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ABSTRACT 
 

Name: Mohammed El-sayed El-sayed Hassan Bakhit 
Title of M.Sc. Thesis: 

""PPoollyymmeerr//LLaayyeerreedd  SSiilliiccaattee  NNaannooccoommppoossiitteess""  
Degree: M.Sc. Thesis, Faculty of Science, Zagazig University. 
 

     Polymer–clay nanocomposites have attracted the attention of many 
researchers and experimental results are presented in a large number of recent 
papers and patents because of the outstanding mechanical properties and low 
gas permeabilities that are achieved in many cases. Polymer-clay 
nanocomposites are a new class of mineral-field polymer that contain relatively 
small amounts (<10%) of nanometer-sized clay particles. 
Polymer/clay nanocomposites have their origin in the pioneering research 
conducted at Toyota Central Research Laboratories and the first historical 
record goes back to 1987. The matrix was nylon-6 and the filler MMT. Because 
of its many advantages such as high mechanical properties, good gas barrier, 
flame retardation, etc. polymer/clay nanocomposites have been intensely 
investigated and is currently the subject of many research programs. 
Nanocomposite materials are commercially important and several types of 
products with different shapes and applications including food packaging films 
and containers, engine parts, dental materials, etc. are now available in markets. 
A number of synthesis routes have been developed in the recent years to 
prepare these materials, which include intercalation of polymers or pre-
polymers from solution, in-situ polymerization, melt intercalation etc. 
In this study, new nanocomposite materials were produced from the 
components of rubber (NBR, SBR and EPDM) as the polymeric matrix and 
organically modified quaternary alkylammonium montmorillonite in different 
contents (3, 5, 7, and 10 phr) as the filler by using an extruder then, the rubber 
nanocomposite sheets were irradiated at adose of 0, 50, 75, 100 and150 KGy 
using Electron beam Irradiation technique as acrosslinking agent. 
These new materials can be characterized by using various analytical 
techniques including X-ray diffractometer XRD, Thermogravimetric analyzer 
TGA, scanning electron microscope (SEM), transmission electron microscope 
(TEM),Fourier transform infrared spectrometer (FTIR) as will as mechanical 
properties measurements. 
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CHAPTER (1) 

1- INTRODUCTION 

 

1.1. Polymeric materials 

     The name polymer is derived from the Greek poly for many and mers for 
parts. A polymer molecule consists of a repetition of the unit called a mer. 
Mers are derived from monomers, which, as we have seen for ethylene, can 
link up or polymerize under certain conditions to form the polymer molecule. 
Monomers are generally simple organic molecules containing a double bond or 
a minimum of two active functional groups. The presence of the double bond 
or active functional groups act as the driving force to add one monomer 
molecule upon the other repeatedly to make a polymer molecule. This process 
of transformation of monomer molecules to a polymer molecule is known as 
polymerization. 

The difference in behavior between ordinary organic compounds and polymeric 
materials is due mainly to the large size and shape of polymer molecules. 
Common organic materials such as alcohol, ether, chloroform, sugar, and so 
on, consist of small molecules having molecular weights usually less than 
1,000. The molecular weights of polymers, on the other hand, vary from 20,000 
to hundreds of thousands. Because of their large molecular size, polymers 
possess unique chemical and physical properties. These properties begin to 
appear when the polymer chain is of sufficient length, i.e. when the molecular 
weight exceeds a threshold value and becomes more prominent as the size of 
the molecule increases (Manas and Salil, 2006). 

Polymers can be subdivided into three main categories: thermoplastics, 
thermosets and elastomers. This distinction is based on both the molecular 
structure and the processing routes that can be applied. It also relates to 
recycling routes, as each of the categories needs a different approach to utilize 
recovery potential (Vannessa, 2007). 

 

A- Thermoplastics 

     These materials melt and flow when heated and solidify as they cool. On 
subsequent reheating they melt and regain the ability to flow. This means they 
can be reprocessed and hence recycled by remelting them. Thermoplastics are 
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used to make consumer items such as drinks containers, carrier bags and 
buckets. The most common thermoplastic materials are polyethylene (PE), 
polypropylene (PP), Polystyrene (PS), Polyamide (PA) Also known as Nylon, 
Polyethylene terephthalate (PET), Polyvinyl chloride (PVC). 

 

B- Thermosets 

     Thermoset materials are melting processed, often in a similar manner to 
thermoplastics. However, once formed and cooled they cannot be reprocessed; 
they decompose before they can melt. Therefore, they cannot be reprocessed in 
the same way as thermoplastics. This is because they are chemically 
crosslinked by a process termed ‘curing’. The result is a highly dense molecular 
network making the material stiff and brittle. The differences in the 
arrangement of molecules between thermoplastics and thermosets can be seen 
in Figure (1). Thermosets are often used where their strength and durability can 
be utilised.Common thermosets are Epoxy, Melamineformaldehyde resin, 
Phenolic, Polyurethane (PU), Unsaturated polyesters. 

 

 
Fig. (1): Arrangements of thermoplastic and thermoset molecular chains. 

 

C-Elastomer (rubber) 

     Elastomeric materials, like thermoplastic resins and fibers, are essentially 
linear polymers but certain distinctive features in their molecular structure give 
rise to rubber like elasticity. Elastomeric polymers have very long chain 
molecules occurring in randomly coiled arrangements in the unstressed 
condition. A large deformation is thus possible merely by reorienting the coiled 
molecules. When elongated, the molecular coils partially open up and become 
aligned more or less parallel to the direction of elongation. The aligned 
configuration represents a less probable state or a state of lower entropy than a 
random arrangement. The aligned polymer chains therefore have a tendency to 
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return to their original randomly coiled state. The large deformability of 
elastomeric materials is due to the presence of a certain internal mobility that 
allows rearranging the chain orientation, the absence of which in linear chain 
plastic materials (at normal temperatures) constitutes the essential difference 
between the two groups. Although the aforesaid requirements are necessary 
conditions for ensuring a large extent of deformability, the remarkable 
characteristic of the rubbery state-namely, nearly complete recovery- cannot be 
obtained without a permanent network structure, since permanent deformation 
rather than elastic recovery will occur. A small amount of cross-linkage is 
necessary to provide this essential network structure. The most common 
rubbers are natural rubber (NR), nitrile butadiene rubber (NBR), styrene 
butadiene rubber (SBR) and ethylene propylene diene terpolymers (EPDM). 

        Most useful rubber articles, such as tires and mechanical goods, cannot be 
made without vulcanization. Unvulcanized rubber is generally not very strong, 
does not maintain its shape after a large deformation, and can be very sticky. In 
short, unvulcanized rubber can have about the same consistency as chewing 
gum (James et al 2005). 

 

1.2. Crosslinking reactions (Vulcanization) 

    Crosslinking reactions are the processes of formation of chemical crosslinks 
between macromolecular chains, resulting in polymers with network structure 
as shown in Figure (2). 

 

 
Fig. (2): Representation of rubber vulcanization process (a = uncross-linked; b 
= cross-linked). 
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Vulcanization in rubber industry and curing or hardening in the plastic industry 
is common expression used when crosslinking occurs. On using chemicals then 
they are called vulcanizing or curing agent. The chemical crosslinks are not 
attached directly between the carbon atoms of macromolecules as the curing 
agent in between.  

The first commercial method for vulcanization has been attributed to Charles 
Goodyear. His process (heating natural rubber with sulfur) was first used in 
Springfield, Massachusetts, in 1841(James et al 2005). 

Crosslinking of polymers can also takes place under the action of ionizing 
radiation, whereby ionization and excitation may take place as a first effect of 
irradiation leading eventually to the formation of trapped free radicals, 
electrons or ions. Two adjacent free radical could be formed per ionization 
which will react together immediately leading to the formation of a crosslink or 
a mobile free radical will move around until it finds a partner to give again a 
crosslink. Therefore, crosslinking in polymers upon irradiation with ionizing 
radiation may take place between carbon atoms of adjacent macromolecules or 
between atoms far from each other.  

 

1. 2 .1. Chemical vulcanization of rubber 

     Many natural and synthetic rubbers are not themselves thermosetting 
materials. To form three dimensional networks in them they are reacted with 
special vulcanizing agents (usually sulfur). For example, the thermal treatment 
of polyisoprene (Tager, 1978) in presence of accelerators or activators. 

 
Heating of rubber with sulfur in presence of organic accelerators (Allen, 1972) 
does not mearly produce simple crosslinks composed of single sulfur atom      
(-S-) but a variety of types of crosslinks with, in addition, various modifications 
to the structure of the main polymer molecules as shown in figure (3) . All 
different compositions initially give a polysulphide structure. A proportion of 
the sulfur and accelerator may become attached to the polymer chain without 
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the formation of crosslinks. The polysulphide linkage, although not as stable as 
carbon-carbon bond, gives a reasonable dimensional stability to the polymer 
and, for most purpose has favorable balance (Bateman et al., 1963). 

 

.                        

                Fig. (3): Main feature of sulfur vulcanized network. 

 

The crosslinks can be monosulphidic (-S-), disulphidic (-S-S-) or polysulphidic 
(-Sx-). Other features include cyclic sulfides, accelerator fragments (Ac) joined 

to the network and various modification of the main polymer chain.   

Crosslinking reactions may also occur without change in unsaturation e.g. in 
case of vulcanization of polychloroprene (Tager, 1978) by metallic oxide. 

 
Other method of crosslinking usually, use hydrogen acceptor compounds such 
as peroxide e.g., the vulcanization of silicone rubber (Tager, 1978) in presence 
of benzoyl peroxide, which decomposes readily on heating into free radicals. 
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1. 2.2. Radiation Vulcanization 

     Radiation processing was used early on for polymer modification. The 
irradiation of polymeric materials with ionizing radiation (gamma rays, X-rays, 
accelerated electrons, ion beams) leads to the formation of very reactive 
intermediates, free radicals, ions and excited states. These intermediates can 
follow several reaction paths that result in disproportion, hydrogen abstraction, 
arrangements and/or the formation of new bonds. The degree of these 
transformations depends on the structure of the polymer and the conditions of 
treatment before, during and after irradiation Chmielewski et al. (2005). 

 Radiation-based processes have many advantages over other conventional 

methods. For initiation processes, radiation differs from chemical initiation. In 

radiation processing, no catalyst or additives are required to initiate the 

reaction. Generally with the radiation technique, absorption of energy by the 

backbone polymer initiates a free radical process. With chemical initiation, free 

radicals are brought forth by the decomposition of the initiator into fragments 

which then attack the base polymer leading to free radicals. Unlike the 

chemical initiation method, the radiation-induced process is also free from 

contamination. Chemical initiation often brings about problems arising from 

local overheating of the initiator. But in the radiation induced process, the 

formation of free radical sites on the polymer is not dependent on temperature 

but is only dependent on the absorption of the penetrating high-energy radiation 

by the polymer matrix, therefore, radiation processing is temperature 

independent or, in other words, we may say it is a zero activation energy 

process for initiation.  

As no catalyst or additives are required, the purity of the processed products 

can be maintained. With radiation processing, the molecular weights of the 

products can be better regulated. Radiation techniques also have the capability 

of initiation in solid substrates. The finished products can also be modifying by 

the radiation technique ( Bhattacharya. 2000). 
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1. 2.2. 1. Types and sources of radiation. 

     High-energy ionizing radiations used to initiate radiation–chemical reactions 
include radiation from natural and artificial radioisotopes (i.e., α, β, and γ 
radiation), x-rays, neutron beams of charged particles, the latter including both 
electron beams and beams of positively charged particles. Of these, γ radiation 
and electron beams are employed most frequently in radiation processing 
applications (Woods and Pikaev 1994). 

High-energy radiation sources can be divided into three groups: those 
employing natural or artificial radioactive isotopes, those that employ some 
form of particle accelerator, and nuclear reactors. The first group consists of the 
classical radiation sources, radium and radon, and such as Cobalt-60, cesium-
137, and strontium-90/yttrium-90. The second group includes x-ray generators, 
electron accelerators of various types, and accelerators such as the Van de 
Graaff accelerator and cyclotron used to generate beams of positive ions. 
Nuclear reactors have also been used as radiation sources, generally of neutron 
beams, although they can also act as sources of mixed radiation(α, β, and γ,and 
neutron)and ,using loops that carry a liquid metal or alloy through the reactor 
core and an external irradiation cell, as sources of beta–gamma radiation. 
Cobalt-60 γ-ray sources and electron accelerators (i.e., electron beam 
generators) are currently the most widely used radiation sources for 
commercial applications. 

The energy range of electron beams used in radiation processing is from 0.15 to 
10 MeV; lower–energy electrons are unsuitable because of their low 
penetration, while higher–energy beams may include radioactivity in some 
materials (Woods and Pikaev 1994). 

Radiation processing with an electron beam offers several distinct advantages 
when compared with other radiation sources, particularly γ-rays and x-rays. 
These advantages include : ( Mehnert et al, 1998) 

1-The process is very fast, clean and can be controlled with much precision. 

2- There is no permanent radioactivity since the machine can be switched off. 

3-In contrast to γ-rays and x-rays, the electron beam can be steered relatively 
easily, thus allowing irradiation of a variety of physical shapes. 

4-The electron beam radiation process is practically free of waste products and 
therefore is no serious environmental hazard. 
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1.2.2.2. Electron Beam irradiation technique 

     The principle of producing high-energy electrons is very simple. The 
electrons are emitted in a vacuum by a heated cathode and accelerated in the 
electrostatic field applied between cathode and anode. Acceleration takes place 
from the cathode, which is on negative high voltage potential to the grounded 
accelerator vessel as anode. Usually, an electron optical system is used to focus 
the accelerated electrons to the accelerator window plane. 

 Energy gain of the electrons is proportional to accelerating voltage. It is 
expressed in electron volts (eV), i.e., the energy that a particle of unit charge 
gains by passing a potential difference of 1 V. The electrons leave the vacuum 
chamber and reach the process zone if their energy is high enough to penetrate 
the 5–25 μm-thick titanium window foil (George, 2003). 

   

1.2.2.3. Mechanism of Electron Beam interaction with polymers  

     When an electron beam enters a material, the energy of the accelerated 
electrons is greatly altered. They lose their energy and slow down almost 
continuously as a result of a large number of interactions, each with only small 
energy loss. Electrons, as any other charged particles, transfer their energy to 
the material, through which they pass in two types of interactions:  

1. In collisions with electrons of an atom resulting in material ionization and 
excitation. 

2. In interaction with atomic nuclei leading to the emission of x-ray photons. 

The primary effect of the ionizing radiation is based on its ability to excite and 
ionize molecules, which leads to the formation of free radicals that then initiate 
reactions such as polymerization and cross-linking. The energy of high-energy 
electron beams is sufficient to affect the electrons in the atom shell but not its 
nucleus, and can therefore initiate only chemical reactions. The extremely fast 
reactions initiated by electron beam are completed in fractions of a second. 
Electrons that are capable of electronically exciting and ionizing organic 
molecules, such as acrylates, epoxides, etc., must have energies in the range 
from 5 to 10 eV. Such electrons can be produced from fast electrons by the 
energy-degradation process in solids, liquids and gases. These secondary 
electrons show energy distribution with the maximum in the range from 50 to 
100 eV. In contrast to the fast electrons that exhibit energies in the KeV to 
MeV range, secondary electrons are capable of penetration in solids and liquids 
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only a few nanometers. Consequently, they generate ions, radicals and excited 
molecules in “droplets” along the paths of the fast electrons (George, 2003). 

     Somewhat simplified, the process of interaction of high-energy electrons 
with organic matter can be divided into three primary events:  

1. Ionization: In this event, the fast electron transfers its energy to the bonding 
electron in the absorbing material and the electron is knocked out. Ionization 
takes place only when the transferred energy during the interaction is higher 
than the bonding energy of the bonding electron. 

AB → AB+ + e-   ……………………………………….. (4) 

At almost the same time, the ionized molecule dissociates into a free radical 
and a radical ion:  

AB+ → A∙ + ∙B+    .……………………………………… (5) 

The condition for further ionization is that the knocked-out electron must still 
have enough energy to again ionize a molecule. If the molecules are hit by 
electrons that do not have sufficient energy for ionization, excitation takes 
place. 

2. Excitation: Excitation moves an electron from the ground state to the excited 
state.  

AB→AB*      …………………………………..………. (6) 

The excited molecule eventually dissociates into free radicals: 

 AB*→ A∙ + B∙   ………………………………………. (7) 

3. Capture of Electron: This process is also ionization. Electrons with still 
lower energy can be captured by molecules. The resulting ion can dissociate 
into a free radical and a radical ion: 

 AB + e- →AB  …………………………………….…. (8) 

AB→ A∙ + ∙B  ……………………………………….. (9) 

Besides these primary reactions, various secondary reactions arise in which 
ions or excited molecules take part.  

     The final result of these three events is that, through the diverse primary and 
secondary fragmentations, radicals are formed that can initiate a free radical 
process leading to polymerization, cross-linking, backbone or side-chain 
scissions, structural rearrangements, etc. 
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1.2.2.3.1. Crosslinking and degradation reaction 

    Although many changes in polymeric materials are induced by electron 
beam irradiation, there will frequently be some that will control the net changes 
taking place. From the practical point of view, the two most important are 
cross-linking and main chain scission (i.e., polymer degradation), because they 
affect the physical properties of the product. 

Polymers can be classified into two groups according to their response to 
ionizing radiation. One group exhibits predominant cross-linking, the other 
predominant chain scission (Table (1)) (Clough, 1988). 

Table (1): Classification of Polymers According to their Response to Ionizing 
Radiation    

Polymers Predominantly Degrading   Polymers Predominantly Cross-Linking  

Polyisobutylene 

Poly(α-methylstyrene) 

Poly(vinylidene chloride) 

Poly(vinylidene fluoride) 

Polychlorotrifluoroethylene 

Polyacrylonitrile 

Polyvinylbutyral 

Poly(methyl methacrylate) 

Polymethacrylonitrile 

Poly(methacrylamide) 

Polyoxymethylene 

Poly(propylene sulfide) 

Poly(ethylene sulfide) 

Cellulose 

Polyalanine 

Polylysine 

DNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polyethylene 

Polypropylene 

Polystyrene 

Poly(vinyl chloride) 

Poly(vinyl fluoride) 

Poly(vinyl alcohol) 

Poly(vinyl acetate) 

Copolymer of ethylene and vinyl acetate 

Poly(vinyl methyl ether) 

Polybutadiene 

Polychloroprene 

Copolymer of styrene and acrylonitrile 

Copolymer of styrene and butadiene 

Natural rubber 

Chlorinated polyethylene 

Chlorosulfonated polyethylene 

Polyamides 

Polyesters 

Polyurethanes 

Polysulfones 

Polyacrylates 

Polyacrylamides 

Polydimethylsiloxane 

Copolymer of vinylidene fluoride and  

 hexafluoropropylene 

Copolymer of ethylene and  tetrafluoroethylene 

Polydimethylphenylsiloxane 

Phenol-formaldehyde resins 

Urea-formaldehyde resins 

Melamine-formaldehyde resins   
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     Numerous studies that have attempted to find answers have succeeded in 
explaining some correlations between structure of a polymer and its response to 
ionizing irradiation, but many issues are still unresolved. Several views have 
been advanced that explain some of the correlations. One study suggests that 
when the monomeric unit of the polymer contains at least one α hydrogen, 
cross-linking will take place — if not, the main chain will degrade (Miller et 
al, 1954). 

 Another study proposed that vinyl polymers with two side chains attached to a 

single backbone carbon (–CH2–CR1R2–) will degrade and those with a single or 

no side chain (–CH2–CR1H– or –CH2–CH2–) will cross-link (Charlesby, 

1959). 

 

 1.3. Polymer structural modification using filler 

     Traditionally, polymeric materials have been filled with synthetic or natural 

inorganic compounds in order to improve their properties, or simply to reduce 

cost. Conventional fillers are materials in the form of particles (e.g. calcium 

carbonate), fibers (e.g. glass fibers) or plate-shaped particles (e.g. mica). 

However, although conventionally filled or reinforced polymeric materials are 

widely used in various fields, it is often reported that the addition of these 

fillers imparts drawbacks to the resulting materials, such as weight increase, 

brittleness and opacity   ( Alexandre and Dubois 2000, Fischer 2003, Lagaly 

1999, Giannelis 1996, Varlot  et al 2001). Carbon black is the most important 

reinforcing filler used in the rubber industry. About 90 % of the worldwide 

production of carbon black is used in the tire industry in which it serves as 

reinforcing fillers for improving tear strength, modulus, and wear 

characteristics of the tires. As the source of carbon black is petroleum, the 

preparation and processing of carbon black is hazardous. Moreover, carbon 

black imparts black colour to rubber (Praveen et al. 2009).  

      On the other hand, Polymer nanocomposites are the new class of hybrid 

materials in this category. Polymer nanocomposites are nanoscale materials, in 

which at least one of the components has a dimension smaller than 100 nm. 
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They offer an opportunity to explore new behaviors and functionalities beyond 

those of conventional materials. Nanoparticles often strongly influence the 

properties of the composites at very low volume fractions. This is mainly due 

to their small interparticle distances and the conversion of a large fraction of 

the polymer matrix near their surfaces into an inter phase of different properties 

as well as to the consequent change in morphology (brechet et al., 2001). As a 

result, the desired properties are usually reached at low filler volume fraction, 

which allows the nanocomposites to retain the macroscopic homogeneity and 

low density of the polymer. Besides, the geometrical shape of the particles 

plays an important role in determining the properties of the composites. 

