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SUMMARY

Polymer-Composites incorporating metal, semiconductors, Carbon-

black, nanomaterials and Clay materials have been widely used and 

studied as multifunctional materials with inherent polymer properties.

Polymer-clay nanocomposites show remarkable property 

improvement when compared to conventionally scaled composites. For 

designing new materials with desirable, predicted properties, a better 

understanding of structure-property relationships is necessary.

    In this work, we employ dielectric relaxation spectroscopy (DRS) 

to investigate molecular mobility in relation to morphology in styrene 

butadiene rubber-SBR (treated and untreated) nanocomposites.

In addition to the investigation of dipolar processes, special attention 

is paid here to the investigation of conductivity effects and mechanical as 

well as thermo-mechanical properties.

From the stress-strain characteristics, one found that, all the 

compositions showed a tensile strength higher than the virgin rubber. By 

increasing the filler loading, the tensile strength of the prepared 

composites increases.

The elongation at break for treated and untreated clay filed 

composites increases with an increase in filer loading up to 10 phr and 

then followed by a decrease up to 15 phr.



x

The cross linking density, υ increases with both treated and 

untreated clay contents and treated samples have higher increasing rate of  

υ values than untreated one.

To elucidate the tensile behavior of the test samples. The HT 

model is tested by using non-Gaussian chain statistics, which give a good 

fitting with the experimental data.

                                                                                                                     

The current flowing through the treated clay/ SBR composites and 

untreated samples as a function of applied voltage was measured whilst 

maintaining the sample at 300 K .the plots show a linear behavior with 

appreciable deviation from linearity at lower fields, which can be 

attributed to accumulation of space charge at the electrodes. All samples

show pool-frenkel conduction mechanism except the blank one, which

shows schottcky conduction mechanism.

A strong frequency dispersion of permittivity was observed for all 

samples in all frequency range, a step-permittivity at round 105 Hz is 

observed.

There is a detectable effect of clay (both treated and untreated) on 

the value of dielectric constant for all frequency range .The untreated clay 

may result in more localization of charge carriers along with mobile ions 

causing higher ionic conductivity.

The proposed equation of Tsangaries were tested in our samples 

and a comparison was made between the experimental and theoretical 

values. A decrease in the values of depolarizing factors by increasing the 

concentration of clay in SBR is clearly detected, which indicates that the

clay particles or aggregate turn from the shape of oblate ellipsoids with 

the minor axes (a) parallel to the applied frequency to the shape of sphere.



xi

Finally, the transition region, defined by the temperature span 

between the limiting equilibrium and glassy lines, is found to diminish 

significantly with increasing clay loading as detected from the thermo 

mechanical curves.

  

.
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CHAPTER 1

INTRODUCTION AND

LITERATURE SURVEY

1.1 Introduction:

The word ''polymer'' is derived from classical Greek words poly 

meaning ''many'' and ''meres'' meaning ''parts''. Simply stated, a polymer 

is a long-chain molecule that is composed of a large number of 

repeating units of identical structure. Certain polymers, such as proteins, 

cellulose, and silk, are found in nature, while many others, including 

polystyrene, nylon, are produced only by synthetic routes. In some 

cases, naturally occurring polymer can also be produced synthetically. 

An important example is natural rubber, known as polyisoprene in its 

synthetic form.

All polymers can be divided into two major groups based on their 

thermal processing behavior. Those polymers that can be heat-softened 

in order to process into desired form are called thermoplastics. Waste 

thermo-plastics can be recovered and refabricated by application of heat 

and pressure. Polystyrene is an important example of commercial 

thermoplastics.

In comparison, thermosets are polymers whose individual chains 

have been chemically linked by covalent bonds during polymerization 

or by subsequent chemical or thermal treatment during fabrication. 

Once formed, these crosslinked networks resist heat softening, creep, 

and solvent attack, but cannot be thermally processed. Principal 

examples of thermosets include vulcanized rubber, styrene butadiene 

rubber SBR [1]. 
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1.2 Rubber:

The original material of commerce known as rubber is obtained 

in the form of latex from the tree Hevea Braziliensis [2]. The word 

rubber is derived from the ability of this material to remove marks from 

paper, to which attention was drawn by the chemist Priestley in 1770.  

