 

 

3.3.4.1 Transmission Electron Microscopy (TEM) 

 The HRTEM images obtained for EPDM/Silicone/Silica 

nanocomposite with filler loading of 3 phr is shown in Figure 3.46. 

 

Figure 3.46 HRTEM image of EPDM/Silicone/Silica  nano 

composite 
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The presence of black dots in the TEM images shows the dispersed 

silica nano particles. The well distributed minute black dots confirm the better 

dispersion of nano silica in the matrix phase.  
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4. SUMMARY AND CONCLUSION 

   

 EPDM/Silicone nanocomposites in the presence and absence of 

silane compatibiliser with varying proportions of organically modified 

montmorillonite (OMMT) and also nano silica fillers were prepared. The effect 

of compatibilisation and addition of OMMT and nano silica on mechanical, 

thermal and electrical properties of the nanocomposites were investigated.  

The insitu grafting of silane onto EPDM was investigated by Fourier 

transform infra-red spectroscopic (FTIR) analysis. The FTIR spectra obtained 

for compatibilised EPDM/silicone blend shows the formation of silane grafting 

on EPDM. 

The results obtained for mechanical properties of EPDM/Silicone/ 

OMMT nanocomposites showed a significant improvement in tensile strength 

and percentage elongation at break up to the addition of 5 phr of OMMT. 

Beyond this level a decreasing trend in the above properties was observed. 

Higher values of tensile strength were obtained for compatibilised 

EPDM/Silicone nanocomposites compared to uncompatibilised 

nanocomposites. This indicates the presence of more interaction between 

the blend components, which causes reduction in interfacial tension and 

hence improved polymer – filler interaction, more uniform distribution of 

nanofilles and also the improvement in mechanical properties. 

Percentage elongation at break was maximum for EPDM/ 

Silicone/OMMT nanocomposites without the addition of micro silica. This 

indicates the comparatively larger free volume fraction than micro silica filled 

system and hence higher elasticity and elongation at break. 

TGA analysis confirmed that compatibilised EPDM/Silicone/OMMT 

nanocomposites with micro silica have more thermal stability than neat 

EPDM/Silicone blends.  

The data obtained for electrical properties reveal that the presence of 

OMMT in both compatibilised and uncompatibilised nanocomposites offer 

marked improvement in volume and surface resistivity and also the dielectric 

strength. 
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Volume resistivity increases with increasing OMMT content up to the 

loading of 5 phr in both compatibilised and uncompatibilised systems and 

comparatively higher values are noticed  in compatibilised nanocomposites. 

Further addition of OMMT decreases the volume resistivity due to poor 

dispersion on higher loading. Addition of micro silica imparts significant 

improvement in volume resistivity of nanocomposites. 

Compatabilised nanocomposites show better surface resistivity than 

uncompatibilised nanocomposites due to the better interaction  between the 

polymers. Micro silica filled system have lower values of surface resistivity  

compared to that of unfilled EPDM/Silicone/OMMT nanocomposites. 

Dielectric strength of both EPDM/Silicone/OMMT and 

EPDM/Silicone/silica nanocomposites increased up to the filler loading of 5 

phr and then decreased with the further addition. Compatibilised 

nanocomposites show higher values of dielectric strength than 

uncompatibilised nanocomposites. Addition of micro silica causes little 

improvement in dielectric strength properties. 

Dielectric constant of EPDM/silicone/OMMT nanocomposites 

increased with increasing content of OMMT and decreased with increasing 

frequency. In the case of compatibilised nanocomposites an decreasing 

trend in  dielectric constant was observed. 

Dissipation factor of  OMMT incorporated EPDM/ silicone 

nanocomposites decreased with increasing content upto the loading of 5 

phr of OMMT. Above 5 phr it shows an increasing trend  due to the poor 

dispersion of filler in the matrix phase. Dissipation factor increased when 

test  frequency was increased.  However, compatibilised nanocomposites 

show comparatively lower values of dissipation factor.This revealed the 

better dispersion of OMMT in presence of the compatibiliser. In the absence 

of micro silica, 3 phr of OMMT  is the optimum level of loading and which 

gives comparatively lower dissipation factor  than micro silica filled system  

In the case of EPDM/Silicone/Silica nanocomposites, micro silica filled 

system show remarkable increase in tensile strength. Addition of micro 

silica, lowers the percentage elongation, which indicates the lower free 

volume fraction in silica filled system than the neat EPDM/Silicone blend 

and hence low elasticity and elongation at break. 
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The addition of nano silica brought about remarkable increase in 

tensile strength and elongation at break in both micro silica reinforced and 

non-reinforced EPDM/Silicone nanocomposites. The loading   of 5 phr of 

nano silica is considered to be the optimum dosage for the present 

systems.  

TGA analysis of EPDM/silicone/silica nanocomposites reveals that 

thermal stability of nanocomposites increases up to the addition of 3 phr of 

nano silica and the values are higher when the nanocomposites are further 

reinforced with micro silica. 

Volume resistivity of nanosilica filled composites increased with 

increasing nano silica up to the loading of 3 phr. At higher filler concentration 

decreasing trend of volume resistance was noticed which shows its 

percolation threshold at 3 phr. Surface resistivity of the nanocomposites 

increased with increasing content of nanosilica and decreased with the 

addition of mico silica.   

Maximum dielectric strength was obtained for micro silica filled 

EPDM/silicone/ silica nanocomposites containing 3 phr of nano silica. The 

value of dielectric constant increased with increasing nano silica content 

and the values are comparatively higher in micro silica filled systems. 

Dissipation factor of the EPDM/silicone/silica nanocomposites was 

found to be decreased with increasing nano silica content upto the loading 

of 3 phr. Beyond 3 phr  an increasing trend was noticed. The same was 

increased with increasing frequency. In the presence of micro silica, 

comparatively lower dissipation factor was observed. 

 Scanninig electron microscopic (SEM) analysis confimed that there is 

no phase separation exsist in the compatibilised EPDM/silicone blend. The 

improved results obtained for mechanical, thermal and electrical properties 

of compatibilised nanocomposites incorporated with both OMMT and silica 

are the indication of the presence of homogeneous matrix phase.  

 Trasmission electron microscopic (TEM) analysis revealed the 

formation of  exfoliated structure in compatibilised EPDM/silicone/OMMT 

nanocomposites. In the case of EPDM/silicone/silica nanocomposites, the 

TEM images shows the better dispersion of nano silica particles in the 

rubber matrix.  



109 
 

 The peresent investigation reveals that EPDM/silicone/silica 

nanocomposites possess improved dielectric properties compared to that of 

EPDM/silicone/OMMT nanocomposites. However the addition of both OMMT  

and nanosilica onto EPDM/silicone blends provides significant enhancement 

in mechanical, thermal and dielectric properties to the nanocomposites. Both 

OMMT and silica incorporated EPDM/silicone blend nanocomposites could 

be a promissing candiates for outdoor high voltage insulators. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 
 

5. SCOPE FOR FURTHER WORK 

 

 EPDM/ silicone nanocomposites may be developed using nano alumina 

and nano titanium dioxide as fillers. 

 Different mixing techniques (Eg: Banbury mixer) can be tried to improve 

the dispersion of nano fillers and hence the improvement in performance 

of end product. 

 Instead of polydimethyl siloxane rubber, phenyl methyl siloxane rubber 

can be tried to improve the performance properties of the 

nanocomposites. 
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