 

1.3.1. Nanotechnology and Nanocomposites 

      The National Science Foundation defines nanotechnology as “research and 
technology development at the atomic, molecular or macromolecular levels, in 
the length scale of approximately 1– 100 nanometer range, to provide a 
fundamental understanding of phenomena and materials at the nanoscale and to 
create and use structures, devices and systems that have novel properties and 
functions because of their small and/or intermediate size (John et al, 2005). 

Nanocomposites are two-phase systems that consist of a polymeric matrix and 
dispersed inorganic particles of nanometer scale (Choudalakis and Gotsis, 
2009). Due to their nanometer phase dimensions, polymer nanocomposites 
exhibit unique properties even by the addition of just a low weight percentage 
(<5 wt%), not shared by their microcounterparts or conventional filled 
polymers ( Krishnamoorti et al 2001,  Pinnavaia and Beall 2000,  Giannelis 
et al 1999,  Suprakas and Okamoto 2003). 

The nanocomposites can contain inorganic fillers falling into three different 
categories by the virtue of their primary particle dimensions (Pavlidoua and 
Papaspyrides 2008). When all the three dimensions of the particles are in the 
nanometer scale, the inorganic fillers have the form of spherical particles like 
silica particles (Mark 1996, Reynaud et al 1999). Fillers with two dimensions 
in the nanometer scale whereas the third one is in the range of micrometers 
include carbon nanotubes or whiskers (Calvert 1997, Favier et al 1997). When 
the filler has two finite dimensions in the range of micrometers, whereas the 
third dimension is in nanometer scale, the fillers include layered silicate (or 
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aluminosilicate) materials (Mittal 2006). Though nanocomposites with all the 
inorganic materials in the three categories have been synthesized and 
commercially applied to some extent, it is specially the layered silicate based 
nanocomposites which have attained maximum research attention owing to 
many advantages of using layered silicate materials as fillers. 

 

 1.3.2. Polymer/Layered Silicate Nanocomposites (PLSN) 

      PLSN materials are unique among composites because of the unusual 
physical characteristics of the filler material used. The filler is naturally 
occurring clay that is comprised of high aspect ratio silicate sheets. These 
silicate sheets have thickness dimensions of approximately one nanometer with 
lengths up to 1000 nm (Brindley and Brown 1980). In the early 1990’s, 
researchers at Toyota prepared a polyamide-6 material by polymerization of 
caprolactam in the presence of a montmorillonite clay and found a remarkable 
enhancement in several properties (Usuki et al 1993a,b and Kojima et al 
1993a). 

 In recent year's PLSN materials have attracted great interest, both in industry 
and in academia, because they often exhibit remarkable improvement in 
materials properties when compared with virgin polymer or conventional micro 
and macro-composites. These improvements can include high moduli (Okada  
et al 1990, Giannelis 1996, Giannelis et al 1999, LeBaron  et al 1999, Vaia  
et al 1999, Biswas and Sinha 2001) , increased strength and heat resistance 
(Giannelis 1998), decreased gas permeability  (Xu et al 2001, Bharadwaj 
2001, Messersmith and Giannelis 1995, Yano et al 1993, Kojima et al 
1993b) and flammability (Gilman et al 1997, Gilman 1999, Bourbigot et al 
2000, Gilman et al 2000) and increased biodegradability of biodegradable 
polymers (Ray and Okamoto 2002) . 

 

1.3.3. Structure and properties of layered silicates 

      Layered silicate clays, because of their chemically stable siloxane surfaces, 
high surface areas, high aspect ratios and high strengths are most widely used 
for the formation of organic-inorganic nanocomposites. Their high aspect ratios 
and high strengths make them very good reinforcing elements as well. Their 
two particular characteristics exploited for the formation of nanocomposites 
are:  



                                                                                      INTRODUCTION 

 

- 14 - 

1- The rich intercalation chemistry used to facilitate exfoliation of silicate 
nanolayers into individual layers. As a result, an aspect ratio between 100–1000 
can be obtained (compared to 10 for poorly dispersed particles). Layer 
exfoliation maximizes interfacial contact between organic and inorganic 
phases. 

2- The ability to modify finely their surface chemistries through ion exchange 
reactions with organic and inorganic cations (Wang and Pinnavaia 1998). 

 

The commonly used layered silicates for the preparation of PLSN materials 
belong to the same general family of 2:1 layered or phyllosilicates. Their 
crystal structure consists of layers made up of two tetrahedrally coordinated 
silicon atoms fused to an edge-shared octahedral sheet of either aluminum or 
magnesium hydroxide. The layer thickness is around 1 nm, and the lateral 
dimensions of these layers may vary from 30 nm to several microns or larger, 
depending on the particular layered silicate. Stacking of the layers leads to a 
regular van der Waals gap between the layers called the interlayer or gallery. 
Isomorphic substitution within the layers (for example, Al+3  replaced by Mg+2  

or Fe+2 , or Mg+2  replaced by Li+ ) generates negative charges that are 
counterbalanced by alkali and alkaline earth cations situated inside the 
galleries. This type of layered silicate is characterized by a moderate surface 
charge known as the cation exchange capacity (CEC), and generally expressed 
as mequiv/100 gm. This charge is not locally constant, but varies from layer to 
layer, and must be considered as an average value over the whole crystal (Ray 
and Okamoto 2003). 

Montmorillomite (MMT), hectorite, and saponite are the most commonly used 
layered silicate clays. Details regarding the structure and chemistry for these 
layered silicates are provided in Fig. (4) and Table (2), respectively. 
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Fig. (4): Crystal structure of smectite clay. (From Kato, M. and Usuki, A., Polymer–Clay 
Nanocomposites, T.J. Pinnavai and Beall, eds., John Wiley & Sons, Chichester, U.K., 2000. With 
permission.). 
 
 
Table (2). Chemical formula and characteristic parameter of commonly used 
2:1 phyllosilicates. 

2:1 
phyllosilicates 

Chemical formula      CEC 
(mequiv/100 g) 

Particle 
length (nm) 

Montmorillonite 

Hectorite 

Saponite 

Mx(Al4-xMgx)Si8O20(OH)4 

Mx(Mg6-xLix)Si8O20(OH)4 

MxMg6(Si8-xAlx)Si8O20(OH)4 

110 

120 

86.6 

100-150 

200-300 

50-60 

M, monovalent cation; x; degree of isomorphous substitution (between 0.5 and 1.3). 

 

1.3.4. Organic modification of layered silicates 

     Since, in their pristine state layered silicates are only miscible with 
hydrophilic polymers, such as poly (ethylene oxide) and poly (vinyl alcohol), in 
order to render them miscible with other polymers, one must exchange the 
alkali counter-ions with a cationic-organic surfactant, as shown in Fig.(5). 
Alkylammonium ions are mostly used, although other “onium” salts can be 
used, such as sulfonium and phosphonium (Alexandre and Dubois 2000, 
Manias et al, 2001 and Zanetti et al, 2000) .This can be readily achieved 



                                                                                      INTRODUCTION 

 

- 16 - 

through ion-exchange reactions that render the clay organophilic (Kornmann  
et al,2001) . In order to obtain the exchange of the onium ions with the cations 
in the galleries, water swelling of the silicate is needed. For this reason alkali 
cations are preferred in the galleries because 2-valent and higher valent cations 
prevent swelling by water. Indeed, the hydrate formation of monovalent 
intergallery cations is the driving force for water swelling. Natural clays may 
contain divalent cations such as calcium and require exchange procedures with 
sodium prior to further treatment with onium salts (Zanetti et al, 2000). The 
alkali cations, as they are not structural, can be easily replaced by other 
positively charged atoms or molecules, and thus are called exchangeable 
cations (Xie et al, 2001a). 

 

 
Fig. (5): Schematic picture of an ion-exchange reaction. Reproduced from 
Fischer by permission of Elsevier Science Ltd., UK. (Fischer, 2003). 
 

        The organic cations lower the surface energy of the silicate surface and 
improve wetting with the polymer matrix (Giannelis, 1996 and Kornmann et 
al, 2001). Moreover, the long organic chains of such surfactants, with 
positively charged ends, are tethered to the surface of the negatively charged 
silicate layers, resulting in an increase of the gallery height (Kim et al, 2001). 
It then becomes possible for organic species (i.e. polymers or prepolymers) to 
diffuse between the layers and eventually separate them (Kornmann et al, 
2001 and Zerda et al, 2001). Sometimes, the alkylammonium cations may 
even provide functional groups that can react with the polymer or initiate 
polymerization of monomers (Chin, 2001). The microchemical environment in 
the galleries is, therefore, appropriate to the intercalation of polymer molecules 
(Huang et al, 2001). Conclusively, the surface modification increases the basal 
spacing of clays and serves as a compatibilizer between the hydrophilic clay 
and the hydrophobic polymer (Zerda and Lesser 2001). 
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       The excess negative charge of layered silicates and their capability to 
exchange ions can be quantified by a specific property known as the cation-
exchange capacity (CEC) and expressed in mequiv./g (Alexandre and Dubois 
2000 and Manias et al, 2001). This property is highly dependent on the nature 
of the isomorphous substitutions in the tetrahedral and octahedral layers and 
therefore on the nature of the soil where the clay was formed. This explains, for 
example, why montmorillonites from different origins show differences in 
CEC, ranging from approximately 0.9–1.2mequiv./g (Manias et al, 2001and 
Kornmann et al, 2001). The charge of the layer is not locally constant, as it 
varies from layer to layer, and must rather be considered as an average value 
over the whole crystal. Proportionally, even if a small part of the charge 
balancing cations is located on the external crystallite surface, the majority of 
these exchangeable cations are located inside the galleries (Alexandre et al 
2000). 

 

1.3.5. Types of nanocomposites 

     In general, layered silicates have layer thickness on the order of 1 nm and a 
very high aspect ratio (e.g. 10–1000). A few weight percent of layered silicates 
that are properly dispersed throughout the polymer matrix thus create much 
higher surface area for polymer/filler interaction as compared to conventional 
composites. Depending on the strength of interfacial interactions between the 
polymer matrix and layered silicate (modified or not), three different types of 
PLS nanocomposites are thermodynamically achievable as shown in Fig. (6) 
(Ray and Okamoto 2003). 

 

1.3.5.1 Intercalated  

In intercalated nanocomposites, the insertion of a polymer matrix into the 
layered silicate structure occurs in a crystallographically regular fashion, 
regardless of the clay to polymer ratio. Intercalated nanocomposites are 
normally interlayer by a few molecular layers of polymer. 

  

1.3.5.2 Flocculated 

Conceptually this is same as intercalated nanocomposites. However, silicate 
layers are some times flocculated due to hydroxylated edge–edge interaction of 
the silicate layers. 
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Wu et al. (2005) proposed that this structure forms because the edges of 
layered silicates have unshielded hydroxyl groups that tend to interact with one 
another. The authors report that the formation of flocculation increases the 
chance of particle-particle interaction under flow conditions. This behaviour is 
consistent with what one would expect from an increase in effective particle 
aspect ratio resulting from the combination of layers in an end to end fashion. 

 

1.3.5.3. Exfoliated 

In an exfoliated nanocomposite, the individual clay layers are separated in a 
continuous polymer matrix by an average distances that depends on clay 
loading. Usually, the clay content of an exfoliated nanocomposite is much 
lower than that of an intercalated nanocomposite. 

The exfoliation or delamination configuration is of particular interest because it 
maximizes the polymer–clay interactions making the entire surface of layers 
available for the polymer. This should lead to the most significant changes in 
mechanical and physical properties (Beyer, 2002). In fact, it is generally 
accepted that exfoliated systems give better mechanical properties than 
intercalated ones (Varlot et al, 2001 Chin et al, 2001). The complete 
dispersion of clay nanolayers in a polymer optimizes the number of available 
reinforcing elements for carrying an applied load and deflecting cracks. The 
coupling between the tremendous surface area of the clay and the polymer 
matrix facilitates stress transfer to the reinforcement phase, allowing for 
mechanical property improvements (Beyer 2002, Wu et al 2001a). 

 

 
Fig. (6): Schematically illustration of three different types of thermodyna-
mically achievable polymer/layered silicate nanocomposites. 
 



                                                                                      INTRODUCTION 

 

- 19 - 

1.3.6. Preparation of nanocomposites 
The method used to compound PLSNs has a significant effect on silicate 
morphology and the resulting composite properties. In addition to property 
concerns, the processing method employed puts limits on both the type of 
polymer that can be used and the volume of PLSN material that can be 
produced. Three compounding methods that have been used successfully in 
producing PLSNs are in-situ polymerization, solution mixing and melt 
compounding. Each method has advantages as well as disadvantages and much 
research has been devoted to understanding each of them. 

 

1.3.6.1. In-situ polymerization 

The first compounding method employed to generate a PLSN was in-situ 
polymerization. This compounding method involves the mixing of monomer 
and layered silicate followed by the initiation of polymerization. A schematic 
of the technique is shown in Fig. (7). 

 

 
Fig. (7): Schematic of in-situ polymerization technique for preparation of 
nanocomposites.  
 

1.3.6.2. Solution Mixing 

Following this technique, the layered silicate is exfoliated into single layers 
using a solvent in which the polymer (or prepolymer in case of insoluble 
polymers, such as polyimide) is soluble. It is well known that such layered 
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silicates, owing to the weak forces that stack the layers together can be easily 
dispersed in an adequate solvent. After the organoclay has swollen in the 
solvent, the polymer is added to the solution and intercalates between the clay 
layers. The final step consists of removing the solvent, either by vaporization, 
usually under vacuum, or by precipitation. Upon solvent removal the sheets 
reassemble, sandwiching the polymer to form a nanocomposite structure. 
Under this process are also gathered the nanocomposites obtained through 
emulsion polymerization where the layered silicate is dispersed in the aqueous 
phase. The major advantage of this method is that intercalated nanocomposites 
can be synthesized that are based on polymers with low or even no polarity. 
However, the solvent approach is difficult to apply in industry owing to 
problems associated with the use of large quantities of solvents (Alexandre 
and Dubois 2000, Beyer 2002). A schematic of this technique is shown in 
Fig.(8). 

  

 
Fig.(8): Schematic of solution mixing technique for preparation of 
nanocomposites.  
 

1.3.6.3. Melt compounding 

Melt compounding to produce PLSNs involves the combination of layered 
silicate and polymer at or above the melt temperature of the polymer. When 
little or no shear history is applied to the PLSN the technique is referred to as 
direct intercalation (Vaia et al, 1993). More often the technique is carried out 
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in a mixer or an extruder where shear forces are imparted into the composite 
material. The combination of mobile polymer chains and shear force facilitates 
intercalation when suitable levels of polymer-clay compatibility exist. The 
relative ease in utilizing this technique has made it the most popular 
compounding method of the three detailed here. Fig. (9) shows a simple sche-
matic of melt mixing.  

This method has great advantages over either in situ intercalative polymer-
ization or polymer solution intercalation. First, this method is environmentally 
benign due to the absence of organic solvents. Second, it is compatible with 
current industrial process, such as extrusion and injection molding. The melt 
intercalation method allows the use of polymers which were previously not 
suitable for in situ polymerization or solution intercalation (Ray and Okamoto 
2003). 

 

 
Fig. (9): Schematic of melt compounding technique for preparation of 
nanocomposites. 
       

     The nature of the extruder and the screw configuration are important to 
achieve good organoclay dispersion. Longer residence times in the extruder 
favor better dispersion. In some cases, having a higher melt viscosity is helpful 
in achieving dispersion apparently because of the higher stresses that can be 
imposed on the clay particles (Paul and Robeson 2008). 
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1.3.7. Characterization Techniques 

Two complementary techniques are generally used to characterize the 
structures of nanocomposites: XRD and transmission electron microscopy 
(TEM) (Alexandre and Dubois 2000, Beyer 2002, Ray and Okamoto 2003, 
and Porter et al 2000). Due to its ease of use and availability, XRD is most 
commonly used to probe the nanocomposite structure and occasionally to study 
the kinetics of polymer melt intercalation (Ray and Okamoto 2003).  

This technique allows the determination of the spaces between structural layers 
of the silicate utilizing Bragg’s law:  

nλ= 2d sinθ 

where, n is the wave number taken to be 1, λ corresponds to the wave length of 
the X-ray radiation used in the diffraction experiment, d the spacing between 
diffractional lattice planes and θ is the measured diffraction angle or glancing 
angle (Alexandre et al 2000 and Porter et al 2000). 

By monitoring the position, shape and intensity of the basal reflections from the 
distributed silicate layers, the nanocomposite structure may be identified (Ray 
and Okamoto 2003).  

For immiscible polymer/OMLS mixtures, the structure of the silicate is not 
affected, and thus, the characteristics of the OMLS basal reflections do not 
change. On the other hand, in comparison with the spacing of the organoclay 
used, the intercalation of the polymer chains increases the interlayer spacing, 
leading to a shift of the diffraction peak towards lower angle, according to 
Bragg’s law. In such intercalated nanocomposites, the repetitive multilayer 
structure is well preserved, allowing the interlayer spacing to be determined. In 
contrast, the extensive layer separation associated with exfoliated structures 
disrupts the coherent layer stacking and results in a featureless diffraction 
pattern. Thus, for exfoliated structures no more diffraction peaks are visible in 
the XRD diffractograms either because of a much too large spacing between 
the layers (i.e. exceeding 8 nm in the case of ordered exfoliated structure) or 
because the nanocomposite does not present ordering (Alexandre et al 2000, 
Beyer 2002 , Vaia and Giannelis 1997).  

On the other hand, TEM allows a qualitative understanding of the internal 
structure and can directly provide information in real space, in a localized area, 
on morphology and defect structures (Ma et al, 2003 , Morgan and Gilman 
2003). Since the silicate layers are composed of heavier elements (Al, Si and 
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O) than the interlayer and surrounding matrix (C, H and N), they appear darker 
in bright-field images. Therefore, when nanocomposites are formed, the 
intersections of the silicate sheets are seen as dark lines which are the cross 
sections of the silicate layers, measuring 1 nm thick. However, special care 
must be exercised to guarantee a representative cross-section of the sample 
(Porter et al 2000 and Ma et al, 2003). 
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CHAPTER (2) 

                              2. LITERATURE REVIEW 

 

2.1. Organic compounds used to prepare organoclays 

The quaternary alkylammonium salts are cationic surfactants and the most used 
organic compounds to prepare organoclays. They are synthesized by complete 
alkylation of ammonia or amines. For practical and industrial uses, quaternary 
alkylammonium ions are preferred to primary alkylammonium ions because 
hydrolysis (alkylammonium /alkylamine equilibrium) is abscent, and desorption of 
free alkylamine is strongly reduced. A further advantage is that the large amount 
of organic material (30–40%) reduces the density of the dispersed particles (Favre 
and Lagaly 1991). 

Liu and Wu (2001) developed a new class of organoclay which had larger 
basal spacing than the organoclays only modified by alkylammonium salts. First, 
sodium montmorillonite was modified with hexadecyl trimethylammonium 
bromide resulting in an organoclay with a basal spacing of 1.96 nm. Then, this 
organoclay was co-intercalated with epoxypropyl methacrylate increasing the 
basal spacing to 2.98 nm. This organoclay was used to prepare polypropylene 
nanocomposites. The larger basal spacing improved the dispersion of the 
organoclay layers in the polypropylene matrix. Zhang et al. (2004 a, b) intercal-
ated octadecylammonium ions and maleic anhydride in montmorillonite. This 
organoclay was also used to prepare polypropylene nanocomposites. 

Kwolek et al. (2003) employed a homologue series of alkyl benzyl 
dimethylammonium bromides, [C6H5CH2N (CH3)2R] Br, to obtain organo-
montmorillonite. The basal spacings of the organoclays prepared by benzyl 
trimethylammonium bromide, benzyl butyl dimethylammonium bromide and 
benzyl dimethyl dodecylammonium bromide are 1.45, 1.46 and 1.79 nm, 
respectively. According to the basal spacings, the short chains are suggested to lie 
flatly on the surface of montmorillonite, whereas the longer chains form a coiled 
system of hydrocarbon chains.  

Tang et al. (2003) also prepared an organophilic montmorillonite with 
octadecylammonium and hexadecyl trimethylammonium salts in aqueous solution, 
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to be used in polypropylene nanocomposites. The basal spacings of the 
organoclays prepared by octadecylammonium and hexadecyl trimethylammonium 
salts are 2.46 and 2.50 nm respectively. 

Yilmaz and Yapar (2004) modified bentonite with tetradecyl 
trimethylammonium bromide and hexadecyl trimethylammonium bromide in 
amounts equivalent to 25%, 50% and 100% of cation exchange capacity of the 
clay mineral. The basal spacings of the organoclays prepared by tetradecyl 
trimethylammonium bromide are 1.36 (25% CEC) ,1.42 (50% CEC) and1.84 
(100% CEC) while The basal spacings of the organoclays prepared by hexadecyl 
trimethylammonium bromide are 1.40 (25%CEC) ,1.57 (50% CEC) and1.80 
(100% CEC) .The increase in the basal spacings characterized a bilayer 
arrangement, for the two salts at 100% of the CEC, and a monolayer arrangement 
for tetradecyl trimethylammonium bromide at 25% of the CEC. In all the other 
cases, random interstratifications of monolayer and bilayer structures were 
observed. The adsorption properties of the obtained materials were tested with 
phenol as a model pollutant and a considerable increase was observed in the 
adsorption efficiency with hexadecyl trimethylammonium bromide at 100% of the 
CEC. 

Lee and Lee (2004) treated bentonite with 1-hexadecylamine, 1- 
octadecylamine, cetyltrimethylammonium and octadecyltriethylammonium 
bromides. The basal spacings of the organoclays are 1.53, 1.75, 2.04 and 2.07, 
respectively .All organoclays were delaminated in epoxy matrix. It was observed 
that, the Tensile strength and Young's modulus of the nanocomposites increased 
with the content of organoclay. 