In current usage the term rubber is not restricted to the original natural 

rubber (NR), regardless of its chemical constitution. The more modern 

term elastomer is sometimes employed in relation to synthetic materials 

having rubber- like properties, particularly when these are treated as a 

sub-class of a wider chemical group. Most synthetic rubbers are 

produced in two main stages: first, the production of the monomer (s), 

then the polymerization to form a rubber.  Although alcohol and also 

acetylene have been used in the past as starting materials for monomer 

preparation, this has now become a part of petroleum technology.

The bulk properties of a polymer can often be altered considerably 

by the incorporation of additives. Probably the most well-known 

examples of this occur in rubber technology where variations in the 

choice of additives can produce such widely differing products as tyres, 

battery boxes, latex foam upholstery, elastic bands and erasers.

1.3 Additives:

Physically, additives may be divided into four groups, solids, 

rubbers, liquids and gases, the last of these being employed for making 

cellular polymers. In terms of function there are rather larger numbers 

of groups, of which the following are the most important; Fillers, 

plasticizers and softeners, lubricants and flow promoters, anti-aging 
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additives, flame retarders, colorants, blowing agents, cross-linking 

agents and ultraviolet-degradable additives.

In general, additives should have the following features unless by 

virtue of their function such requirements are excluded:

(1) They should be efficient in their function.

(2) They should be stable under processing conditions.

(3) They should be stable under service conditions.

(4) They should not bleed or bloom.

(5) They should be non-toxic and not impart taste or odour.

(6) They should be cheap.

(7) They should not adversely affect the properties of the polymer.

It is important to stress that with each chemical type of filler a 

number of grades are usually available. Such grades may differ in the 

following ways:

(1) Average particle size and size distribution.

(2) Particle shape and porosity.

(3) Chemical nature of the surface.

(4) Impurities such as grit and metal ions.

1.4 Nanocomposite:

Nanocomposites are a new class of composites that are particle-

filled polymers for which at least one dimension of the dispersed 

particles is in the nanometer range. One can distinguish three types of 

nanocomposites, depending on how many dimensions of the dispersed 

particles are in the nanometer range. When the three dimensions are in

the order of nanometers, we are dealing with isodimensional 

nanoparticles, such as spherical silica nanoparticles obtained by in situ 

solgel methods [3, 4] or by polymerization promoted directly from their 
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surface [5], but also can include semiconductor nanoclusters [6] and 

others [4].

When two dimensions are in the nanometer scale and the third is 

larger, forming an elongated structure, we speak about nanotubes or 

whiskers as, for example, carbon nanotubes [7] or cellulose whiskers [8, 9]

which are extensively studied as reinforcing nanofillers yielding 

materials with exceptional properties. The third type of nanocomposites 

is characterized by only one dimension in the nanometer range. 

Amongst the entire potential nanocomposite precursors, those 

based on clay and layered silicates have been more widely investigated 

probably because the starting clay materials are easily available for a 

long time [10, 11] and because their intercalation chemistry has been 

studied. However, a homogeneous dispersion of nanoparticles in a 

polymeric matrix is a very difficult task due to the strong tendency of 

nanoparticles to agglomerate. Consequently, the so-called fine particle 

filled polymers sometimes contain a number of loosened clusters of 

particles Figure(1.1) and exhibit properties even worse than 

conventional particle/ polymer systems [12,13].

Matrix Polymer

Fine Particle

Figure (1.1): Agglomerated fine particles dispersed in a polymer 

matrix.



Chapter 1                         Introduction and Literature Survey

- 5 -

Clay has been used extensively in different rubbers as filler for 

many years and is of great commercial interest in order to make the 

product cheap. Due to its low surface activity, clay has very poor 

reinforcing ability as compared to carbon black or precipitated silica. 

Modification of the filler surface to improve adhesion has become 

increasingly important. The theory of filler reinforcement of polymers 

predicts the formation of a boundary layer of a matrix material on the 

surface of the filler [14]. It has been reported that the reinforcing ability 

of clay can be improved on surface modification by silane coupling 

agents [15- 17]. The surface coatings of the fillers can be done either with 

some coupling agents or by coating the filler surface with some 

monomer followed by polymerization of the coated monomer [18].