Kozak and Domba (2004) used a group of (alkyloxymethyl) dimethyl 
dodecylammonium chlorides with the general formula [C12H25N+(CH3)2CH2-

OR]Cl−, to modify sodium montmorillonite. The basal spacings are typical of a 
monolayer structure. The organoclays were expected to be useful for removal of 
environment pollutants such as pesticides, phenol, etc., or as filler to produce 
nanocomposites. 

Someya and Shibata (2004) with the objective of preparing new 
nanocomposites based on vinyl ester resin modified montmorillonites with 
octadecylammonium (ODA), bis(2-hydroxyethyl)laurylammonium (BHL-M), 
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diethyl[2(methacryloyloxyl)ethyl] ammonium (DEM-M), and bis(2hydroxyeth-
yl)lauryl(vinylbenzyl) ammonium chlorides (BHLV-M), respectively. The basal 
spacings of the organoclays are 2.18, 1.81, 1.36 and 2.37 nm, respectively. With 
the organoclays prepared with ODA and BHL-M exfoliated nanocomposites were 
formed, while for that modified with BHLV-M the nanocomposite showed 
intercalated structure and the use of DEMM produced a composite. 

Burmistr et al. (2005) used polymeric quaternary ammonium salts to prepare 
organobentonites. The polymeric quaternary ammonium salts were prepared by 
reaction between p-xylylenedichlorides and diamines. They are effective inhibitors 
of oxidizing degradation, and are more effective in comparison with low-
molecular quaternary ammonium salts. The organoclay showed basal spacing of 
1.67 nm and was used to prepare nanocomposites based on linear polymers, 
polyamide, polystyrene and polypropylene. 

Zhang et al. (2005, 2006b) prepared an organoclay based on an ammonium salt 
that was synthesized by the reaction of triethylamine and vinylbenzyl chloride and 
lauryl acrylate copolymer. The organoclay was highly ordered, showed a basal 
spacing of 3.8 nm and was used to prepare polyethylene and polypropylene 
nanocomposites. 

Zhang et al. (2006a) following the same methodology prepared an organoclay 
based on three components, styrene, lauryl acrylate and vinylbenzyl chloride, also 
to be used in polyethylene and polypropylene nanocomposites. In this case the 
ammonium salt was synthesized by the reaction of triethylamine and the styrene, 
vinylbenzyl chloride and lauryl acrylate terpolymer. The organoclay showed basal 
spacing of 3.7 nm. 

Chigwada et al. (2006b) introduced a larger substituent 4- acetybiphenil on the 
ammonium cation and obtained a phenylacetophenone dimethyl hexadecylamm-
onium salt, which was used to prepare an organo-montmorillonite that showed a 
basal spacing of 2.4 nm, and was used to prepare acrylonitrile–butadiene– styrene 
and high impact polystyrene nanocomposites. According to the authors this 
organoclay can be conveniently prepared in few hours at room temperature with a 
minimum amount of solvent, which makes it potentially economical and 
convenient. 

Chigwada et al. (2006a) introduced the quinoline and pyridine groups on the 
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hexadecylammonium cation and obtained quinolinium and pyridinium salts that 
was used to prepare organomontmorillonites that showed basal spacings of 1.8 nm 
and 2.0 nm, respectively. Small changes in the modifier i.e., replacing pyridine by 
quinoline resulted in significant changes in the organoclays properties. 

  

2.2. Methods of nanocomposites preparation 

2.2.1. In-situ polymerization 

To produce the first Nylon-6 based PLSN, Usuki et al. (1993b) used a ring 
opening polymerization with caprolactam. Caprolactam and organoclay were 
mixed, heated and maintained at the polymerization temperature for 48 hr. X-ray 
diffraction analysis as well as TEM imaging showed that below 15 wt% silicate 
the morphology was primarily exfoliated. Above 15 wt% a mixture of intercalated 
and exfoliated silicate layers were apparent.  

Imai et al. (2002) applied in-situ polymerization to the formation of PET based 
PLSNs. The authors polymerize a novel reactive compatibilizer with BHET in the 
presence of nanosilicate. The results of mechanical testing on the PLSNs produced 
showed an 85% increase in the flexural modulus of the composites over neat PET. 
The PLSNs that were produced were primarily intercalated and very poorly 
dispersed. The authors make the conclusion that the strong polymer/clay 
interaction due to the novel reactive compatibilizer employed must be more 
important to improving mechanical properties than exfoliation. 

Lan and Pinnavaia (1994) used epoxy to determine the effect of 
polymerization on silicate morphology. The authors showed that the extent of 
intercalation and exfoliation in a PLSN can be controlled while using in-situ 
polymerization by controlling the extent of polymerization. X-ray diffraction 
results taken at different times in the polymerization step show a steady decrease 
in the amount of intercalated material present and a steady increase in exfoliation. 

  

2.2.2. Solution Mixing 

Krishnamoorti and Vaia (2000) used solution mixing with a polystyrene-
polyisoprene block copolymer in toluene as the solvent. The toluene used as a 
solvent had to be removed with extensive drying in a vacuum oven at 100 oC. The 
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resulting PLSN was comprised of a mixture of intercalated and exfoliated silicate 
layers as shown by x-ray diffraction different polymer-clay system used. 

 

2.2.3. Melt compounding 

Vaia et al. (1995) used in-situ x-ray diffraction to determine that the rate of 
diffusion of polymer chains between silicate layers was on the same order of 
magnitude as polymer self diffusion. This work showed that melt compounding 
was not only possible but also, it could be carried out under the same conditions as 
one would melt process a pure polymer material.  

Cho and Paul (2001) carried out one of the first extensive studies on the effects 
of melt compounding conditions on silicate morphology and PLSN properties. 
Both a single screw and a twin screw extruder were employed to produce 
polyamide based PLSNs. Results from samples produced using the single screw 
extruder at 40rpms showed poor exfoliation. A second pass through the single 
screw extruder was also attempted but poor exfoliation still existed. PLSNs 
produced using the twin screw extruder showed considerable property 
improvements as compared to PLSNs processed with the single screw extruder. 
Exfoliation in the twin screw processed PLSN material was found to be extensive 
after only a single pass. The young’s modulus improved over the single screw 
PLSNs and a 15% increase in yield strength was achieved. The authors used a 
number of different screw speeds and barrel temperatures in the twin screw 
extruder to consider the effect these conditions might have on the final PLSN 
properties. Results showed that material properties remained the same over the full 
range of processing conditions employed. It is important to note that all of the 
PLSNs produced using the twin screw extruder showed complete exfoliation.  

A more in depth analysis of the effect of extruder conditions on PLSN 
properties was carried out by Dennis et al. (2001) .A single screw extruder as well 
as a co and counter rotating twin screw extruder were used in their study. Variable 
screw speeds and multiple screw configurations were used in order to control the 
amount of shear and back mixing that occurred during the formation of 
polyamide-6 based PLSNs. The authors use two commercially available 
organoclays containing different surfactant modifications in order to obtain the 
proper degree of polymer/clay compatibility necessary to study the effect of melt 
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processing conditions. Very strong polymer/clay compatibility would dampen the 
effect of melt processing conditions by resulting in an exfoliated morphology 
under low shear conditions.  In agreement with the findings of Cho et al. (2001), 
PLSN material produced using the single screw extruder showed minimal 
exfoliation and poor material properties. The twin screw results showed a high 
degree of variability in exfoliation levels depending on the degree of back mixing 
and residence time. The results indicate that an optimal level of back mixing exists 
and that excessive levels of shear lead to reduced exfoliation and dispersion. The 
relationship between extruder conditions and silicate morphology is linked by the 
amount of shear imparted to the PLSN in the melt as well as the transfer of shear 
throughout the PLSN in the melt.  

Fornes et al. (2001) showed that the molecular weight of the PLSN affects 
silicate morphology due to the ability of high molecular weight polymers to 
transfer shear stresses more effectively than low molecular weight polymers. A 
twin screw extruder was used in the preparation of PLSNs using low, medium and 
high molecular weight polyamide resins. The low molecular weight PLSNs 
showed incomplete exfoliation and inferior mechanical properties while the 
medium and high molecular weight PLSNs showed excellent exfoliation. The 
differences in exfoliation levels are attributed to the trend of increasing melt 
viscosity and stress transfer ability of the polymer melt with increasing molecular 
weight. Extruder screw rotational speed is another important melt processing 
condition. 

 Peltola et al. (2006) examined the effect of rotational screw speed on 
polypropylene based PLSNs. A twin screw extruder was used to produce PLSNs at 
screw speeds of 200, 500 and 1000rpms. Results show an increase in intercalation 
and a modest increase in exfoliation with increasing screw speed but no 
improvement in PLSN mechanical properties are seen. The modest improvements 
in exfoliation that are seen in TEM images may not have been enough to 
noticeably alter the mechanical properties of the PLSNs. 

Modesti et al. (2005) carried out an extensive study of the effect of both 
temperature and screw speed on the morphology and mechanical properties of 
polypropylene based PLSNs. Screw speeds of 200 and 350 rpms were used in an 
intermeshing, co-rotating twin screw extruder. The two different melt temperatures 
employed were approximately 170oC and 200oC. The results of both the silicate 
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morphology tests and the mechanical property test were conclusive in showing 
that the most effective melt compounding condition was that of low temperature 
and high screw speed. The authors conclude that conditions which maximize the 
shear stress exerted on the polymer are the most effective at forming highly 
dispersed and exfoliated PLSNs. In addition to the effect of temperature and screw 
speed on silicate morphology, the authors show that the effect of residence time is 
far less influential in achieving silicate exfoliation than shear stress during 
processing. This conclusion might be expected since the rate of polymer diffusion 
into silicate galleries is on the same order as the rate of polymer self diffusion. 
Single screw extrusion alone is insufficient to produce high quality PLSNs. 
Necessary considerations when producing PLSNs with melt compounding include 
melt temperature, screw speed and screw geometry. In addition to extruder 
conditions polymer molecular weight has a measurable effect on silicate 
morphology. 

  

2.3. Rubber/clay Nanocomposites 

2.3.1. Styrene–Butadiene Rubber (SBR) Nanocomposites 

Styrene–butadiene copolymers are extremely important to the rubber industry. 
They are particularly important in tire manufacture. Styrene–butadiene polymer is 
produced by emulsion polymerization and solution polymerization. Most of the 
volume is by emulsion polymerization.  

Bhattacharya et al (2011) investigated the gas transport properties of 
nanoclays (organomodified montmorillonite and sepiolite) and carbon nanofiber 
filled SBR films. For this purpose, three different nanofiller loadings (2, 4 and 6 
phr) were studied. It was found that, as the filler loading increased, the 
permeability of polymer containing layered silicate decreased due to the increase 
in tortuosity of path and also correlated with the reduction in free volume. While 
carbon nanofiber demonstrated similar trends, sepiolite could not be dispersed well 
beyond 4 parts loading which is the critical loading beyond which filler 
aggregation is initiated causing an upturn in relative permeabilities. 

Sugata et al (2010) compared the physical properties of SBR of in-situ sodium 
activated organo modified bentonite clay with carbon black filled compounds. At 
equivalent loading of 5 and 10 phr of in-situ sodium activated organo modified 
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bentonite clay exhibited better properties in comparison to carbon black filled 
compound. When comparing the physical properties with 40phr carbon black 
filled compounds, it was observed that up to 5 parts of replacement of the carbon 
black can be made with little sacrifice of properties. The deterioration of physical 
properties at 10 parts was mainly due to the accelerator deactivation effect of the 
highly dispersed montmorillonite clay. However, with slight increase of the 
accelerator level, which nullifies the deactivating effect of clay, up to 10 parts of 
carbon black replacement with organo clay was possible without hampering 
physical property. 

Praveen et al (2009) prepared Styrene butadiene rubber (SBR) based hybrid 
nanocomposites containing carbon black (CB) and organomodified nanoclay 
(NC). X-ray diffraction (XRD) and transmission electron microscopy (TEM) 
revealed the presence of intercalated, aggregated, and partially exfoliated 
structures. Incorporating 10 phr NC to the control SBR containing 20 phr CB 
resulted in 153% increase in tensile strength, 157% increase in elongation at break 
and 144% stress improvement at 100% strain, which showed synergistic effect 
between the fillers.  

Wang et al. (2005) studied the influence of fillers on free volume and gas 
barrier properties in SBR. The author prepared polymer–clay nanocomposite 
materials that consist of styrene–butadiene rubber (SBR) and layered silicate clay 
of rectorite and conventional composite materials N326 (carbon black) /SBR. The 
measurements of free-volume hole property by positron annihilation lifetime 
spectroscopy (PALS) and differential scanning calorimeter (DSC) results show 
layered rectorite has a stronger effect on restraining polymer chain mobility which 
results in the decrease of fraction free volume and gas permeation than carbon 
black. The dispersion of nanoscale rectorite clay in SBR largely enhances gas 
barrier property in contrast to results obtained in N326/SBR system. The gas 
barrier of rectorite/SBR exhibits a 68.8% reduction in permeability compared to 
Pure SBR. Incorporation of nanolayers of rectorite effectively improves gas barrier 
property attributed to the tortuous diffusional path and lower fractional free 
volume.  

Sadhu and Bhowmick (2004a) studied the relationship of exfoliation of 
montmorillonite in styrene–butadiene rubber to mechanical properties. They 
dissolved styrene–butadiene rubber into toluene and dispersed organically treated 
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montmorillonite and untreated montmorillonite into the polymer solution at 4% 
concentration based on polymer. The organoclay was prepared by the exchange of 
octadecyl amine. The toluene was removed by evaporation. The degree of 
exfoliation of the polymer nanocomposites was measured by wide angle x-ray 
diffraction WAXS. The untreated clay was intercalated with polymer; the 
organically treated clay was fully exfoliated. The exfoliated rubber nanocomposite 
has significantly improved tensile strength, elongation at break, energy to break, 
and modulus at 50% elongation when compared to the intercalated rubber 
nanocomposite. Both rubber composites had superior mechanical performance 
when compared to the pure rubber.  

Mousa and Kocsis (2001) compounded organoclay with styrene–butadiene up 
to 10 phr and cured. The mechanical properties were as predicted except for the 
increase in percent elongation to failure as a function of clay loading. The percent 
elongation to failure increased along with modulus and tensile strength. This is not 
expected or predicted by standard reinforcing theories. For example, carbon black 
loaded polymer does not behave in this manner. The crosslink density was 
measured by swelling the composite and utilizing the Flory– Rehner equation. The 
crosslink density increase with organoclay loading indicated that the amine could 
be participating in the cure. The authors speculate that two distinct polymer 
morphologies develop. Higher crosslinked polymer morphology is associated with 
the clay particles and a lower crosslinked density polymer is associated with the 
bulk of the rubber composite.  

Ganter et al. (2001a), prepared organoclay/styrene–butadiene rubber nanocom-
posites in a similar fashion to Sahdu by dispersing the rubber and organoclay in 
toluene and evaporating the solvent to prepare the rubber nanocomposite. In 
addition, they utilized a sulfur functional silane(bis(triethoxysilylpropyl) tetra sul-
fan to further enhance the crosslinking during cure. Transmission electron 
microscopy indicated intercalated and partially exfoliated montmorillonite in the 
rubber. They saw increased hysteresis with clay loading. WAXS indicated that the 
montmorillonite was changing orientation i.e., sliding past one another, during 
cyclic tensile testing. 

Sadhu and Bhowmick (2003) examined the role of the chain length of the 
amine exchanged on montmorillonite with respect to exfoliation and mechanical 
properties when dispersed in styrene– butadiene. Amines with longer chain length 
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exfoliated to a greater extent and resulted in improved mechanical performance of 
the rubber nanocomposite.  

Subsequent work by Sadhu and Bhowmick (2004b), with octadecyl amine 
exchanged montmorillonite exfoliated into styrene–butadiene indicated that the 
styrene content of the polymer was a significant variable with respect to 
mechanical properties. The styrene– butadiene polymer with the greatest styrene 
content, i.e. 40%, demonstrated a much greater increase in strength, i.e. 53%, as a 
rubber nanocomposite than the polymers with 23% styrene, 38% increase in 
strength, and 15% styrene, 13% increase in strength.  

Bala et al. (2004) evaluated dodecylamine exchanged montmorillonite 
compounded into styrene–butadiene. The WAXS indicated less that perfect 
exfoliation into the rubber. However, the tensile strength, modulus, and elongation 
at break increased significantly at 4% loading of the organoclay when compared to 
the unfilled rubber. Crosslink density increased in the rubber composite as a 
function of organoclay concentration. 

Wang et al. (2004) utilized positron annihilation lifetime spectroscopy to 
measure the polymer free volume in montmorillonite– styrene–butadiene rubber 
nanocomposites. There was an apparent reduction of the free volume of the 
polymer in the nanocomposite. The authors speculated that the reduction was 
primarily at the clay surface. This information is consistent with the crosslink 
density results reported above. 

Ganter et al. (2001b) utilized a synthetic layered fluorohectorite silicate and 
organomontmorillonite to evaluate the role of functional rubber exchanged onto 
the synthetic clay in the preparation of styrene–butadiene rubber nanocomposites. 
The functional rubber that was exchanged onto the fluorohectorite was amino-
terminated polybutadiene. The styrene–butadiene was dispersed in solvent and 
then dispersed with the organoclays. Break strength, tensile strength, and 
hysteresis correlated with transmission electron microscopy determination of 
particle morphology. The particles were intercalated with polymer or partially 
exfoliated. Orientation of these highly anisotropic clay particles correlated with the 
mechanical properties of the rubber nanocomposites. 

Zhang et al. (2000a) prepared styrene–butadiene nanocomposites by dispersing 
an aqueous dispersion of montmorillonite and latex and flocculating the dispersion 
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with acid. The performance of the rubber nanocomposites were compared with 
clay, carbon black, and silica rubber composites prepared by standard 
compounding methods. The montmorillonite loadings for the rubber nanocompo-
site were up to 60 phr. The morphology of the rubber nanocomposites by 
transmission electron microscopy appears to indicate intercalated structures. The 
mechanical properties of the rubber nanocomposites were superior to all of the 
other additives up to about 30 phr. However, rebound resistance was inferior to all 
of the additives except silica. The state of cure was not evaluated. 

Wang et al(2000) compared the mechanical properties of clay (fractionated 
bentonite)/SBR nanocomposites prepared by solution and latex blending 
techniques and found that, at equivalent clay loading, the nanocomposites 
prepared by the latex route were better than those prepared by the solution 
blending technique. Moreover, the set properties of the nanocomposites prepared 
by the latex route were lower than those prepared by solution blending. However, 
at a fixed filler loading of 20 phr, the nanocomposites exhibited higher set 
properties than SBR containing either semi-reinforcing furnace (SRF) blacks or 
reinforcing black (N330). 

 

2.3.2. Acrylonitrile-Butadiene Rubber (NBR) Nanocomposites 

Because of the thermal stability and chemical resistance of NBR and HNBR 
rubber, their application areas include power transmission i.e., belts etc., blow out 
preventors, packer seals, stators, fuel hoses, engine seals, and gaskets. HNBR has 
improved thermal stability and exterior durability but sacrifices low temperature 
flexibility when compared to NBR. 

Rajasekar et al (2009) utilized some sort of compatibilizer like epoxidized 
natural rubber in exfoliating the nanoclay in the rubber matrix. Epoxidized natural 
rubber and organically modified nanoclay composites (EC) were prepared by 
solution mixing. The nanoclay employed in this study was Cloisite 20A. The 
obtained nanocomposites were incorporated in NBR (5 and 10phr) with sulphur as 
a curing agent. Incorporation of 5 phr of EC in NBR matrix forms exfoliation of 
nanoclay in NBR matrix and upon increasing EC loading to 10 phr leads to 
intercalated/exfoliated dispersion of nanoclay in NBR. From curing study, faster 
scorch time, cure time and increase in maximum torque had been observed for the 
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compounds NBR/5EC and NBR/10EC compared to pure NBR. Dynamic 
mechanical thermal analysis showed increase in storage modulus and lesser 
damping characteristics for the compounds containing EC loading in NBR matrix. 
In addition, these particular compounds showed enhancement in overall 
mechanical properties, higher swelling resistance in oil and solvent and decrease 
in compression set due to higher reinforcing efficiency of nanoclay in the NBR 
matrix. SEM images of fractured surfaces displayed increase in roughness and 
tortuous path for the compounds containing EC in NBR due to the good 
interactions between the nanoclay and matrix. 