1.5 Radiation Treated Fillers:

A new method of clay surface modification by coating the clay 

fillers with an acrylate monomer, trimethylolpropane triacrylate 

(TMPTA) followed by electron beam irradiation of the coated fillers has 

been reported [19]. It has been found that compared to pristine clay, the 

surface treated clay fillers show better physical properties while 

incorporated in nitrile rubber. Precipitated silica fillers have been 

modified by the above technique [20] and it is found to exhibit significant 

property improvement while added in the ethylene-octene copolymer 
[21]. An irradiation grafting method [13] was applied for the modification 

of titania nanoparticles so that the latter can be added to polymeric 

materials (polypropylene) for improving their mechanical performance, 

using existing compounding techniques.
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In this work, a combination of in-situ polymerization and 

mechanical compounding is developed. The key issue is that the clay 

nanoparticles are modified by irradiation graft polymerization first, and 

then the grafted nanoparticles are mechanically mixed with SBR rubber

as usual. Owing to the low molecular weight nature, the grafting 

monomers can penetrate into the agglomerated nanoparticles easily and 

react with the activated sites of the microparticles inside as well as 

outside the agglomerates. Nanocomposites with a distinct structure (Fig

1-2) would thus be obtained as discussed in literature [13]. 

Matrix Polymer

Fine Filler

Grafting polymer 
due to monomer 
irradiation

Figure (1.2): Schematic drawing of the possible structure of 

grafted nanoparticles dispersed in a polymer matrix.
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1.6 Stress- Strain Behaviors of Solid Polymers:

The mechanical properties of solids (polymeric or otherwise) are 

commonly assessed through a tensile test. In this experiment, a 

cylindrical or strip-shaped specimen is subjected to uniaxial tensile 

stress, causing the specimen to elongate and eventually rupture. In 

practice, this is conveniently achieved by stretching the specimen at a 

programmed rate, so that the imposed quantity is the elongation and the 

measured response is the stress. The “dogbone” specimen shape shown 

in Figure (1.3) is used because the enlarged ends provide easy gripping, 

while the reduced diameter in the center provides a test (gauge) section 

of uniform diameter and thus uniform stress.

Figure (1.3): Steps in a tensile test on a “dogbone” specimen. 
From left to right: initial dimensions before test; dimensions partway 
through test; rupture.

As the specimen is elongated, the test section length increases 

from the original length (l0). The cross-sectional area also decreases, 

but it is conventional to define an “engineering stress” () as the 

measured force (F) divided by the initial cross-sectional area (A), rather 

than the actual cross-sectional area at that point in the test:

 = F/A                                                      (1.1)

For purposes of this experiment, follow the guidelines adopted by 

the Society of Plastics Engineers and express   in mks units (MPa); in 
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other literature, you may find cgs (dyne/cm2) or English (psi) units 

used. The stretching of the material is described by a dimensionless 

“engineering” strain ():

 = (l - l0)/ l0                                                   (1.2)

Where l0 is the initial lengthy and l is the length at any time t.

While the rate at which the material is stretched is described as an 

“engineering” elongational strain rate *:

* = d/dt = (dl/dt) /l0                                   (1.3)

All three quantities (, , *) are termed “engineering” quantities, 

rather than the “true” quantities you will find used in mechanics 

textbooks, because they are based on the original dimensions of the 

sample (A, l0) rather than the true ones. The choice of the initial cross-

section in the definition of  is a practical one; when most plastics are 

strained uniaxially, they also experience a net volume strain (i.e., the 

volume of the specimen increases upon stretching). Thus, the actual 

cross-section cannot be straightforwardly determined from simple 

measurements of l.

Two typical uniaxial stress-strain curves are shown in Figure (1.4).

Various material parameters can be read directly from curves such as 

those in Figure (1.4: a, b). The initial slope of the stress-strain curve is 

known as the small-strain tensile modulus, or the Young’s modulus

conventionally denoted by E (MPa). Essentially, it is a measure of 

material stiffness, and is the most readily apparent difference between

the polymers you will study; it is also frequently the most important
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(a)        (b)

Figure (1.4): (a) characteristic stress-strain curve for a plastic, (b)
same for elastomer.