Shuguo et al (2009) investigated the thermal degradation of hydrogenated 
nitrile-butadiene rubber (HNBR)/clay and HNBR/clay/carbon nanotubes (CNTs) 
nanocomposites with thermogravimetric analysis (TGA) The analysis of thermal 
degradation kinetic parameters of HNBR and HNBR nanocomposites calculated 
using Kissinger, Flynn–Wall–Ozawa and Friedman methods showed that the 
activation energy (Ea) increased after the addition of clay and CNTs, especially 
the small amount of CNTs could increase the Ea of HNBR/clay nanocomposites, 
which can be ascribed to the better thermal stability of the char layer formed with 
good barrier property as the interaction between clay and CNTs. The activation 
energies of HNBR and HNBR nanocomposites had a sharply increase in the low 
conversion degree area and a slow increase in the high conversion degree area. 
The activation energy sequence of HNBR and its nanocomposites was 
HNBR/clay/CNTs > HNBR/clay > HNBR. HNBR/clay/CNTs nanocomposites 
had higher char yield at 600 ◦C than HNBR/clay, which was attributed to the 
interaction of network between clay and CNTs. The gases involved during thermal 
degradation in nitrogen atmosphere were studied by Fourier transform infrared 
spectroscopy coupled with TGA. Clay and CNTs do not change the reaction 
mechanism of thermal degradation. The main thermal degradation products of 
HNBR are olefins with end group of double bond or acetonitrile and the clay-
CNTs filler network reduced the diffusion speed of degradation products.  The 
HNBR/clay/CNTs nanocomposites had lower thermal degradation rate than 
HNBR/clay, which could be attributed to that the clay-CNTs filler network 
reduced the diffusion speed of degradation products. The coexistence of clay and 
CNTs could form compact char layers with better barrier property than clay and 
thus improved the thermal stability of HNBR. 
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Seyed et al (2009a) prepared NBR/clay nanocomposites by two different filler 
types: clay microparticles and clay nanoparticles. The morphology properties of all 
specimens are explored by XRD and SEM. It was found that the morphology of 
clay nano particles had a significant effect on the properties of these materials. The 
modulus of the nanocomposites was significantly higher than its counterpart for 
microcomposites. In addition, the ultimately attainable stress for nanocomposites 
was much higher than that of microcomposites. The most dramatic phenomenon is 
the development of volume strain while the materials are stretched. The nucleation 
of voids is much more active in composites containing the filler with higher 
specific surface when the cavitation occurs at the poor interface between the clay 
platelets and the rubber matrix. In turn, the existence of very diffuse voids hinders 
the propagation of cracks and retards the rupture process. According to the 
dynamic mechanical analysis (DMA) results, the lower tan δ and higher storage 
modulus of NBR/OMMT nanocomposites can be attributed to the maximum 
adhesion between the polymer and the surface of the layered silicates in nanometer 
size, which restricts the segmental motion near the organic–inorganic interface. 

Gatos and Karger-Kocsis (2007) investigated the role of the aspect ratio of the 
layered silicate platelets on the mechanical and oxygen permeation properties of 
hydrogenated nitrile rubber (HNBR)/organophilic layered silicate nanocomposites. 
Montmorillonite (MMT) and fluoro-hectorite (FHT) bearing the same type of 
intercalant (i.e., octadecylamine; ODA), however, showing different aspect ratio 
was involved in this study. The dispersion of the layered silicates was assessed by 
X-ray diffraction (XRD) and transmission electron microscopy (TEM), 
respectively. Increasing aspect ratio (MMT < FHT) resulted in higher stiffness 
under uniaxial tensile loading. The dispersion state (‘‘secondary structure’’) of the 
organophilic layered silicates reduced dramatically the oxygen permeability of the 
rubber matrix based on the labyrinth principle. The lowest oxygen permeability 
was measured for the HNBR/FHT–ODA films in which the layered silicates had 
the highest aspect ratio.  

Wu et al (2005)  prepared the  structure of several rubber–clay nanocomposites, 
including styrene butadiene rubber (SBR)–clay, natural rubber (NR)–clay, nitrile 
butadiene rubber (NBR)–clay, carboxylated acrylonitrile butadiene rubber 
(CNBR)–clay nanocomposites, by directly co-coagulating the rubber latex and 
clay aqueous suspension. X-ray diffraction (XRD) patterns and transmission 
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electron microscopy (TEM) micrographs showed that these nanocomposites 
possessed a unique structure, in which the rubber molecules ‘‘separated’’ the clay 
particles into either individual layers or just silicate layer aggregates of nanometer 
thickness without the intercalation of rubber molecules into clay galleries, 
different from intercalated and exfoliated clay nanocomposites. Such a structure 
resulted from the competition between separation of rubber latex particles and re-
aggregation of single silicate layers during the co-coagulating process. The content 
of bound rubber of SBR–clay nanocompound is more than that of the 
corresponding rubber filled with micrometer clay or silica because of the increased 
networking of silicate layers with the nano-meter dispersion and the high aspect 
ratio. Compared to the corresponding conventional rubber–clay composites 
containing the equivalent amount of clay (20 phr), all of the three nanocomposites 
exhibit substantially higher  stress (300% ), shore A hardness, tensile strength and 
tear strength The glass transition temperature of SBR–clay nanocomposites 
increased as compared with that of the pure SBR. The tensile strength of SBR–
clay nanocomposite loading 20 phr clay was 6.0 times higher than that of the 
conventional SBR–clay composite. The gas permeability of separated rubber–clay 
nanocomposites containing 20 phr decreased 50% as compared with the 
corresponding gum vulcanizates. 

Kim et al. (2004) also evaluated octadecyl amine exchanged montmorillonite in 
NBR. The rubber nanocomposites were prepared by compounding. The role of 3-
(mercaptopropyl) tri-methoxysilane coupling agent was also evaluated in the 
formula. The rate of cure and barrier to water vapor increased as a function of 
increasing clay and coupling agent content. 

Nah et al. (2003) Prepared NBR hybrid nanocomposites with organclays 
(Dimethyldistearyl ammonium bromide treated clay) by melt mixing, and their 
properties were compared with those of conventional rubber compounds filled 
with carbon black and silica. Based on X-ray diffraction and transmission electron 
microscopy, the NBR nanocomposites obtained were found to form generally an 
intercalated structure, although they formed an exfoliated structure when the 
organoclay content was low enough, < 2 phr. The NBR nanocomposite showed a 
simultaneous improvement in ultimate strength and stiffness, which is generally in 
a trade-off relation in rubbery materials. Characteristic fracture morphology of 
‘laminated board type’ was observed for NBR nanocomposites instead of typical 
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‘cross-hatched’morphology in conventional rubber composites. The NBR nanoco-
mposites also showed much higher hysteresis and tension set because of greater 
chain slipping on the surfaces and interfaces of intercalated organoclays and 
reduced recovery during cyclic deformation, respectively 

Wu et al (2001b) prepared Carboxylated acrylonitrile-butadiene rubber 
(CNBR)–clay mixtures by co-coagulating rubber latex and clay aqueous 
suspension, then combining the mixtures with a rubber ingredient and vulcanizing 
by a traditional rubber mixing processing procedure. Transmission electron 
microscopy (TEM) showed that the structure of the CNBR–clay nanocomposites 
was a combination of exfoliated and intercalated silicate layers dispersed in the 
continuous CNBR matrix. X-ray diffraction indicated that the amount of CNBR 
intercalating between the layers increased with the increase of content of clay in 
CNBR, which is in contrast with the results of other studies. Some reasons were 
put forward for this discrepency. The aspect ratio of the platelet inclusions was 
reduced and the silicate layers were aligned more orderly during the compounding 
operation on an open mill. No mechanical properties were reported 

Kojima et al. (1993c) prepared montmorillonite (MMT) cation exchanged with 
amine terminated butadiene oligomer (ATBN) in a solvent mixture of N,N-
dimethylsulfoxide (DMSO), ethanol and water. This organo clay was then blended 
with acrylonitrile–butadiene rubber (NBR) by milling and finally sulfur cured. It 
was observed that only 10 phr of the organo clay was necessary to achieve tensile 
strength comparable to an NBR compound loaded with 40 phr of carbon black. 

Okada et al. (1991) prepared NBR by blending an aqueous dispersion of 
montmorillonite with an N,N-dimethylsulfoxide–ethanol solution of amine 
terminated NBR. The solvent was evaporated away to produce the rubber 
nanocomposite. This nanocomposite was compounded into NBR to produce 
NBR–clay nanocomposites at 5 and 10 phr clay. TEM indicates an intercalated 
morphology for the clay in the rubber. When compared to carbon black loaded 
NBR at 20 and 40 phr, the Mooney viscosity of the rubber nanocomposites 
decreases with increased clay loading; carbon black loaded rubber always results 
in increasing viscosity with increased loading. Mechanical properties indicated 
that the clay was about four times more efficient at reinforcing NBR when 
compared to carbon black. Barrier properties of the clay–NBR nanocomposites are 
significantly superior to the carbon black filled NBR. The anisotropic-plate 
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structure of the clay provides for this enhanced barrier. 

 

2.3.3 Ethylene–Propylene–Dimer Rubber Nanocomposites 

Ethylene–propylene–dimer (EPDM) rubber has a good balance of toughness, 
durability, chemical resistance, and barrier performance that makes this rubber 
suitable for the manufacture of parts for power transmission, i.e. belts, etc., 
gaskets, and hoses. EPDM also has utility as a dispersed phase to toughen 
thermoplastics. 

Das et al (2011) used nanoclay as a compatibilizer as well as a reinforcing 
agent in the blend of polychloroprene (CR) and ethylene propylene diene 
monomer rubber (EPDM). The quaternary ammonium modified montmorillonite 
(nanoclay) was treated with stearic acid. After modification of the organoclay by 
stearic acid the interlayer spacing increases from 2.98 nm to 3.96 nm. Three 
blends of CR/ EPDM were prepared (75/25-50/50-25/75). It was found that the 
Young’s modulus increases from 1.93 MPa to 27.24 MPa with the addition of 10 
phr clay along with 10 phr stearic acid. The tensile properties are also observed to 
be improved imminently in all three blends by incorporation of 10 phr organoclay. 
Also, it was found that the glass temperatures Tgs are approaching more closely 
when the blend matrix is filled with 10 phr clay. This indicates that the clay has a 
strong capability to offer compatibility between the two hetero-rubbers where, the 
nanoclay reduces the interfacial energy between the phases by accumulating at the 
interfaces, permits a finer intercalation–exfoliation process during mixing and 
vulcanization, and provides a strong reinforcement to the rubber blends. A shift of 
9 oC was observed for 75/25 blend of CR/EPDM. 

Morad et al (2008) prepared Poly (ethylene terphthalate) (PET)/organomontm-
orilonite (OMMT)/maleic anhydride ethylene-propylene-diene rubber (EPDM-g-
MA) nanocomposites via melt blending method. To make the hybrid composites, 
four different blending routes were examined: 1) preparing EPDM/EPDM-g-MA 
(EPMA)/organoclay nan-ocomposite and then blending it with PET, (S1), 2) 
dispersion of organoclay in PET and then blending it with EPMA, (S2), 3) 
blending PET with EPMA and then mixing it with organoclay, (S3), 4) blending 
PET, EPMA and organoclay in a single process, (S4). The microstructure of the 
PET/(EPMA)/organoclay ternary hybrids were characterized by X-ray diffraction 
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(XRD) and Transmission Electron Microscopy (TEM). The result showed that the 
blending sequence greatly affects the dispersion of organoclay in the polymer 
matrix as well as the microstructure of the blends. Mechanical behavior of the 
blends including tensile and impact properties were also studied. Results revealed 
that PET/ (EPMA)/organoclay nanocomposites made by mixing sequence, S1, has 
the maximum tensile and impact strength among the others. This was attributed to 
its fine “Sea-Island” morphology and good dispersion of the organoclay in the 
continuous PET matrix. 

Gatos and Karger-Kocsis (2005) studied the effects of primary and quaternary 
amine modified montmorillonite (MMT) on the nanocomposite formation in 
EPDM rubbers of various polarities as a function of processing and curing. The 
organoclay was introduced in 10 phr. X-ray diffraction spectra (XRD) were 
recorded in various stages of their processing in order to get information about the 
intercalation process. The curatives found to play a crucial role, as they promote 
the intercalation/exfoliation phenomena. Incorporation of MMT modified with 
octadecylamine (MMT-PRIM) in the EPDM and its more polar version (contains 
maleic anhydride grafted EPDM, EPDM-MA) resulted in intercalated and 
exfoliated structures, respectively. Deintercalation of the clay (collapse of the 
layers), generated in both EPDM and EPDM-MA during vulcanization, was 
attributed to the reactivity of the PRIM and to its ability to participate in complex 
formation with the curatives (vulcanization intermediates). This explanation was 
supported by the non-collapse of the MMT layers when the less reactive modifier, 
viz. octadecyltrimethylamine served as MMT intercalant (MMT-QUAT). In the 
latter case the corresponding nanocomposite contained mostly intercalated clay 
layers based on XRD and transmission electron microscopic (TEM) results. 

Seyed et al (2005) prepared both EPDM /clay nanocomposites (EPDM–CNs) 
with organoclay that was intercalated with maleic anhydride grafted EPDM 
(MAH–g-EPDM) and EPDM–clay composites (EPDM–CCs) with pristine clay 
through melt intercalation technique (termed indirect method). The dispersion of 
the silicate layers in the EPDM matrix was characterized by X-ray diffraction and 
transmission electron microscopy. The results show that the particles of 
organoclay were completely exfoliated in the EPDM matrix. The change of 
intercalation behavior of EPDM–CNs during the vulcanization process was 
discussed. The mechanical, thermal and chemical tests show that the properties of 
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nanocomposites were significantly improved with the addition of organoclay. 
Another process (termed direct method) was examined to prepare EPDM–CNs by 
a simple way where EPDM, MAH-g-EPDM and organoclay were dispersed 
directly in one stage. It was found that the mechanical properties of 
nanocomposites obtained by two methods are almost same. Thus, we can conclude 
that nearly similar product is obtained by both methods however the direct method 
has lower cost and is industrial more practical. 

Gatos et al. (2004) evaluated compounding processing variables, the role of 
functionality on the EPDM, and cure additives in relation to mechanical 
performance and the degree of dispersion of the clay in the rubber nanocomposite. 
Clay loading for the study was 10 phr. Superior tensile strength and modulus was 
achieved with a 1 % maleic anhydride grafted EPDM with an internal mixer at 
elevated temperature i.e., 100oC. Better mechanical properties were obtained with 
the rubber nanocomposite when the zinc oxide and stearic acid was added to 
compounding on an open mill rather than added to the internal mixer. The 
accelerator, zinc diethyldithiocarbamate, provided the best mechanical 
performance in the formula. WAXS and TEM indicated that functionalized EPDM 
with maleic anhydride and glycidyl methacrylate increases the compatibility of the 
organoclay with the rubber. The morphology appears to be intercalation with the 
possibility of some exfoliation.  

Seyed et al (2004) prepared EPDM/organoclay nanocomposites by melt 
blending method. The maleic anhydride modified EPDM oligomer (EPDM-MA) 
was used as a compatibilizer. The effect of organoclay on structure of 
nanocomposites was evaluated by X-ray diffraction (XRD). The absence of basal 
plane peak in XRD results and homogeneously dispersed clay platelets in EPDM 
matrix, which is shown by TEM photograph suggests that the EPDM clay 
nanocomposits are exfoliated. Organosilicate has an important influence on 
mechanical properties of EPDM clay nanocomposites relative to that of EPDM 
without clay. By increasing the organoclay content; the tensile strength, tensile 
modulus and hardness have increased but elongation-at-breaks has decreased. 
Storage modulus and the values of tan δ of nanocomposites also increase. These 
enhancements are attributed to the more uniformly dispersed of nanoparticles of 
organoclay in polymer matrix. 

Zheng et al (2004) prepared EPDM/ montmorillonite (MMT) composites 
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through a melt process, and three kinds of surfactants with different ammonium 
cations were used to modify MMT and affect the morphology of the composites. 
The morphology of the composites depended on the alkyl ammonium salt length, 
that is, the hydrophobicity of the organic surfactants. Organophilic montmorillon-
ite (OMMT), modified by octadecyltrimethyl ammonium salt and distearyl-
dimethyl ammonium salt, was intercalated and partially exfoliated in the EPDM 
matrix, whereas OMMT modified by hexadecyltrimethyl ammonium chloride 
exhibited morphology of a conventional composite because of the lower 
hydrophobicity. EPDM rubber grafted with maleic anhydride (MAH-g-EPDM) 
was used as a compatibilizer and greatly affected the dispersion of OMMT. When 
OMMTs were modified by octadecyltrimethyl ammonium chloride and distearyl-
dimethyl ammonium chloride, the EPDM/OMMT/MAH-g-EPDM composites 
(100/15/5) had an exfoliated structure, and show great improvements in the 
mechanical properties and dynamic properties. 

Usuki et al. (2002) also evaluated EPDM with octadecylamine exchanged 
montmorillonite. The rubber nanocomposite was prepared by compounding 7 phr 
of the organoclay into the rubber. The nature of the accelerator was found to be a 
significant variable in regard to the degree of dispersion of the organoclay in the 
rubber. Exfoliation of the organoclay appears to occur in the EPDM when the 
accelerators were zinc dimethyldithiocarbamate and tetramethylthiuram monosul-
fide based on the WAXS and TEM. The exfoliated rubber nanocomposites were 
significantly superior in mechanical properties and barrier performance when 
compared to the intercalated rubber composites. The exfoliated rubber 
nanocomposites demonstrated approximately two times the tensile strength, 
percent elongation to failure, and modulus when compared to the unfilled, cured 
rubber. The barrier performance based on nitrogen permeability was improved 
approximately 30% when compared to the unfilled, cured rubber.  

 

2.4. Effect of radiation on polymer nanocomposites 

Thakur et al. (2010) studied the role of electron-beam modified atactic 
polypropylene (aPP) as a compatibilizer for non-polar aPP and polar nanoclay (a 
montmorillonite modified with distearyl dimethylammonium chloride). aPP was 
modified at room temperature with high-energy electrons at 200 kGy in an air 
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atmosphere under reactive conditions (with an average dose rate of 10 kGy/h). 
FTIR studies showed the generation of specific polar functional groups (–COOH) 
in reactive electron-beam modified aPP compared to unreacted aPP. The modified 
aPP was used as a compatibilizer in non-polar aPP and organically modified 
montmorillonite (MMT). The addition of modified aPP improved the dispersion of 
MMT in the aPP matrix, as indicated by XRD, SEM, and TEM studies. The 
thermal properties were also improved which further supported better dispersion 
of modified MMT in aPP matrix due to compatibilizing action of reactive 
electron-beam modified aPP. 

Nowicki et al (2010) prepared polymer composites from epoxy resin and 
dispersed phase modified chemically and subsequently activated by irradiation. 
The outher synthesized three types of quaternary ammonium salts containing 
unsaturated bonds, designed for the modification of MMT then, the modified 
MMT samples were irradiated to a dose of 56 kGy. The process was studied by: 
wide-angle X-ray scattering (WAXS), Fourier-transform infrared spectroscopy 
(FTIR) and thermogravimetric analysis (TGA); additionally mechanical properties 
of the polymer composite as well as its microscopic structure were tested. It was 
found that unsaturated quaternary ammonium salts can intercalate between MMT 
layers. The possibility of radiation-induced compatibilization between modified 
MMT particles and polymeric matrix was also studied. It was confirmed by 
electron paramagnetic resonance (EPR) spectroscopy that in the synthesized salts 
stable radicals are formed during irradiation; however their influence on 
mechanical properties of the final composite is insignificant. 

Seyed et al (2009b) studied the effect of gamma irradiation on the properties of 
EPDM/clay nanocomposites and its conventional composites with pristine clay. 
The dispersion of the silicate layers in the EPDM matrix is characterized by XRD 
and TEM analyses. XRD and TEM results indicate that the alkylammonium chains 
are intercalated between the nanolayers silicate after modification. The mechanical 
behavior of samples is investigated by dynamic mechanical analysis and tensile 
test. The DMTA results demonstrate that their relaxation peaks are shifted to 
higher temperature, and storage modulus increases with increase of irradiation 
dose. The experimental data suggest that the exposure of EPDM hybrids to gamma 
rays improves the tensile strength of samples at lower irradiation doses due to 
cross-linking effect. The nanocomposites exhibit superior irradiation-resistance 
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properties than that of unfilled EPDM and conventional composites. 

Jamaliah et al., (2008) investigated the effects of organoclay concentration on 
the properties of radiation crosslinked natural rubber (NR)/ ethylene vinyl acetate 
(EVA)/clay nanocomposites. The NR/EVA blend with a ratio of 40/60 was melt 
blended with different concentration of either dodecyl ammonium montmorillonite 
(DDA-MMT) or dimethyl dehydrogenated tallow quarternary ammonium montm-
orillonite (C20A). Composite of NR/EVA blend with unmodified clay (Na-MMT) 
was also prepared for comparison purposes. The composites were irradiated with 
electron beam (EB) at a dose range of 50 to 250 kGy. The formation of radiation-
induced crosslinking depends on the type and concentration of the organoclay used 
in the preparation of nanocomposites as measured by gel content. Modulus of 
NR/EVA/DDA-MMT and NR/EVA/C20A nanocomposites irradiated at 150 kGy 
was increased with the increase of organoclay concentration. However the 
modulus of NR/EVA/Na-MMT was not changed significantly with the increase of 
clay concentration. Unlike the modulus, the tensile strength of NR/EVA 
containing DDA-MMT, C20A and Na-MMT irradiated at 150 kGy was decreased 
with increasing clay content. The elongation at break of the NR/EVA/DDA-MMT 
and NR/EVA/Na-MMT composites was decreased slightly with the increase of 
DDA-MMT and Na-MMT content. The elongation of NR/ EVA/C20A was not 
changed with the increase of C20A up to 3 phr and then increased with further 
increase of C20A up to 10 phr. Changes in the interlayer distance of the silicate 
layers with the increase of organoclay concentration were shown by the XRD 
results. Improvement in thermal stability of the NR/EVA blend was also observed 
with the presence of organoclay. 

Jamaliah et al (2007) studied the effect of electron beam irradiation on the 
thermal and mechanical properties of poly (ethylene-co-vinyl acetate) (EVA)/clay 
nanocomposites prepared by melt blending method. The hot set test results show 
that elongation at high temperature under static load decreased with the increase of 
irradiation dose. The tensile modulus increased continuously with increasing dose. 
While the tensile strength increased up to 100 kGy, it decreased with further 
increase in dose. The elongation at break decreased continuously with increasing 
dose. Thermogravimetric analysis showed that thermal stability of the EVA/clay 
nanocomposites improved with increasing dose. The improvement in the 
mechanical and thermal properties is attributed to the formation of radiation-
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induced crosslinking as evidenced by the gel content results. 

Hongdian et al (2005) studied on mechanical properties and morphology 
evolution of high density poly (ethylene)/ethylene-vinyl acetate/and organically-
modified montmorillonite (HDPE/EVA/O-MMT) nanocomposites exposed to 
gamma-rays (0–200 kGy). The results showed that nanocomposites have superior 
irradiation-resistant properties to HDPE/EVA blend in mechanical properties. It 
was found that, the gel fraction increased significantly for both pure HDPE/EVA 
blend and its nanocomposites .Moreover, the reduction in gel fraction improved as 
the mass fraction of OMMT increased from 2 to 10%. The elongation at break 
(Eb) of the nanocomposites was less than that of pure HDPE/EVA blend, and 
decreased as clay content rised. When exposed to gamma-rays, Eb increased with 
initial doses up to 100 kGy then decreased for all samples. The tensile strength 
(TS) of pure HDPE/EVA blend increased slightly with initial doses to about 100 
kGy then further increased sharply, whereas TS of the nanocomposites decreased 
firstly then increased remarkably over 100 kGy. The author provided a possible 
mechanism on how the OMT influences the general properties of irradiated 
nanocomposites, based on the results of thermal, flammability and mechanical 
behavior. Three facts are postulated to be responsible for the mechanism. The first 
is the segregation of nano-dispersed clay layers not only reduces polymer 
oxidation but also prevents crosslinking reactions. The second is the nanostructure 
evolution induced by gamma-rays, which may impart nanocomposites improved 
elasticity. The last is due to the Hofmann degradation, whose degraded products 
have opposite roles, accelerating polymer oxidation or promoting crosslinking 
reactions. These facts interact as well as compete with others. The properties of the 
nanocomposites strongly depended on the prevalent effects developing with 
increasing irradiation doses. 

Jamaliah et al (2005) studied the physical and mechanical properties of 
radiation-induced crosslinking of natural rubber (NR)/clay nanocomposites at a 
dose range of 50–300 kGy. Sodium montmorillonite (Na-MMT) clay was 
modified with cationic surfactants, dodecyl ammonium chloride (DDA) and 
octadecylamine ammonium chloride (ODA). The NR/clay nanocomposites were 
prepared by melt mixing to produce NR/Na-MMT, NR/DDA-MMT and 
NR/ODA-MMT composites. X-ray diffraction results indicated the intercalation of 
the NR into silicate nano-size inter-layers for NR/DDA-MMT and NR/ODA-
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MMT nanocomposites. An optimum electron beam dose of 250 kGy for 
crosslinking of NR, NR/DDA-MMT and NR/ODA-MMT was determined by gel 
content and tensile strength measurements. Upon electron beam irradiation, the 
tensile modulus of the nanocomposites keeps increasing with the increase of clay 
content up to 10 phr. However, the tensile strength and gel content of the 
nanocomposites show optimum values at a range of 3.0–5.0 phr clay content. 
From these results, NR/DDA-MMT shows higher tensile strength, whereas 
NR/ODA-MMT exhibits higher tensile modulus. The optimum tensile strengths of 
NR/DDAMMT and NR/ODA-MMT are 12.1 and 9.5 MPa, respectively. TGA 
studies showed that NR/D DA-MMT and NR/ODA-MMT nanocomposites have 
higher decomposition temperatures in comparison with the NR/Na-MMT and the 
thermal stability of NR/organoclay nanocomposites improves with the increase of 
clay content up to 10 phr. 
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CHAPTER (3) 

3-MATERIALS AND TECHNIQUES 

 

3.1. Materials 

3.1.1. Matrices (polymers) 

 (A)  Acrylonitrile Butadiene Rubber (NBR) 

Commercial name:                                   KRYNAC   40.50 

Supplier:                                                   Bayer Rubber Company      

                                                                   Division     (France) 

Characteristics:-  

1- Composition:                                       Acrylonitrile content 40 wt % 

2-Polymerization temperature:                    Cold 

3-Density (g / cm3):                                   0.97 

4-Mooney viscosity ML1+4 (100 oC):         50 

Repeated units   

 
(B)  Styrene Butadiene Rubber (SBR) (1500) 

Supplier:                                                   Enichem Synthetic Rubber Company,           

                                                                   Division (Italy)       

Characteristics:- 

1-Composition:                                           (styrene content 30 wt %)  

2-Polymerization temperature:                        Cold 

3-Density (g / cm3):                                        0.94 

4-Moony viscosity ML 1+4 (100 oC):              52   

Repeated units 
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 (C)  Ethylene Propylene Diane Terpolymers (EPDM) 

Commercial Name:                                   Dutral® TER 4049 

Supplier:                                                Manufactured by Polimeri Europa (Italy) 

Characteristics:- 

1-Composition:                                           (Propylene content40 wt %,  

                                                                       Ethylene content 49 wt %)  

2-Polymerization temperature:                         Cold 

3-Density (g / cm3):                                         0.86 

4-Moony viscosity ML 1+4 (125 oC):               76 

Repeated units 

 

3.1.2. Filler 

Clay (sodium montmorillonite) (Na+ –MMT) 

Pure sodium montmorillonite (Na+–MMT) with a cation-exchange capacity 
(CEC) of 90 mmole/100 gm was supplied by International Company for Mining 
and Investments (ICMI), Cairo, Egypt.   

 

3.1.3. Intercalating agent (Surfactant) 

Cetyltrimethylammonium bromide (CTAB) purchased from Indian supplier of 
laboratory chemicals in Delhi, Delhi, India. 

Chemical formula: -     CH3 (CH2)15N (CH3)3(Br) 

Molecular weight: -       364.46 
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Chemical structure: - 

 

3.2. Techniques 

The preparation of polymer/clay nanocomposites were done by the following 
steps:- 

(A) Treatment of clay (Na+ –MMT) 

(B) Melt-compounding 

(C)  Irradiation procedure  

 

(A) Treatment of clay (Na+ –MMT) 

Organoclay (OMMT) was prepared by a cationic exchange process in an aqueous 
solution by vigorously stirring of 25 g   Na+–MMT dispersed in 800 ml of distilled 
water at 80 oC with 10 g CTAB for 2 hr. The precipitate was filtered and washed 
several time with hot distilled water till free from bromide ions,   then   dried   at   
60 oC for 24 hr. The organophilic montmorillonite was ground in a mortar and the 
particles of size less than 75 µm were collected. 

 

(B) Melt-compounding 

Mixing was carried out in 2 steps.  The first step was the preparation of rubber- 
clay master batch to avoid a mistake in the weight of clay at low concentration. 
The rubber was masticated on a two-roll mill for 15 min and mixed with either 
Na+ –MMT or OMMT at high clay loading then, the obtained master batch was 
diluted with rubber to maintain clay loading with  3, 5 , 7 and 10 parts per hundred 
parts of rubber (phr). In  the  second  step,  the rubber/clay composites were 
transferred to obtain high mixing homogeneity in a special internal mixer type 350 
S of  laboratory plasticorder ( model PL – 2100) from Brabender,  Germany  at  
rotor speed 50 rpm and  set  temperature  170 oC)  for  10 min. 
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The plasticorder has the following specification:- 
Dynamometer:        Inverter drive motor 
Power:                     7 kW 
Torque:                    0 – 400 Nm 
Speed:                     0.2 – 150 mm.min-1 
  
Finally, the composites were then moulded into slabs of about 1 mm thickness 
under a pressure of an electrical hydraulic hot press at 12 metric tons (150 oC, 5 
min for NBR and EBDM) and (170 oC, 10 min for SBR). The sheets were 
immediately transferred to the cold press where it was cooled between the two 
plates for 4 min. 

 

A schematic picture of plasticorder mixer is shown in Fig. (10) 

 
       Fig. (10): A laboratory plasticorder mixer type 350 S 

 

 (C) Irradiation procedure  

The rubber nanocomposite sheets were irradiated at a dose of 50, 75, 100 and 150 
kGy. Irradiation of samples was carried out at the National Center for Radiation 
Research and Technology, NCRRT (AEA), Nasr City, Cairo using electron beam 
accelerator of the isolated core transformer (ICT) type supplied by High Voltage 
Engineering, USA.  
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Type:                 ICT  
Energy:             1.5 MeV 
Power:               37.5 kW 
Beam current:    25mA 
Scan width:        Variable up to 90 cm 
 
Irradiation was done in this investigation at beam current of 5 mA, accelerator 
energy of 1.5 MeV and conveyor speed 3.2 m / min. The samples were put on a 
plate placed on the mobile conveyor of the electron accelerator and the selected 
dose was obtained by varying the number of passages through the scanned 
electron beam. Every passage resulted in a dose of 25 kGy to avoid specimens 
heating. The irradiation process was carried out under atmospheric conditions. 

 

3.3. Measurements 
 

3.3.1. Mechanical properties 

3.3.1. 1.Tensile strength, (TS) and Elongation percent at break point, (Eb) 

Five individual  dumbbell- shaped  specimens  were  cut  out  from  the  sheets  
along  longitudinal direction of  rubber  orientation using a steel  die of standard  
width (6.4 mm).  The  minimum  thickness of  the  test  specimens  was   
determined  by  gague graduated  to one  hundredth of  the a mm .  A bench   
mark of 30 mm was made on working part of each test specimen. The tensile 
strength and elongation at break point were determined according to ASTM (D 
412 - 66T) using tensile testing machine (Hung Ta Instrument Co., LTD) Taiwan, 
which has the following specification: 

Model type:                         HT-9112 
Capacity full scale load:      500 Kgf 
LCD digital display:           HT- 8335A 
Extensometer:                      Optical (HT-8160) 
Crosshead stroke:                1216 mm 
Power requirements:            Single phase 220V/ (60) HZ 
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The ultimate tensile strength is defined as the force per unit of original cross-
sectional area which is applied at the time of rupture of a specimen and is 
expressed in kgf / mm2.  The tensile strength of the specimen at break can be 
calculated as follows: 

 

Tensile strength (TS) = L / T. W                  ……………………………..  (10) 

 

Whereby:  

L = Load in kgf necessary to cause break, T = Thickness of specimen in mm and 
W = Width of specimen in mm 

The elongation percent at break is defined as the extension between bench marks 
produced by a tensile force applied to a specimen and is expressed as the percent 
elongation of the original bench mark length attained at the moment of rupture. 
Hence, the elongation at break, Eb is given by: 

 

Eb % = ( (L - Lo) /   Lo) x 100             …………………………………..……(11) 

 

Whereby: 

L   = Length of the specimen at the moment of rupture and Lo = Length between 
bench marks 

 

3.3.1.2. Tear strength  

Five individual dumbbell-shaped specimens were cut out from the sheets of rubber 
using angle shape steel die. Tear strength was measured according to ASTM D-
624, at a crosshead speed of 500 mm/min, using a rubber tensile testing machine. 
It is defined as the maximum load per average thickness which is required to 
rupture of a specimen and is expressed in kg/mm and calculated as follows :-  

 

Tear strength =    L / T        ………………………………………………… (12) 
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Where by: L = Maximum load require to cause rupture (Kg) and T = Average 
thickness of specimen in (mm). 

 

3.3.2. Physico-chemical measurements 

3.3.2.1. Gel percent  

The gel percent was carried out according to ASTM D 2765-84, Method A.  The  
samples  of  irradiated  rubbers ,  about  0.24 – 0.28 g  were   accurately weighed 
(Wo) and placed  in a special  stainless grids .The grids containing   samples  were 
transferred to a special  round  bottom flask filled with 2/3 volume of the solvent 
(The solvent was methylene chloride in case of NBR samples, and toluene for 
SBR and EPDM samples ). Heating was carried out under reflux for 24 hours 
then, the samples were keeping for 5 hours in a fuming hood before drying. 

The dried samples were weighed in air to the accuracy of 1 mg (W1). The samples 
were dried to constant weight in dry oven at 50 oC. 

The gel percent can be calculated as follows: 

 

)13(.. ……….…………  ………  100X        )oW. f( -1W   =     %fraction  Gel 
                                                 Wo - (f .Wo)   
     Whereby: 

Wo = Original weight of sample, W1 = Final weight of sample after extraction and 
f = weight fraction of insoluble components 

 

3.3.2.2. Crosslinking density measurement  

The dried samples were weighted in air to nearest 1 mg and then immersed 48 
hours in stoppered bottom filled with 100 ml of fresh solvent in order to insure 
equilibrium swelling at room temperature. The solvent was methylene chloride in 
case of NBR samples, and toluene for SBR and EPDM. After swelling, the solvent 
is quickly wiped from the surface of the swollen crumb rubber using a clean paper 
towel. Measure the weight of the swollen sample (W2) in a preweighted and tared 
weighting bottle with closure as prescribed in ASTM D 6814-02.  
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The volume fraction of rubber in a swollen rubber gel (Vr) was calculated 
according to the following equation: (Ellis and Welding, 1964) 

  

Vr = [ ( W1 – Wo f) / δr   ]  / [ ( ( W1 – Wo f) / δr ) + ( ( W2 – W1 ) / δs) ]  ….…(14) 

 

Whereby:  

Wo = original weight, W1 = deswollen weight, i.e. weight after extraction and 
drying ,W2 = weight after swelling, f = weight fraction of insoluble components , 
δr =density of rubber and δs = density of solvent 

The crosslink densities of the vulcanizates (νe) were calculated by using the Flory–
Rehner equation (Eq. (15)):  (Flory, 1953)  

 

νe = - [ln (1-Vr) +Vr+X Vr2] / [Vs (Vr1/3 –Vr/2)]   …………………….….     (15) 

 

Where, Vs is the molar volume of the solvent (106.3 ml/mol for toluene and 63.6 
for methylene chloride), Vr is the volume fraction of the swollen rubber and X is 
the polymer–solvent interaction parameter (0.386, 0.53 and 0.389 for SBR, EPDM 
and NBR, respectively.) which is calculated by Eq. (16). 

 

X= μs + Vs (δr-δs)/ RT         ………………………………………………...     (16) 

 

Where, δr and δs are the solubility parameters of the rubber and solvent network, 
respectively, μs is the entropy of mixing and equal 0.35 for most polymer solution 
, R is the universal gas constant (1.98 cal/mol K) and T is the absolute 
temperature. 

 

3.3.3. The X-ray diffraction (XRD) analysis  

Interlayer spacing of MMT and rubber composites containing MMT was 
determined by X-ray diffractometer (a Shimadzu XRD 600). X-ray diffraction 
patterns (XRD) between 2θ of 2◦ to 10◦ were obtained at a scan rate of 2◦ /min 
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with CuKα radiation at a generator voltage of 40 kV, and a generator current of 
40 mA and a wavelength of 0.1546 nm at room temperature.  The interlayer 
distance or d-spacing of the layered silicate was derived from the peak position 
(d001 -reflection) in the XRD patterns, according to the Bragg’s equation: 

 

n λ   = 2d sin θ      ……………………..……………………………………. (17) 

 

Where, 

  n = 1, 2, 3...... (n = 1), λ = 0.1546 nm, d = interlayer distance (nm) and   θ = the 
angle of diffraction (◦ ). 

 

3.3.4. Transmission Electron Microscopy (TEM)  

To evaluate the dispersibility of the layered silicate layeres in the rubber matrix, 
cryogenically microtome sections ~70 nm thickness were observed using a 
transmission electron microscopy (TEM) (JEOL JSM-100CX, Shimadzu. Co., 
Japan) with an acceleration voltage of 80 KV. 

 

3.3.5. Scanning Electron Microscopy(SEM)  

The morphology of composite clay particles were studied by using JEOL   JSM.   
5400   high   resolution. (Shimadzu. Co., Japan).  The orientation of photomicrog-
raphs was kept constant throughout the study. Cross– sections of  the samples 
were carefully cut  from the failed test species  without touching  of  surfaces and 
were then  coated with thin film of gold  (about 300- 400 µ thickness) using a 
vacuum evaporation technique .  

      

3.3.6. Thermogravimetric Analysis (TGA) 

The thermogravimetric analysis (TGA) was carried out using a TG-50 instrument 

from Shimadzu (Japan). The heating rate was carried out at 10 oC /min under 

nitrogen gas atmosphere from room temperature to 600 oC . 
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3.3.7. Energy Dispersive X-ray analysis (EDX) 

EDX is a technique used for identifying the elemental composition of the 
specimen. It was carried out by using an EDX unit attached to a scanning electron 
microscope of the model JEWL JSM 5400EDX, Oxford ISIS. 

  

3.3.8. Infrared spectroscopic analysis (FTIR) 

The infrared spectra were performed by using FTIR spectrophotometer, Mattson 

100 Unicam, England, over the range 500 – 4000 cm-1. A dry constant weight was 

taken, then ground with 3 mg of KBr and pressed to form transparent disks. The 

samples for IR analysis were first dried in a vacuum oven at 80  oC for 2 hr.   
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CHAPTER (4) 

 RESULTS AND DISCUSSION 
 

4.1. The Characterization of Organic Modified clay  
The clay samples modified and unmodified were analyzed by EDX, FTIR, XRD, 
SEM and TGA to confirm the organophilic nature after modification and the basal 
spacing between clay layers after modification.  

 

4.1.1. Energy Dispersive X-ray analysis (EDX) 

It is clear that, the presence and absence of sodium cations in clay and organo clay 
is attributed to the ion-exchange reaction between the quaternary alkylammonium 
cations (CTAB) and  interlayer cations , relatively small (sodium),  of the clay 
mineral  as shown in Table(4) and Fig.(11). 

 

Table (4): EDX analysis of clay and organoclay. 

Element  O Na Al Si S Cl K Ca Ti Fe 

Atomic %  

   (Clay)   

20.70 4.17 13.81 42.70 0.47 1.13 1.70 1.96 1.47 12.52 

Atomic %  

( Organoclay) 

18.43 0 15.89 47.76 0.30 0 1.52 1.41 1.58 13.09 
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Fig. (11): EDX analysis of: - (a) clay and (b) Organo clay. 

 

4.1.2. X-ray diffraction analysis (XRD) 

XRD is one of the most important techniques to determine the structural geometry, 
texture and also to illustrate impurities (kaolin, quartz, calcite, etc) in layered 
silicates which are present in clays. As shown in Fig. (12), The X-ray diffraction 
patterns of the clay and the organoclay indicates that there is presence of 
impurities such as kaolin (K) and quartz (Q) in raw montmorillonite which are 
partly removed during clay treatment by sedimentation. The reflections relative to 
the planes [001] and [002] confirmed the presence of montmorillonite as main 
phase. (Patel et al 2006) 

The X-ray diffractograms of the organoclay revealed that there is a shift in the 
position of [001] planes (2θ changed from 7.01 – 3.63 degree) compared to clay, 
meaning an increase in the basal spacing of these planes. The increase was 
relatively large, from 1.26 – 2.42 nm and confirms the occurrence of organic 
molecule intercalation between silicate platelets. On the other hand, it is observed 
that the peaks from Kaolinite, quartz, and also from (002) planes of 
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montmorillonite, were not changed (in position) with the treatment. This 
observation highlights that the unique effect of organic modifier in layered 
silicates structure is the intercalation of [001] planes of montmorillonite.  
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Fig. (12): XRD patterns of (a) clay and (b) Organoclay.  

 

4.1.3. Fourier transforms Infrared spectroscopy (FTIR) 

FTIR for unmodified and organically modified clay results are represented in 
Fig.(13). For the unmodified clay, the broad band centered near 3400 cm-1 is due 
to –OH stretching band for interlayer water. The bands at 3620 and 3698 cm-1 are 
due to –OH band stretch for Al–OH and Si–OH, respectively. The shoulders and 
broadness of the structural –OH band are mainly due to contributions of several 
structural –OH groups occurring in the clay. However, the position of the 
maximum of the band is clearly indicative of the chemical composition of 
montmorillonite. The overlaid absorption peaks in the region of 1640 cm-1 is 
attributed to –OH bending mode in water (adsorbed water). The characteristic 
peak at 1115 cm-1 is due to Si–O stretching (out-of-plane) for montmorillonite. 
Where as, the peak at 1035 cm-1 is attributed to Si–O stretching (in-plane) 
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vibration for layered silicates. Moreover, the peak at 915 cm-1 is attributed to 
AlAlOH bending vibrations, respectively (Patel et al 2006). 

On the other hand, it was observed that the organoclay presents three new peaks. 
Bands at 2920 and 2850 cm-1 are   attributed   to   the   C – H   asymmetric   and   
symmetric stretching vibrations of CTAB, respectively.  The third band at 1480 
cm-1 is due to flexural vibrations of CH3. These results indicate that the salt 
molecules were incorporated into the clay structure.  
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Fig. (13): FTIR spectra of (a) clay, (b) CTAB and (c) organoclay. 

 
Figs. (14&15) illustrate the FTIR results of clay and organoclay samples at the 
800°C, respectively. In Fig.(14), the absorbance of each wave number for pure 
montmorillonite sample shows the absence of the –OH stretching band for 
interlayer water near 3400 cm-1 and decreasing of absorbance of bands from 1370- 
400 cm-1 which associated with dehydroxylation of the aluminosilicate after heated 
to 800°C. On the other hand, the organic-modified montmorillonite samples seen 
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in Fig. (15) have obvious differences compared to their pyrolysis residue at 800°C. 
Clearly, the organic C-H bond vibrations (wave number = 2920, 2850, 1480 cm-1) 
disappear after heating to 800°C. This indicates that the organic compounds are 
decomposed after the sample is heated to 800°C. It can be concluded that organic 
compound is decomposed in the range from 190 to 800°C. This result is in 
agreement with the TGA data in the next section. 
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Fig. (14):  FTIR spectra of montmorillonite (before and after heating to 800 °C).  
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Fig. (15): FTIR spectra of organophilic clay (before and after heating to 800°C). 

 

4.1.4. Thermogravimetry 
The TG and derivative (DTG) of clay and organoclay are shown in Fig. (16). For 
the unmodified clay an initial weight loss between 30 and 100 oC is observed due 
to residual water. There was also decomposition between 378 and 648 oC 
associated with dehydroxylation of the aluminosilicate. For the modified clay, two 
more weight losses are seen, which are assigned to salt decomposition at 190-370 
oC and at 575-800 oC. This is consistent with Xie et al. (2001b) studies which 
suggested that montmorillonite acts as a catalyst to the degradation of organic 
salts. They argued that in the organoclay the basic-nature surface of the 
aluminosilicate promotes a nucleophilic reaction, forming molecules like alkanes, 
alkenes and tertiary amines. This decomposition occurs when the salt molecules 
are located at the outside or in the interlamellar region and at temperatures below 
the decomposition temperature of the pure quaternary salt. 

The small amount of organic salt not confined in the interlamellar region, 
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associated to the surface of the aluminosilicate, is released firstly, leading to a 
weight loss at 190 - 370 oC. On the other hand, the organic salt that located 
between the clay galleries (interlamellar region) are decomposed at higher 
temperatures (575-800 oC). The presence of oxygen and metallic ions at the clay 
mineral structure can lead to catalytic reactions for further oxidative scission of 
alkenes, with weight losses at higher temperatures (575-800 oC) (Xie et al, 2001b) 
. Note that, the water content for the clay sample was much higher than that for the 
treated clay sample, due to a reduction in the hydrophilic nature of the clay after 
the treatment.  
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Fig. (16): The TGA and DTG curves of clay and organoclay. 

 

The actual content of organic salt incorporated into the clay was determined based 
on the difference between the total weight loss occurred in the range 170-800 oC 
for the treated clay and the weight loss for the untreated clay in 430-634 oC. The 
water content was also calculated and the results are given in Table (5). The water 
content for the clay sample was much higher than that for the treated clay sample, 
due to a reduction in the hydrophilic nature of the clay after the treatment. The 
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yield of salt with the treatment was about 22%, a value considered as very large 
and hence confirming the effectiveness of the procedure, as already observed by 
FTIR and XRD. 

 

Table (5):   Water and salt contents for the unmodified clay and modified clay. 

Sample Water content (%)   Organic salt content (%) 

clay 5.68 -- 

Organoclay 3 22 

 

 

4.1.5. Scanning electron microscopy (SEM) 

In order to investigate the effect of the modification, pristine Na-MMT was 
deposited from water suspension free of any modifier and examined by scanning 
electron microscope (Fig. 17a). As shown in Fig. 17a, Pristine MMT exhibits 
agglomeration morphology due to its poor dispersion in the water.  

The modification of the clay is completed when a colloid like suspension without 
any visible solid particles is obtained. A small portion of a stable suspension was 
dried to evaporate the water solvent and the residue after grinding was examined 
by scanning electron microscope (Fig. 17b). It was found that modified MMT 
displays a uniform distribution implying a good dispersion in the water which can 
be attributed to an effective organophilic transformation of the MMT surface after 
modification. 

Also, it was found that the unmodified clay particles are much larger than those of 
organoclay particles. Large clay particles resulted in lower interaction (poor 
adhesion) with rubber molecules than smaller size particles of organoclay. 

  

  



                                                                             RESULTS AND DISCUSSION 

 

- 65 - 

 
 

Fig. (17): SEM images of: -   (a) Clay   and (b) Organoclay. 
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4.2. EPDM/clay nanocomposites (EPDM–CNs) 

 

4.2.1. Characterization techniques of nanocomposites 

Generally, the structure of nanocomposites has typically been established using 
wide angle X-ray diffraction (WAXD) analysis and transmission electron 
micrographic (TEM) observation. Due to its easiness and availability WAXD is 
most commonly used to probe the nanocomposite structure On the other hand, 
TEM allows a qualitative understanding of the internal structure, spatial 
distribution of the various phases, and views of the defect structure through direct 
visualization. However, TEM is time-intensive, and only gives qualitative 
information on the sample as a whole, while low-angle peaks in WAXD allow 
quantification of changes in layer spacing.  (Ray and Okamoto 2003). 

 

4.2.1.1. X-ray diffraction measurements of EPDM-clay composites 
(EPDM–CCs) 
 Fig (18) shows the XRD patterns of EPDM-compounds filled with unmodified 
clay ( 3 phr and 10 phr ). The results show that the (001) plane peak of the clay at 
2θ =7.45 which corresponds to the interlayer spacing of the silicate don't shifted to 
lower angle at all ( ,i.e. the structure of the silicate is not affected ). Accordingly, 
the polymer is not intercalated into the silicate galleries, can be assumed. In other 
words, the rubber chains are not confined within the layered silicate, i.e. the 
unmodified Na-MMT particles are simply incorporated into the EPDM matrix in 
an agglomerated state resulting in an opaque appearance of the rubber sheets. 
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Fig. (18):  XRD patterns of EPDM-compounds filled with unmodified clay. 

 

4.2.1.2. X-ray diffraction measurements of EPDM–CNs 

The XRD patterns of EPDM–CNs with different clay content are shown in Fig. 
(19). Pristine Na+ montmorillonite (Na+-MMT) showed a characteristic diffraction 
peak corresponding to the (001) plane at 2θ = 7.028 (d-spacing = 12.5 A°). On the 
other hand, organically-modified montmorillonite (OMMT) showed diffraction 
peaks 2 θ = 2.768 (d-spacing = 31.6 A °).  

At low clay content (3 and 5 phr), there is no any diffraction peak corresponding 
to the interlayer basal spacing of organoclay, indicating that the silicate layers of 
clay are exfoliated and dispersed homogeneously in the EPDM matrix or at least 
intercalated with an interspacing larger than 88 A° (8.8 nm), which cannot be 
detected with XRD (Roe, 2000). At 7 phr clay content, abroad peak at 2.19 nm 
corresponding to a mixture of an intercalated and exfoliated morphology. The 
extent of intercalation depends on several factors such as the polymer transport 
processes through the agglomerate micro pores, agglomerate size, diffusion of 
elastomer chains within the silicate layers and the nature of the elastomer itself 
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(Vu et al 2001). On the other hand, only the highest organoclay concentration (10 
phr) shows a distinct peaks corresponding to basal spacing of organoclay at low 
angle (0.99nm and 0.93). This can be related to the re-aggregation of silicate 
layers during the melt mixing process at high clay content. It is believed that if the 
polymer matrix is non-polar, the finely dispersed clay layers may re-agglomerate. 
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 Fig. (19):  XRD patterns of EPDM- clay nanocomposites. 

 

4.2.2. Mechanical properties 
4.2.2.1. Tensile strength (TS) 

The changes in TS of EPDM–CCs and EPDM–CNs upon radiation at various Clay 
loadings are shown in Figures 20 and 21, respectively. It was obvious that, the 
tensile strength increases with irradiation dose up to 100 kGy then decreases at 
150 kGy. The decrease in TS at high irradiation dose may be attributed not only to 
degradation reaction that takes place but also to high crosslink density (Youssef, 
2009).  Also, it was observed that the values of TS of EPDM–CCs were slightly 
improved than EPDM. Increasing of Na+–MMT content did not further improve 
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mechanical properties of the composites. On the other hand, a remarkable increase 
in TS of EPDM–CNs at 3 and 5 phr concentration was obtained compared to 
EPDM. It is believed that, the key factors for the improvement in the mechanical 
properties was thought to be high aspect ratio of layered silicate and intercalation 
of rubber molecules into intergalleries of layered silicate (as shown by XRD 
results), which provided greater surface area for the interaction between OMMT 
and rubber matrix. This enables effective transfer of the applied stress to the 
silicate layers (Teh et al 2006, Alexandre and Dubois 2000, Kim et al 2006 and 
Lee et al 2006). This may be explaining the improvement in TS of EPDM by 
incorporation of OMMT. The other reason might be because fine silicate layers 
oriented along the direction of the stress and contributed to an increase in TS 
(Wan et al 2008 and kader et al 2006). However, the decrease in TS after 5 phr 
filler may be due to agglomeration of clay particles. The explanation of how 
agglomeration takes place with increasing organoclay loading is that its volume 
fraction is higher than polymer matrix. This mean that further polymer matrix 
needed to incorporation between silicate layers. Accordingly, poor interfacial 
adhesion between the two phases resulted in decreasing the mechanical strength. 
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Fig. (20): Tensile strength of EPDM–CCs vs. irradiation dose. 
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Fig. (21):  Tensile strength of EPDM–CNs vs. irradiation dose. 

 

Fig. (22) shows a relationship between the change in the tensile strength of 
EPDM–CCs and EPDM–CNs versus filler loading at 100 kGy. From the figure, it 
is clear that for EPDM–CCs a slight increase in TS upon loading of EPDM by 
3phr filler and beyond 3 phr , no improvement in TS was observed and the curve 
level off. On the other hand, a remarkable improvement in TS of EPDM–CNs was 
observed by increasing filler content up to 5 phr. However, further increase in 
filler content beyond 5 phr is accompanied by a rapid decrease in TS values. The 
high TS values of treated clay EPDM composites may be attributed to the 
homogeneous dispersion of nanosilicate layers in the EPDM matrix as well as 
strong interaction between EPDM and organoclay while the lower tensile strength 
observed at clay loading higher than 5 phr can be attributed to inevitable 
aggregation of the silicate layers which results in weak regions in matrix-filler 
system. In these regions, loops in several chains are in close proximity, but do not 
entangle with one another (Lawrence and Robert 1994). These aggregates of 
chain ends cause also micro cracks at the interface and lower the available matrix-
clay interaction surface. Also at high clay contents, clay agglomerates are present 
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leading to low filler-matrix interactions. All of these possibilities lead to lower 
strength values as the clay content increases. 
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Fig. (22): Effect of clay content on tensile strength of EPDM–CNs and EPDM–
CCs irradiated at 100 kGy. 
 
The mechanism that has been put forward to explain the reinforcing action of 
layered silicates is also valid for conventional reinforcements, such as fibers, 
which is schematically depicted in Fig. (23). That is, rigid fillers are naturally 
resistant to straining due to their high moduli. Therefore, when a relatively softer 
matrix is reinforced with such fillers, the polymer, particularly that adjacent to the 
filler particles, becomes highly restrained mechanically. This enables a significant 
portion of an applied load to be carried by the filler, assuming, of course, that the 
bonding between the two phases is adequate (Fornes and Paul 2003).From this 
mechanism it becomes obvious that the larger the surface of the filler in contact 
with the polymer, the greater the reinforcing effect will be. 
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Fig. (23): Reinforcement mechanism in composite materials. (a)  In the 
undeformed state and (b) under a tensile load. 
 

4.2.2.2. Ultimate elongation 

The influence of irradiation dose on the elongation at break of EPDM–CCs and 
EPDM–CNs is shown in Figures 24 and 25, respectively. Generally, the value of 
elongation at break decreases steadily for all samples with irradiation dose. These 
results can be explained by the fact that in the beginning ,i.e. low irradiation dose, 
the density of cross-linking increases rapidly with increasing irradiation dose 
therefore, as expected, the rigidity of sample increased and so the samples become 
brittle and cannot withstand further elongation and as a result  the sample failure 
and break. At high irradiation doses, the degradation reaction, i.e. cracks initiation 
is another factor which contributes too much lower elongation values.  According 
to de Boer et al., as the crosslinking networks are produced in the sample matrix 
the structural reorganization during drawing are prevented. The three dimensional 
gel-like structure brings about the decrease of internal molecular chain mobility as 
well as the elongation (de Boer and Pennings, 1983).  

Also, it can be seen that in both modified and unmodified clay/EPDM, a 
systematic decrease in elongation as clay concentration increase. This behavior of 
elongation is different than TS in which both reinforcement at low clay 
concentration or deterioration due to agglomeration at high concentration cause a 
decrease in elongation. 
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Fig. (24):  Elongation at break of EPDM–CCs vs. irradiation dose. 
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Fig. (25):  Elongation at break of EPDM–CNs vs. irradiation dose. 
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4.2.2.3. Tear strength 

Tear strength is the force per unit thickness necessary to initiate a rupture or tear of 
a material. The changes in tearing strength of EPDM–CCs and EPDM–CNs upon 
irradiation at various clay loadings are shown in Figures 26 and 27, respectively. It 
was obvious that, increasing irradiation dose for both modified and unmodified 
clay/EPDM increases the tearing strength up to 100 kGy then decreases at 150 
KGy. From Fig. (26), it is clear that, increasing clay concentration slightly 
increase tearing strength due to low reinforcement of untreated clay. On the other 
hand, addition of OMMT remarkably increases tearing strength of EPDM as 
shown in Fig. (27) .However, this improvement doesn't proceed in regular manner 
as clay concentration increase. It is observed that, samples contains 3 phr modified 
clay is higher than EPDM while 5 phr is the highest, whereas 7 and 10 phr is lower 
than 5 phr but still higher than 3 phr filled modified clay EPDM. The increase in 
tear strength may be attributed to the more effective intercalation and/or 
exfoliation of the EPDM chains in the organo amine-modified clay than untreated 
clay ,i.e. restrict the motion of rubber molecules and hinder the propagation of the 
crack during tearing. However, when the content increases, MMT aggregates 
easily and intercalation of the polymer melt becomes difficult. 

Generally, addition of OMMT resulted in better mechanical properties than the 
addition of Na+–MMT due to smaller size and better dispersion of OMMT 
comparing to those of Na+–MMT.  
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Fig. (26): Tear strength of EPDM–CCs vs. irradiation dose. 
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Fig. (27): Tear strength of EPDM–CNs vs. irradiation dose. 
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4.2.3. Physico-Chemical measurements 

4.2.3.1. Gel content 
In general, gel fraction can be used as a rough tool to predict the extent of 
radiation-induced crosslinking of polymers (Charlesby, 1960). Thus, in order to 
explain the radiation-induced crosslinking of EPDM–CCs and EPDM–CNs, the 
gel fractions were determined as shown in Figures 28 and 29, respectively. It is 
apparent from the figure that the gel fraction of the unloaded EPDM increased 
rapidly with an increase in radiation dose up to 100 kGy. This increase in the gel 
fraction can be attributed to the radiation-induced crosslinks formed through a free 
radical mechanism (Charlesby, 1953). Therefore, as the radiation dose increased, 
more radicals are generated in the polymer matrix consequently more crosslinking 
occurred. However, at higher radiation dose above 100 kGy, the gelation rate 
slowed down because at this stage macromolecular chemical bonds are realized 
predominantly between already crosslinked  macromolecular networks .Therefore 
,it does not lead to Significant increase in the gel content despite an increase in 
crosslinking density in spatial macromolecular lattices, with increase in radiation 
doses ( Mateev and Karageorgiev,1998). Also, a significant increase can be 
observed in gel fraction of EPDM–CNs compared to the EPDM–CCs and 
unloaded EPDM. The gel fraction increased with increase in the OMMT loading 
and radiation dose. This is probably due to the presence of cetyltrimethyl 
ammonium-modified montmorillonite, that would participate in physical as well as 
chemical bond formation at the interface between the OMMT and rubber matrix 
upon radiation together with the free radical formation which seems to increase the 
crosslinking network in the nanocomposite. 
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Fig. (28): Gel content values for of EPDM–CCs vs. irradiation dose. 
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Fig. (29): Gel content values for of EPDM–CNs vs. irradiation dose. 
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4.2.3.2. Crosslinking density  

The samples after extraction and drying are subjected to swelling and the weight 
corrected from filler content is used to calculate the volume fraction of rubber 
content and the crosslinking densities  (νe)according to Flory–Rehner equation 
(Eq. (15)). 

The influence of clay loading on crosslink density of the network chains of the 
EPDM–CNs upon irradiation doses is shown in Fig. (30). It is apparent from the 
figure that the crosslink densities of all samples were increased with the increase 
in irradiation doses. The increase in irradiation dose generates more radicals in the 
polymer matrix consequently more crosslinking occurred. Also, the crosslink 
density of the EPDM/clay nanocomposites were increased with addition of organo 
clay at lower contents (3 and 5 phr). These results are supported by the explanation 
of mousa et al (2001) who reported that the increase in crosslinking can be 
ascribed to a uniform dispersion of the layered silicates, which further forms a 
physical crosslink with the rubber matrix and immobilizes the rubber chains due to 
the accelerator role of the amine functionality of the trialkylamine intercalant. 
However, the filler content tends to agglomerate after 5 phr filler loading. This 
aggregation reduces crosslink density of the vulcanizates after 5 phr. 
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Fig. (30): The crosslinking density values for of EPDM–CNs vs. irradiation dose.  
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4.2.4. TGA of EPDM nanocomposites  

Thermogravimetric analysis (TGA) may be considered one of  the  most important 
practical technique used to investigate the thermal stability  of  polymers over a  
wide  range  of  temperatures . 

The thermograms and the DTG curves of EPDM, EPDM–CNs and EPDM–CCs 
with 5 phr clay irradiated at 100 kGy are shown in Figures 31and 32, respectively. 
Also, the loss percentages at different temperature were summarized in Table (6). 
It can be seen from decreasing the weight loss of filled samples compared to 
EPDM that the incorporation of organoclay in EPDM improves the thermal 
stability of EPDM. This behavior could be explained on basis of the diffusion 
effect, which limits the emission of the gaseous degradation products, resulting in 
an increase in the thermal stability of the material (Duquesne, et al 2003). The 
clay therefore enhances thermal stability by acting as a mass transport barrier to 
the volatile product generated during decomposition, as a result of a decrease in 
permeability (Alexandre and Dubois 2000). The detailed data corresponding to 
the temperature point at which weight loss starting temperature (Tstart), peak 
degradation temperatures (Tpeak), end degradation temperatures (Tend) and 50% 
weight loss temperature (T50) are listed in Table (7). 

It was found that both the onset and peak degradation temperatures of EPDM 

slightly decrease with Na-MMT clay content. This points to an acceleration in the 

thermal degradation of EPDM by ferric ion (Fe3+) isomorphously substituted in the 

octahedral sheet of Na-MMT clay content as discussed by Pojanavaraphan, T. 

and Magaraphan ,R.(2008). Their TGA studies indicated that pristine clay 

accelerated the decomposition of natural rubber NR, showing a decrease in onset 

and decomposition temperatures. This is associated with an acceleration in the 

thermal degradation of NR by the ferric ion present at the octahedral sheet of 

smectite clay. A similar observation has been reported by Morlat et al. (2004). 

revealed that the presence of iron cations beside magnesium within the octahedral 

sheet of Na-MMT clay catalyze the degradation of polypropylene (PP), as 

indicated by a reduction in the length of the induction period in the photo-

oxidation reaction of a PP/MMT nanocomposite. 
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Fig. (31): TGA results of EPDM composites irradiated at 100 kGy. 
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Fig. (32): DTG curves of EPDM composites irradiated at 100 kGy. 
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Table (6):  Effect of clay modification on the weight loss (%) of EPDM irradiated 
at 100 kGy at different temperatures. 

 

 

 

Table (7):  The temperature for different decomposition rates for EPDM compos-
ites irradiated at a dose 100 kGy. 

 

Temperature for decomposition reaction rates (oC)   

Sample type  
Tstart Tpeak Tend T50  

EPDM  388  459 512 462.7 

EPDM  ( 100 KGy)  388 460 513 464.3 

EPDM-5CC  ( 100 KGy)  382  458 511 461.7 

EPDM-5CN  ( 100 KGy)  394 465 520 468 

 

 

 

 

 

Weight loss (o/o) at different temperatures  

500 oC 480 oC 460 oC 450 oC 400 oC 

 

     Sample type  

97.1 90.5 44.2 26.2 2.2 EPDM 

97.5 88.3 39.7 22.7 2.1 EPDM  ( 100 KGy) 

94.7 91.1 44.9 24.1 2.4 EPDM-5CC  ( 100 KGy) 

93.6 83 33.9 18.4 1.8 EPDM-5CN  ( 100 KGy)  
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To quantitatively compare the thermal stability of polymers under investigation, 
activation energy for pyrolysis was calculated from the Horowitz-Metzger method 
using the following equation (Horowitz and Metzger, 1963): 

 

Ln (ln 1/ (1-α)) = Ea (T-Tmax) /RT 2
 max   …………………………………… (18) 

 

Where α is the decomposition fraction, defined by α(t)=( w0-w(t))/(w0-w∞),in 
which w0,w(t) and w∞ are the weights of the sample before the degradation , at 
time t and after total conversion, respectively. Ea is the activation energy for 
pyrolysis, T is the temperature, Tmax is the maximum decomposition temperature, 
and R is the molar gas constant.  

According to the Horowitz-Metzger method, a plot of Ln (ln 1/ (1-α)) vs. Ө give a 
straight line whose slope is equal to the Ea for pyrolysis as shown in Fig. (33) .The 
activation energies for these systems calculated from the slope of the straight line 
is given in Table (8). 

      It was found that, the organoclay increase the Ea value from 332.33 to 357.72 
kJ/mole compared to EPDM. This can be ascribed in terms of the reinforcement of 
the polymer upon the addition of nano fillers. 

 

Table (8):  Activation energies for EPDM composites irradiated at a dose 100 
kGy . 

 

Sample type Activation 

 energy (kJ/mol) 

EPDM 332.33 

EPDM ( 100 KGy) 335.02 

EPDM-5CC  ( 100 KGy)   342.53 

EPDM-5CN  ( 100 KGy)   357.72 
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Fig. (33):  Horowitz-Metzger plot of EPDM composites irradiated at 100 kGy. 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                             RESULTS AND DISCUSSION 

 

- 84 - 

4.3. SBR/clay nanocomposites (SBR–CNs) 

 
4.3.1. Characterization of SBR–CNs 

4.3.1.1. X-ray diffraction measurements of SBR–CNs 

Fig. (34) shows the XRD patterns of SBR–CNs with different clay concentrations. 
As shown in the figure, it can be seen that at low clay content (3 and 5 phr), there 
is no any diffraction peak corresponding to the interlayer basal spacing of 
organoclay, indicating that the silicate layers of clay are exfoliated and dispersed 
homogeneously in the SBR matrix or at least intercalated with an interspacing 
larger than 88 A° (8.8 nm), which cannot be detected with XRD (Roe, 2000). At 7 
phr clay content, abroad peak at 1.91 nm corresponding to an intercalated 
morphology. On the other hand, at 10 phr organoclay concentration a distinct peak 
corresponding to basal spacing of organoclay at low angle (0.94 nm) was 
observed. This might be due to the formation of clay aggregates which could not 
be dispersed well because of higher proportion of clay. Also, it can be seen that 
aportion of clay layers produced the peaks at (d=2.58nm and 1.8 nm) 
corresponding to an intercalated morphology. 
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Fig. (34): XRD patterns of SBR - clay nanocomposites. 
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4.3.2. Mechanical properties 

4.3.2.1. Tensile strength (TS) 

The relation between irradiation dose and tensile strength for SBR–CCs and SBR–
CNs loaded with different clay concentrations are shown in Figures 35 and 36, 
respectively. It was obvious from both figures that, increasing irradiation dose is 
accompanied by increasing the tensile strength up to 100 kGy then decrease at 150 
kGy. Also, it was observed from Fig. (35) that the values of TS of SBR were 
improved when untreated clay (Na+–MMT) was added and increasing of Na+–
MMT content slightly improve mechanical properties of the composites. On the 
other hand, Fig. (36) shows a remarkable increase in TS of SBR /OMMT 
nanocomposites by addition of OMMT at 3 phr and 5 phr and decrease at high 
clay content 7 phr and 10 phr. The factor that possibly contributes to the reduction 
in tensile strength for samples with organoclay content above 5phr is the filler-
filler interaction resulting in agglomerates, which restricte the delamination of the 
organoclay and hence decreases the degree of intercalation. According to Chow et 
al. (2004), agglomeration of organoclay also yields a reduction of the aspect ratio 
of the organoclay, and thus reduces the contact surface between organoclay and 
the polymer matrix. Zhang et al. (2000b) reported that the mechanical properties 
can only be enhanced in the case of intercalation or exfoliation. As suggested by 
Akkapeddi (2000), there is a critical upper limit for clay to achieve the complete 
nanoscale dispersion. Above a critical clay concentration, the clay aggregates 
persist. 
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Fig. (35): Tensile strength of SBR–CCs vs. irradiation dose. 
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Fig. (36): Tensile strength of SBR–CNs vs. irradiation dose. 
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Fig. (37) Shows the TS of SBR–CNs and SBR–CCs versus filler loading at 100 
kGy. As shown, it clears that for SBR–CCs a slight increase in TS upon loading of 
SBR by untreated clay. On the other hand, it was found that the tensile strength of 
SBR was remarkably improved by incorporation of OMMT up to 5 phr. However, 
further increase in filler content beyond 5 phr is accompanied by a rapid decrease 
in TS values. The enhancement in tensile strength is directly attributable to the 
better dispersion of nanosilicate layers in the SBR matrix and strong interaction 
between SBR and clay while, the lower tensile strength above 5 phr clay loading 
can be attributed to inevitable aggregation of the silicate layers in high clay 
content.  

Concentration of Clay (phr)

0 2 4 6 8 10 12

St
re

ss
 (M

Pa
) a

t 1
00

 K
G

y.

1.4

1.6

1.8

2.0

2.2

2.4

SBR-OMMT
SBR-Na+MMT

 

Fig. (37): Effect of clay content on tensile strength of SBR–CCs and SBR–CNs 
irradiated at 100 kGy. 

 

4.3.2.2. Ultimate elongation 

The relation between irradiation dose and elongation at break for SBR–CCs and 
SBR–CNs are presented in Figures 38 and 39, respectively. It was obvious that, 
the elongation at break of all SBR samples decreases steadily with the increase of 
radiation dose .The reduction in ultimate elongation is a common phenomenon in 
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the crosslinked compounds where the introduction of high crosslinks, constrains 
and inhibits the mechanism of elongation compared with low crosslinked material. 
Also, at high irradiation doses, the degradation reaction, i.e. cracks initiation is 
another factor which contributes too much lower elongation values. Moreover, it 
can be seen that in both modified and unmodified clay/SBR, a systematic decrease 
in elongation as clay concentration increase. This behavior is different than TS 
since both reinforcement at low clay concentration or deterioration due to 
agglomeration at high concentration cause a decrease in elongation. But, the 
values of elongation at break of SBR–CNs are lower than that of SBR–CCs. This 
may be attributed to the fact that ductility decreases when stiffness is increased by 
reinforcement. 
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Fig. (38): Elongation at break of SBR –CCs vs. irradiation dose.  
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Fig. (39): Elongation at break of SBR –CNs vs. irradiation dose. 

 

4.3.2.3. Tear strength 

The influence of irradiation doses on tearing strength of SBR–CNs and SBR–CCs 
at different clay concentrations is illustrated in Figures 40 and 41, respectively. It 
is obvious that, increasing irradiation dose, increase tearing strength up to 100 kGy 
then decrease for all samples at 150 kGy. From Fig. (40) it is clear that, increasing 
clay concentration slightly increase tearing strength due to low reinforcement of 
untreated clay. On the other hand, the tear strength of the nanocomposites was also 
greatly improved by addition of OMMT at low content (3 and 5 phr) as shown in 
Fig. (41). This could be ascribed to special layer structure of the clay in the 
nanocomposites, which can strongly restrict the motion of rubber molecules and 
hinder the propagation of the crack during tearing. However, at high OMMT 
content (7 and 10 phr); the tear strength is decreased but still higher than 3 phr 
filled modified clay SBR which attributed to inevitable aggregation of the silicate 
layers which results in weak regions in matrix-filler system. 
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Fig. (40): Tear strength of SBR–CCs vs. irradiation dose. 
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Fig. (41): Tear strength of SBR–CNs vs. irradiation dose. 
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4.3.3. Physico-Chemical measurements 

4.3.3.1. Gel content  

It is well known that, the electron beam produces excited chemical species and 
free radicals. The free radicals then may undergo chain scission, cross-linking, and 
recombination of broken chains depending on the structure of polymers. The 
extent of radiation-induced crosslinking of polymers can be estimated from gel 
content determination (Charlesby, 1981), therefore in order to elucidate the 
radiation induced crosslinking of the SBR–CNs and SBR–CCs, the gel content 
was determined. The relationship between the gel content and irradiation dose of 
SBR–CCs and SBR–CNs are shown in Figures 42 and 43, respectively. It can be 
observed that the increase in irradiation dose is accompanied by increase in gel 
content for all samples under investigation also; the gel content of SBR–CNs is 
higher than that of SBR–CCs and SBR compound without any addition. However, 
the increase in gel content of SBR–CNs doesn't proceed in regular manner as clay 
concentration increase where, the sample contains 3phr modified clay is higher 
than unfilled SBR, while 5 phr is the highest, whereas 7 and 10 phr is lower than 5 
phr but still higher than 3 phr filled modified clay SBR. 
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Fig. (42): Gel content values for of SBR–CCs vs. irradiation dose. 
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Fig. (43): Gel content values for of SBR–CNs vs. irradiation dose. 

 

4.3.3.2. Crosslinking density 

The influence of clay loading on crosslink density and the average molecular 
weight of the network chains of the SBR–CNs upon irradiation doses is shown in 
Fig.(44). It is apparent from the figure that the crosslink densities of all samples 
were increased with the increase in irradiation doses. Also, the crosslink density of 
the SBR/clay nanocomposites were increased with addition of organoclay at lower 
contents (3 and 5 phr) due to a deep interaction filler/matrix at  the interface ( 
López-Manchado et al ,2007). However, the filler content tends to agglomerate 
after 5 phr filler loading. This aggregation reduces crosslink density of the 
vulcanizates after 5 phr filler loading.  
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Fig. (44): The crosslinking density values for of SBR–CNs vs. irradiation dose.  

 

4.3.4. TGA of SBR Nanocomposites 

The thermograms and the DTG curves of the pure SBR, SBR–CCs and SBR–CNs 
with 5 phr clay irradiated at 100 kGy within the temperature range 25-600 oC are 
shown in Figures 45 and 46, respectively. Also, the loss percentages at different 
temperature were summarized in Table (9). It was found that the thermal stability 
of SBR/OMMT nanocomposites improved significantly compared to SBR without 
any addition. This behavior was attributed to the formation of char on the surface 
of the polymer layered silicate nanocomposites during exposure to high 
temperature. The inorganic char is said to be responsible for decreasing 
degradation by insulating the material beneath it. In addition to having insulating 
properties, the uniform char formation makes the diffusion of volatile degradation 
products out of the sample more difficult by increasing the tortuosity of the 
sample. The detailed data corresponding to the temperature point at which weight 
loss starting temperature (Tstart), peak degradation temperatures (Tpeak), end 
degradation temperatures (Tend) and 50% weight loss temperature (T50) are listed 
in Table (10). It can be seen that the decomposition reaction occurs at two stages 
with main peak at the temperature range 400-500oC. On the other hand, SBR–CCs 
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show only slight improvement in thermal stability compared to the 
nanocomposites because the hydrophilic clay sheets are not well dispersed.  
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Fig. (45): TGA results of SBR composites irradiated at 100 kGy. 
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 Fig. (46): DTG curves of SBR composites irradiated at 100 kGy. 
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Table (9):  Effect of clay modification on the weight loss (%) of SBR irradiated at 
100 kGy at different temperatures. 

 

 

Table (10): The temperature for different decomposition rates for SBR 
composites irradiated at a dose 100 kGy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Weight loss (o/o) at different temperatures  

600 oC 550 oC 500 oC 450 oC 400 oC 350 oC 

 

Sample type 

100 98.98 93.6 43.5 10.3 6.9 SBR 

97.1 95.7 91.1 44.5 10.4 7.1  SBR ( 100 KGy)  

96.1 95.7 93.6 38.87 15.6 7.9 SBR-5CC ( 100 KGy)  

94 92.9 91.35 32.5 12.8 6.4 SBR-5CN ( 100 KGy)  

Temperature for decomposition  reaction 
rates (oC) 

 

Sample type 

Tstart TEnd Tpeak T50 % 

SBR 381 507 455 454 

SBR ( 100 KGy)  393  513 452 454.2 

SBR-5CC ( 100 KGy)  405 513 462 454.5 

SBR-5CN ( 100 KGy)  413 520 464 460.4 
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The activation energy is calculated as previously mentioned in part 2 and the 
results are shown in Table (11) and figure (47). The activation energy due to 
addition of treated clay is found to be higher than untreated and unfilled samples. 
This can be ascribed in terms of the reinforcement of the polymer upon the 
addition of nano fillers due to the enhancement in polymer/filler interaction. 

 

Table (11): Activation energies for SBR composites irradiated at a dose 100 kGy. 
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Fig. (47): Horowitz-Metzger plot of SBR composites irradiated at 100 kGy. 

 

 

Sample type  Activation 

 energy (kJ/mol)  

SBR 257.7 

SBR  ( 100 KGy)  261 

SBR-5CC  ( 100 KGy)   267.2 

SBR-5CN  ( 100 KGy)   271 
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4.4. NBR/clay nanocomposites (NBR–CNs) 

 

4.4.1. Characterization of NBR–CNs 

4.4.1.1. X-ray diffraction measurements of NBR–CNs 

The XRD patterns of NBR–CNs with different clay content in the range of 2Ө=2–
12o are shown in Fig.(48). The peak observed in organoclay (OMMT) at 2Ө=3.63o 
(d=2.42 nm) was disappeared in the NBR nanocomposites containing (3 to 7 phr) 
of organoclay. This result indicates the exfoliation of clay layers in the polymer 
matrix. On the other hand, at 10 phr OMMT content, a broad and weak diffraction 
peak at 2Ө= 5o, corresponding to the basal spacing of 1.81 nm. This suggests the 
formation of an intercalated and exfoliated structure due to higher nanoclay 
loading in the NBR matrix .The presence of the polar groups (cyano group of 
acrylonitrile moities) along the chains improves the ability of the copolymer to 
intercalate in organo-modified Montmorillonites. The mode of filler delamination 
in polar and nonpolar polymers was very different. Polar polymers are generally 
observed to have more filler exfoliation as compared to nonpolar polymers, owing 
to the better match of polarity of polar polymers with the partially polar surface of 
the MMT. Thus, in the case of polar polymers, it is more likely that the interfacial 
interactions between the organic and inorganic phases lead to delamination of the 
filler. However, for highly polar polymers, there are a strong possibility of 
hydrogen bonding between polar groups of the polymer and OH groups of the clay 
,which couldn't favor intercalation of the polymer chains into agallary gap, even if 
it intercalate ,strong bonding would not favor exfoliation. 

Generally, the driving force for polymer intercalation into the clay galleries results 
from the enthalpic contribution related to the establishment of many favorable 
polar polymer–surface interactions Vaia et al (1997).  
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Fig. (48): XRD patterns of NBR- clay nanocomposites. 

 

 

4.4.2. Mechanical properties 

4.4.2.1. Tensile strength    

The changes in TS of NBR–CCs and NBR–CNs upon radiation doses at various 
Clay loadings are shown in Figures 49 and 50, respectively. It was seen that the 
TS is increases with the radiation up to 50 kGy then decreases at 100 kGy and 
further increase in irradiation dose higher than 100 kGy don't affects TS value and 
the curve level off.. The increase is attributed to the radiation-induced crosslinking 
of the nanocomposites whereas at higher doses, degradation takes place.  

Fig. (49) shows that the values of TS of NBR–CCs were slightly improved than 
NBR. Increasing of Na+–MMT content did not further improve the mechanical 
properties of the composites On the other hand, Fig. (50) shows a remarkable 
increase in tensile of NBR–CNs compared to NBR. The better reinforcement 
efficiency of the clay mineral may be attributed to not only high surface area of the 
clay that will be in contact with rubber molecules causing a good dispersion of 
MMT in the rubber matrix but also the strong interaction between the modified 
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clay and nitrile rubber therefore, high stress transfer between the rubber matrix and 
clay particles is expected to take place indicating the reinforcing effect of the clay 
particles. The increase in TS by addition of OMMT in the rubber matrix reaching a 
maximum of 10 phr however these results show that a small difference between 10 
phr and 7 phr filler loading due to agglomerate after 7 phr filler loading. The 
agglomeration occurred with the organoclay loading is due to the volume of the 
rubber molecules is not enough to accommodate between clay layers therefore, 
clay layers are still stacked together leading to agglomeration. This in turn resulted 
in defect points leading to deterioration in the mechanical properties. 

From TS data, it is clear that in presence of irradiation, the increase in stress is 
filler concentration dependant. This suggests that another factor may arise and 
leads to this improvement. During irradiation in presence of modified filler, the 
function groups of intercalating agent may favor additional sites for crosslinks. 

On comparison of treated and untreated clay, it is obvious that, the improvement in 
TS for treated is higher than untreated. However, both modified and unmodified 
clay behaves similar with respect of irradiation dose in which the TS increase up 
to 50 kGy, then decrease at 100 kGy, then no further increase and the curve level 
off.  
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Fig. (49): Tensile strength of NBR–CCs vs. irradiation dose. 
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Fig. (50): Tensile strength of NBR –CNs vs. irradiation dose. 

 

Fig. (51) shows a relationship between the change in the tensile strength of NBR–
CCs and NBR–CNs versus filler loading at 50 kGy. From the figure, it clear that 
for NBR–CCs a slight increase in TS upon loading of NBR by 7phr filler and 
beyond 7 phr , no improvement in TS was observed and the curve level off. On the 
other hand, a remarkable improvement in TS of NBR–CNs was observed with 
filler content up to 10 phr but the increase of the tensile strength is slightly beyond 
7 phr clay content. Generally, it is obvious that the nanocomposites (NBR–CNs) 
have better tensile strength than that of conventional NBR (NBR–CCs), for 
instance, the tensile strength of the NBR–CN10 is ca. 130% higher than that of the 
NBR–CC10 and ca. 150% higher than unfilled NBR. Bureau and co-workers 
(2004) given the explanations on the strength improvement due to the nanofillers. 
The factors which they have put forward are nanofiller dispersion, the crystalline 
structure and the strong nanofiller-matrix interaction, which ensure effective load-
transfer at the particle-matrix interface. They also described another contribution 
to the strength possibly results from the increased yield stress caused by the loss of 
mobility of the super molecular structure of the polymer in the presence of fully 
exfoliated/intercalated silicate nanofiller, resulting from the adsorption of 
polymeric chains on the nanofiller surface.  
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Fig. (51): Effect of clay content on tensile strength of NBR –CNs and NBR –CCs 
irradiated at 100 kGy. 

 

4.4.2.2. Ultimate elongation 

The effect of irradiation dose and different clay concentrations of NBR–CCs as 
well as NBR–CNs on elongation at break are presented in Figures 52 and 53, 
respectively. It was obvious that, the elongation at break decreases steadily for all 
NBR samples with irradiation dose. This is attributed to the formation of radiation 
crosslinking network in the polymer matrix, which restricted the mobility of the 
molecular chain during drawing (Lyons, 1992). At high irradiation doses, the 
degradation reaction ,i.e. cracks initiation is another factor which contributes too 
much lower elongation values .Also, it can be seen that in both modified and 
unmodified clay/ NBR, a systematic decrease in elongation as clay concentration 
increases . This behavior is different from TS since both reinforcement at low clay 
concentration or deterioration due to agglomeration at high concentration cause a 
decrease in elongation.  But, the elongation at break of NBR–CNs is lower than 
that of NBR–CCs. This may be attributed to the fact that ductility decreases when 
stiffness is increased by reinforcement. 
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Fig. (52): Elongation at break of NBR–CCs vs. irradiation dose. 
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Fig. (53): Elongation at break of NBR–CNs vs. irradiation dose. 
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4.4.2.3. Tear strength 

The changes in tearing strength of NBR–CCs and NBR–CNs upon radiation at 
various clay loadings are shown in Figures 54 and 55, respectively.  It was obvious 
that, increasing irradiation dose increases the tearing strength up to 50 kGy then 
decreases up to 150 kGy. Tear strengths of NBR were also greatly improved by 
addition of OMMT than the addition of Na+–MMT due to smaller size and better 
dispersion of OMMT comparing to those of Na+–MMT. Kader et al (2006) found 
that a tear pattern of NBR/MMT nanocomposites showed series of tear ridge 
parallel to the tear direction, whereas unfilled NBR showed simple torn patterns. 
They suggested that the uniformly dispersed silicate layers and small tactoids 
altered the tear path along their length depending on the orientation of the silicate 
layers. This led to higher resistance to tear propagation. Addition of OMMT 
resulted in better mechanical properties than the addition of Na+–MMT due to 
smaller size and better dispersion of OMMT comparing to those of Na+–MMT. 
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Fig. (54): Tear strength of NBR–CCs vs. irradiation dose.  
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Fig. (55): Tear strength of NBR–CNs vs. irradiation dose. 

 

4.4.3. Physico-Chemical measurements 

4.4.3.1. Gel content 

NBR–CNs are shown in Figures 56 and 57, respectively. It can be seen that the gel 
content increases rapidly with the irradiation dose up to 50 kGy. Further increase 
in irradiation dose increases the gel content only marginally. It is generally known 
that radiation-induced crosslinking proceeds through a radical reaction. Therefore, 
as the irradiation dose increases, more radicals are generated in the polymer matrix 
consequently more crosslinking will occur. However, at higher irradiation dose, 
the gelation rate slowed down because at this stage macromolecular chemical 
bonds are predominantly realized between already crosslinked macromolecular 
chains. Therefore, it does not lead to an increase in the gel content despite an 
increase in crosslinking density in spatial macromolecular lattices, with increasing 
irradiation doses (Mateev and Karageorgiev, 1998). Also, it is observed that, the 
gel content of NBR–CNs is higher than that of NBR–CCs and the gel content of 
NBR–CNs increases continuously with the OMMT concentration. This is probably 
due to the presence of cetyltrimethyl ammonium-modified montmorillonite, that 
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would participate in physical as well as chemical bond formation at the interface 
between the OMMT and rubber matrix. 
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Fig. (56): Gel content values for of NBR–CCs vs. irradiation dose. 
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Fig. (57): Gel content values for of NBR–CNs vs. irradiation dose. 
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4.4.3.2. Crosslinking density 

The effect of nanoclay loading on crosslink density of the network chains of the 
NBR–CNs upon irradiation doses is shown in Fig. (58). It is apparent that the 
crosslink densities of all samples increased with the irradiation doses. The increase 
in irradiation dose generates more free radicals in the polymer matrix consequently 
more crosslinking occurred. Also, it was observed that the values of crosslink 
density nanocomposites increase with addition of organo clay. The increase in 
crosslinking can be ascribed to a uniform dispersion of the layered silicates, which 
further forms a physical as well as chemical crosslinks upon irradiation  with the 
rubber matrix and immobilizes the rubber chains. 
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Fig. (58): The crosslinking density values for of NBR–CNs vs. irradiation dose.  

 

4.4.4. Transmission electron micrograph (TEM) 

The usual complement to XRD is transmission electron microscopy (TEM). TEM 
imaging allows a direct visual observation of the silicate dispersion within a 
polymeric matrix. The silicate layers appear darker in TEM images as they 
comprise heavier elements (Al, Si and O) than the interlayer and surrounding 
matrix (C, H and N). ). Both the low and high magnification micrographs should 
be presented. The low magnification micrograph emphasizes the overall clay 
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dispersion, while the high magnification micrograph allows the observation of the 
individual clay layers, so that the morphology, intercalated or exfoliated, can be 
assigned.  

The TEM images of two nanocomposite samples with different loadings of 
OMMT (3 and 7phr) are shown in Fig. (59). In the nanocomposite containing 3phr 
of OMMT (Fig. 59a), the clay particles are well dispersed throughout the polymer 
matrix so that an exfoliated structure is obtained. As the clay content increases to 
7phr (Fig.59b), some intercalative/exfoliated structure is observed. However, at 
high magnification of exfoliation zone (Fig. 59c); it is clear that the extent of 
intercalated clay is minimal. These two micrographs justify well the mechanical 
behaviors of nanocomposite films as shown in Fig. (50) .The TEM image 
confirmed the XRD results in term of showing a significant degree of intercalation 
between the silicate layers in the polymer matrix. 

  

 

 
Fig. (59): TEM images of: - (A) 3phr (B) 7phr and (C) 7phr at high magnification 
of Exfoliation zone. 
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4.4.5. TGA of NBR Nanocomposites                                            

The thermograms and the DTG curves of the pure NBR, NBR–CNs and NBR–
CCs with 5 phr clay irradiated at 50 kGy within the temperature range 25-600 oC 
are shown in Figures 60 and 61, respectively.  Also, the loss percentages at 
different temperatures were summarized in Table (12). It is clear that the 
decomposition temperature of the NBR–CNs with 10 phr nanoclay shifted to 
higher temperature than that of NBR. This can be attributed to decrease of the 
diffusion of volatile gases from polymer matrix due to the homogeneous 
distribution of the nanoparticle, which lengthen the total path (Pinnavaia and 
Beall 2000). The detailed data corresponding to the temperature point at which 
weight loss starting temperature (Tstart), peak degradation temperatures (Tpeak), end 
degradation temperatures (Tend) and 50% weight loss temperature (T50) are listed 
in Table (13). Evidently, the onset decomposition temperature of those 
nanocomposites shifts towards the higher temperature compared to the pure NBR 
from 388 oC to 400 oC, indicating the enhancement of thermal stability of the 
nanocomposites. 

On the other hand, NBR–CCs with 10 phr clay show only   a slight    improvement   
in thermal stability compared to the nanocomposites because the hydrophilic clay 
sheets are not well dispersed. 
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Fig. (60): TGA results of NBR composites irradiated at 50 kGy. 
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Fig. (61): DTG curves of NBR composites irradiated at 50 kGy. 
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Table (12): Effect of clay modification on the weight loss (%) of NBR irradiated 
at 50 kGy at different temperatures. 

 

 

Table (13): The temperature for different decomposition rates for NBR compos-
ites irradiated at a dose 50 kGy. 

 

 

The activation energy for pyrolysis was calculated from the Horowitz-Metzger 
method as shown in Fig. (62). It is found that, the activation energy for pyrolysis 
due to addition of treated clay is higher than untreated and unfilled samples as 
shown in Table (14). 

 

 

Weight loss (o/o) at different temperatures  

520 oC 500 oC 470 oC 450 oC 420 oC 400 o C 

 

Sample type 

87.50 85.10 66.03 40.63 12.00 4.98 NBR 

90.05 88.30 70.61 38.90 9.38 6.29 NBR ( 50 KGy)  

90.80 88.30 67.79 38.50 11.50 8.94 NBR-10CC ( 50 KGy)  

77.40 72.74 53.33 28.98 7.18 4.09 NBR-10CN ( 50 KGy)  

Temperature for decomposition reaction rates (oC)  

Sample type Tstart Tpeak Tend T50 % 

NBR 378 454 508 456 

NBR ( 50 KGy)  386.5 456.5 505.5 457 

NBR-10CC ( 50 KGy)  365 455 509 457 

NBR-10CN ( 50 KGy)  404 464 510 462 



                                                                             RESULTS AND DISCUSSION 

 

- 111 - 

Table (14): Activation energies for NBR composites irradiated at a dose 50 kGy 

. 

Sample type Activation energy 

 (kJ/mol) 

NBR 282.54 

NBR ( 50 KGy)  285.37 

NBR-10CC  ( 50 KGy)  233.09 

NBR-10CN  ( 50 KGy)  300.75 
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Fig. (62): Horowitz-Metzger plot of NBR composites irradiated at 50 kGy.  
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4.5. Comparison between NBR, EPDM and SBR 

 As a general conclusion, the efficiency of intercalating agent towards polymer 
under investigation is dependant on the polymer structure either there are 
intercalation between the organoclay and the polymer matrix or not. First we 
should discuss the properties of neat polymers. The properties of the polymers are 
a function of their physical as well as the chemical crosslinks in terms of hydrogen 
bonding and irradiation, respectively. As shown in Fig. (63), the tensile properties 
and tearing energy of the irradiated polymers at 100 kGy is highest for NBR 
followed by SBR and EPDM .The high tensile properties of NBR is attributed  to 
the polarity of CN group which cause hydrogen bonding between the polymeric 
chains ,therefore acting as physical crosslinks . On the other hand, although the 
crosslinking density of SBR is lower than EPDM, the first attains higher 
mechanical properties. This may elucidated as the bulky hard styrene segments in 
SBR acts as physical crosslinks and compensate the decrease in its crosslinking 
density. The elongation at break follows the order EPDM <NBR<SBR. 

CD=Crosslink density x105 [mole/cm3] , TS=Tensile stength [MPa] , TEAR=Tear strengh [Kg/mm] , EL=Elongation at break
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Fig. (63): Influence of irradiation dose (100 kGy) on the different properties of 
unfilled polymers. 
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The mechanical properties of polymer /clay nanocomposites not only depend on 

the polarity and bulkiness of the polymer but also on the structure of the clay and 

mutual interaction with polymer chains. Thus the properties are highly related to 

intercalation and/or exfoliation and the dispersion of the clay platelets in the 

polymer matrix. Therefore, we should expect that the efficiency of organoclay 

towards the properties of polymer matrix will be different and not necessary 

follows the same order as unfilled polymers. 

Fig. (64) shows the improvement percent relative to the neat polymers .From the 

figure, it is clear that the improvement percent in SBR is the highest followed by 

EPDM and NBR which attains the lowest improvement percent. It is obvious that 

this behavior is different if compared to Fig. (63) for the neat polymer in which 

NBR was the highest one. In this respect, one may say that the difference in the 

efficiency of organoclay comes from the structure of the polymer matrix. 

Although, polarity of the polymers enhance intercalation of polymer chains into 

clay platelets, the presence of higher polarity of NBR in which CN group represent 

40% of total weight favor hydrogen bonding with surface OH group of 

organoclay. This would not favor the intercalation of the polymer chains into the 

gallery gap, even if it intercalate ,strong bonding would not favor exfoliation 

compared to SBR or EPDM which haven't strong polar groups. Comparing SBR 

and EPDM reveals that SBR posses higher butadiene units, i.e. higher number of 

double bonds than EPDM. The double bonds induce polarity to SBR which favor 

intercalation and exfoliation of the polymeric chains into clay platelets .The 

improve in crosslinking density is an evidence of higher intercalation of polymer 

chains of SBR>EPDM>NBR with organo clay.  
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Fig. (64): Influence of organoclay (5phr) and irradiation dose (100 kGy) on the 
different properties of polymer/clay nanocomposites. 
 

 

 

XRD (Fig .(65)) is another evidence for the aforementioned explanation where the 

shift and the broadening of diffraction peak is higher for SBR followed by EPDM 

and finally NBR.   
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Fig. (65): XRD patterns of NBR, SBR and EPDM / clay nanocomposites at 5phr. 
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CHAPTER (5) 
SUMMARY AND CONCULSIONS 

 
        Nanocomposite materials consisting of inorganic nanolayers of 
montmorillonite clay and organic polymers have evoked intense research interests 
lately because their unique characteristics create many potentially commercial 
applications.  
PCN are reported to promote the thermal, mechanical, molecular barrier, flame 
retardant and corrosion protection properties of polymers at low clay loading 
(>10%) based on the recently published literatures. The earlier historical 
development involving the PCN materials can be traced back to 1990 based on the 
research work of polyamide–clay nanocomposite by Toyota’s research group. 
 The transition from microparticles to nanoparticles yields dramatic changes in 
physical properties due to nanoscale materials have a large surface area for a given 
volume.  
The work carried out in this thesis is presented in four main chapters; namely, 
introduction, Literature review, experimental, and results and discussion. 
  
The first chapter “Introduction” includes a brief outline of Polymeric materials 
and polymer nanocomposites.  It gives also an overview on types, methods of 
nanocomposites preparation and techniques used to characterize the structures of 
nanocomposites. 
 
The second chapter “literature Review” represented the reported work   related 
to the present thesis concerning the polymer/clay nanocomposites and effect of 
ionizing radiation on polymeric materials.  
  
The third chapter “Experimental” includes the different materials employed, 
their chemical compositions, and a detailed description of instruments used.  
In this thesis, clay was firstly treated with intercalating agent (cetyl trimethyl 
ammonium bromide) then both modified and un modified clay were  mixed with 
acrylonitrile butadiene rubber (NBR), styrene butadiene rubber(SBR) or ethylene 
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propylene diene terpolymers (EPDM)  at loadings of 0, 3, 5 , 7 and 10 parts per 
hundred parts of rubber (phr) . Then, the specimens including NBR, SBR and 
EPDM were exposed to electron beam irradiation at different irradiation doses 
namely 50, 75, 100 and 150 KGy   
 
The fourth chapter “Results and Discussion” is classified into four main parts:- 

The first part deals with the characterization of organic modified clay. The 
results indicate that the salt molecules were successfully incorporated into the clay 
structure. 
 
In the second part “EPDM/clay nanocomposites (EPDM–CNs)” 
 The effect of irradiation doses and foaming agent concentrations on the various 
properties were followed up.   
1- From tensile strength measurement of EPDM, it can be seen that increasing 
irradiation doses increase tensile strength up to 100 KGy, and then decrease at 
higher irradiation doses (150 KGy). Also, increasing modified clay concentration 
increases tensile strength till 5 phr then decrease after 5 phr filler loading. 
Addition of modified clay resulted in better tensile strength than the addition of 
un modified clay. 
2- The elongation at break data reveals that increasing both irradiation dose and 
filler concentrations decrease elongation. 
3- The data of tear strength indicates that increasing irradiation dose increase tear 
strength up to 100kGy then again decrease at 150 KGy. Also, increasing modified 
clay concentration increases tear strength till 5 phr then decrease after 5 phr filler 
loading. The effect of the modified clay addition in better than the addition of un 
modified clay. 
4- The gel content % increases by increasing irradiation dose and modified clay 
concentration whereas, no significant difference was observed when the un 
modified clay was added. 
5- The crosslink density measurements of the EPDM/clay nanocomposites were 
increased with addition of organo clay at lower contents (3 and 5 phr) then 
reduces after 5 phr. 
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6- According to the TGA measurements, EPDM /Na-MMT microcomposite show 
only slight improvement in thermal stability compared to the nanocomposites. 
 
In the third part “SBR/clay nanocomposites (SBR –CNs)” 
     The behavior of SBR/clay nanocomposites towards the effect of increasing 
irradiation dose and modified clay concentration is practically the same as 
EPDM/clay nanocomposites where the best results were obtained at 5 phr of 
modified clay and irradiation dose equal 100 KGy. 
 
In the fourth part “NBR/clay nanocomposites (NBR –CNs)” 
1- From tensile strength measurement of NBR, it can be seen that increasing 
irradiation doses increase tensile strength up to 50 KGy, and then decrease at 
higher irradiation doses. Also, increasing modified clay concentration increases 
tensile strength. Addition of modified clay resulted in better tensile strength than 
the addition of un modified clay. 
2- The elongation at break data reveals that increasing both irradiation dose and 
filler concentrations decrease elongation. 
3- The data of tear strength indicates that increasing irradiation dose increase tear 
strength up to 50kGy then decrease at higher irradiation doses. Also, increasing 
modified clay concentration increases tear strength. The effect of the modified 
clay addition in better than the addition of un modified clay. 
4- The gel content % increases by increasing irradiation dose and modified clay 
concentration whereas, no significant difference was observed when the un 
modified clay was added. 
5- The crosslink density measurements of the NBR/clay nanocomposites were 
increased with addition of organo clay. 
6- According to the TGA measurements, the decomposition temperature of the 
NBR–CNs is shifted to higher temperature than that of NBR/CCs.  
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                                                                               الملخص العربى                        

 

 أ

 المخلص العربى
 

" ةمتراكبات البلمرات ورقائق السلیكات الدقیق"  
 

 بحجم  نوع جدید من المواد المتقدمھ والتي تتكون من مكونات تتمیزاالبعادالمتراكبات النانومتریھ  
 . وھذا الصغر اكسب ھذه المواد صفات خاصھ ومختلفھ عن المواد التقلیدیھ المماثلھ لھاصغرمتناھي في ال

لمتراكبات من المواد الھامھ والجدیده التي تدخل في كثیر من الصناعات الضروریة لالنسان ولذلك تعتبر ا
 تم استخدامت والطفلھ لھا خواص جیده واتقوم الدراسھ في ھذه الرسالھ علي تحضیر متراكبات من البلمر

 .كانیكیھ والحراریھ المیشائعھ االستخدام علي النطاق الصناعي بھدف تحسین خواصھاانواع المطاط بعض 
بدأت صناعھ المتراكبات المتكونھ من البلمرات والطفلة في التسعینیات من القرن العشرین بواسطھ شركة 

 .تویوتا الیابانیھ
 المتكونھ من البلمرات والطفلھ بقدره عالیھ علي تحسین خواص البلمرات من النانومتریھ تتمیز المتراكبات

ات العضویھ وتحسین الخواص الكھربیھ وكذلك تحسین الخواص المیكانیكیھ حیث مقاومتھا للحراره والمذیب
 .وتقلیل النفاذیھ

 والجزء العملى  السابقة دراستھابحاث المنشورة واأل فصول رئیسیة ھى المقدمة أربعةإلىتنقسم الرسالة 
 -:والنتائج ومناقشتھا

 
 -:) المقدمة(األول الفصل 

 البلمرات والطفلھ وانواع لقاء الضوء على أنواعإ وقد تم  من الدراسة على الھدف الرئیسى المقدمةتشتمل 
 والطرق المختلفھ لتحضیرھا وتم اختیار طریقھ االنصھارباعتبارھا الطریقھ االبعادالمتراكبات النانومتریھ 

المطبقھ علي النطاق الصناعي وایضا تم التطرق الي الوسائل المستخدمھ للتعرف علي  المتراكبات 
 نومتریھ المقیاس وخواصھا النا
 

 -:) األبحاث المنشورة( الثانيالفصل 
 مناقشة النتائج في لالستفادةیتناول ھذا الجزء األبحاث المنشورة فى ھذا المجال وخاصة الحدیث منھا  

 .التى تم الحصول علیھا
 

 -:)العملي ( الثالثالفصل 
 میثیل ثالثيسیتیل  برومید ال(ل معالجھ االسطحبمعام فى ھذه الدراسھ تمت معالجھ الطفلھ كیمیائیا أوال

& مطاط البولى اثیلین بروبیلین دایین &  نیترل بیوتادین یل      و ثم  عمل خلطات من مطاط اكر)االمونیوم
جزء ١٠&  ٧ &٥ & ٣ ( بتركیزات مختلفھ  المعالجھ والغیر معالجھمطاط استیرین بیوتادین مع الطفلھ



                                                                               الملخص العربى                        

 

 ب

 ثم عرضت العینات المطاطیھ المعالجھ بالطفلھ  للتشعیع بالحزم ) phr)(بالنسبة لمائة جزء من المطاط 
 ). كیلوجراى ١٥٠&١٠٠& ٧٥ & ٥٠( االلكترونیھ عند جرعات اشعاعیھ مختلفھ 

 -):النتائج والمناقشة(الرابع الفصل 
 

  :معالجھ الطفلھ كیمیائیا  :األولالجزء 
 بواسطھ تفاعل استبدالي مع ایونات السطح وذلك معالجھ الطفلھ بمعامل معالجھ ایتناول ھذا الجزء  

وكذلك زیاده  وامتزاجا مع المطاط  بغرض جعل الطفلھ اكثر تجانساالصودیوم الموجوده بین طبقات الطفلھ
  .  لتسھیل انفصالھاالمسافھ بین طبقات الطفلھ

 .تمت معالجھ الطفلھ بصوره ناجحھ وكاملھتائج انھ  النأظھرتو
 

  االبعادمطاط البولى اثیلیین بروبیلیین دایین والطفلھ النانومتریھ اكباتمتر:الجزء الثانى 
 .تم تتبع تأثیر الجرعات االشعاعیھ وتركیز الطفلھ المعالجھ وغیر المعالجھ على الخواص المتنوعھ للخلطات

أن ق وه الش د تزی د بزی اده الجرع ھ االش عاعیھ حت ى        مط اط اثیل ین ب روبیلین دای ین     أظھرت النتائج لعین ات    -١
وأیض ا  ق وه الش د ت زداد بزی اده  تركی ز       .   كیلوجراى١٥٠  االشعاعیھھلجرع عند ا  كیلوجراى ثم تقل   ١٠٠

ي م ن اض افھ   وان ت اثیر الطفل ھ المعالج ھ اعل     ث م تق ل بزی اده التركی ز      phr ٥ حت ي تركی ز   الطفلھ المعالج ھ 
 .الطفلھ الغیر معالجھ

 . وضح نتائج االستطالھ أنھا تقل بزیاده كال من  الجرعھ االشعاعیھ و تركیز الطفلھ ت -٢
 كیل وجراى  ١٠٠ أظھرت نتائج قیاسات مقاومھ القطع والتمزق أن زیاده الجرعھ االشعاعیھ تزی دھا حت ى         -٣

 وان ت اثیر  ی ز  ث م تق ل بزی اده الترك    ٥phrحت ي تركی ز    ثم تق ل بینم ا ت زداد بزی اده  تركی ز الطفل ھ المعالج ھ       
 .الطفلھ المعالجھ اعلي من اضافھ الطفلھ الغیر معالجھ

ان قیاسات قیمھ الجل أوضحت أن زی اده نس بھ الج ل ت زداد م ع الجرع ھ االش عاعیھ وأیض ا ت زداد بزی اده               -٤
 .تركیز الطفلھ المعالجھ

اد بزیاده تركیز الطفلھ تزداد مع الجرعھ االشعاعیھ وأیضا تزد عالجھالم  للعینات عرضي الشابك قیاس الت -٥
 . تقل عند زیاده التركیز  ٥phr حتي تركیزالمعالجھ

 تعط ي افض ل نت ائج    الطفلھ المعالجھ:.  وجد أن عالجھ والغیر معالجھالم  قیاس التحلیل الحرارى للعینات   -٦

 .للتحسین الحراري

 

 بعادالوالطفلھ النانومتریھ امطاط أستیرین بیوتادین متراكبات : الجزء الثالث
أظھرت نتائج القیاسات المختلفھ على خلطات  مطاط أستیرین بیوتادین   أن تاثیر الجرعات االشعاعیھ 

 حیث انھ أفضل نتیجھ تم الحصول علیھا عند تركیز  نفس سلوك  مطاط اثیلین بروبیلین دایینالطفلھوتركیز 
٥ phr كیلوجراي١٠٠ وجرعھ اشعاعیھ . 
 



                                                                               الملخص العربى                        

 

 ت

 
 بعادوالطفلھ النانومتریھ اال نیترل بیوتادین یل      و اكر مطاطمتراكبات : الجزء الرابع

 نیترل بیوتادین أن قوه الشد تزید بزی اده الجرع ھ االش عاعیھ حت ى     یل      وأظھرت النتائج لعینات مطاط اكر    -١
 تركیز الطفلھ المعالجھ بزیاده  تزدادوأیضا  قوه الشد .   كیلوجراى ثم تقل للجرعات االشعاعیھ االعلى ٥٠

 .  وان تاثیر الطفلھ المعالجھ اعلي من اضافھ الطفلھ الغیر معالجھphr ١٠ حتي تركیز
  . و تركیز الطفلھ  الجرعھ االشعاعیھ كال من توضح نتائج االستطالھ أنھا تقل بزیاده -٢
 كیلوجراى ث م  ٥٠ أن زیاده الجرعھ االشعاعیھ تزیدھا حتى  والتمزق أظھرت نتائج قیاسات مقاومھ القطع  -٣

تزداد بزیاده  تركیز الطفل ھ المعالج ھ وان ت اثیر الطفل ھ المعالج ھ اعل ي م ن اض افھ الطفل ھ الغی ر               ا  تقل بینم 
 .معالجھ

 قیاسات قیمھ الجل أوضحت أن زیاده نسبھ الجل تزداد مع الجرعھ االشعاعیھ وأیضا تزداد بزیاده تركی ز          -٤
 .الطفلھ المعالجھ

اد مع الجرعھ االشعاعیھ وأیضا تزداد بزیاده تركیز الطفلھ تزد عالجھالم  للعینات عرضي الشابك قیاس الت -٥
 .المعالجھ

 تعط ي افض ل نت ائج    الطفلھ المعالج ھ  أن  اظھر عالجھ والغیر معالجھالم  قیاس التحلیل الحرارى للعینات    -٦

   .للتحسین الحراري

  