Property for material applications. Indeed, the utility of Kevlar 

(compared with other polymers) is entirely due to its high modulus. 

Mathematically, E is defined as:

E= (d/d) =0                                                       (1.4)

In practice, the value is determined from the slope of the ''initial''

part of the curve (i.e., the part which looks linear) rather than from a 

strict evaluation at zero strain. Elastomers typically exhibit stress-strain 

curves like that in Figure (1.4- b), where the curve is monotonically 

increasing. In this case, the ''ultimate strain'' (u) and the ''ultimate 

stress'' (u) correspond to the values at break. The ultimate properties 

are the maximum values of each quantity ( or ) exhibited by the 

curve. Many plastics exhibit stress-strain curves like that in Figure (1.4:

a), where the curve passes through a maximum (yield point) before 

break. The yield point can appear as a clear maximum, as sketched in 

Figure (1.4- a), or sometimes as a sudden flattening of the curve 
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without a distinct maximum. For polymers with a yield point, u can 

correspond to the stress at the yield point (y) or the stress at break, 

whichever is larger [22].

1.6.1 Two Types of Elasticity:

Although samples of rubber and of steel can be regarded as 

Hookean (within the limit of small deformations), they do not undergo 

the same phenomena during deformation; upon stretching, a steel 

sample experiences a cooling phenomenon while that of rubber a 

heating one.

This means that the actual mechanisms of deformation are 

different in these two materials when a stress is applied. The 

deformation of a steel sample causes an affine Displacement of the iron 

atoms compared to their equilibrium position, since the energy required 

performing this work is provided by the system, steel cools; such 

elasticity is said to be of enthalpic origin. On the contrary, the 

deformation of rubber induces an orientation of the polymer in the 

direction of the stress generating extramolecular interactions that cause 

the phenomenon of heating. Because such a stretching also reduces the 

number of possible conformations of the polymer segments—without 

modifying the valence angles—such elasticity is said to be of Entropic 

origin.

a) Elasticity in Rigid Polymers.

Rigid polymers, those amorphous or strongly oriented are 

characterized by an elasticity of enthalpic origin. Depending upon the 

degree of orientation of their chains, their Young modulus (also called 

tensile modulus or elastic modulus (E) can vary in significant 
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proportions. because the chain elements are randomly dispersed in an 

amorphous polymer sample, the stretching forces only pull those which 

are oriented in the direction of deformation. As a result, the higher the 

proportion of chain segments oriented in the direction of stretching, the 

higher the tensile modulus of the sample. Thus, ultra-stretched polymer 

fibers or liquid-crystalline polymers exhibit a particularly high elastic 

modulus (E). Because the chain orientation is never perfect, the tensile 

modulus of such samples is lower than that of segments that would be 

perfectly oriented.

b) Elasticity of Rubber

Rubber and more generally elastomers are characterized by their 

capability to undergo large deformations before breaking while

exhibiting a Hookean behavior. They simultaneously resemble liquids 

by their ability to undergo deformations and resemble solids by their 

capacity to recover their initial dimensions. They are typically slightly 

cross-linked long polymer chains whose glass transition temperature is 

lower than that of their use. The necessity of long chains can be easily 

understood: as the deformation of the sample merely implies a 

rearrangement of the chains, this deformation can be larger as the 

chains exhibit a larger number of possible conformations; that is, all the 

chains are long. The presence of junctions which can be occasional 

(entanglements) or permanent (cross-links) is essential for the 

restoration of the initial dimensions of the sample after the removal of 

the stress, indeed, except for very long chains, non-cross-linked 

polymers would dissipate the orientation induced by the deformation by 

acquiring different conformations.
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Experimentally, one can induce an elastomeric behavior for any 

polymer, provided that the temperature of the experiment is properly 

selected or a plasticizer is added [23].

1.6.2 Tensile Strength of Plastics:

A major test of the mechanical behavior of polymers, especially 

those plastics below their glass transition temperature, involves the 

measurement of tensile strength. While it can be argued that tensile 

strength is not the best quantity to characterize engineering behavior, it 

is simple, inexpensive, and very widely reported.

Often crystalline plastics have higher elongations to break than 

amorphous materials because the crystalline regions act as 

reinforcement. The thermosets are almost always amorphous.

Tensile strength usually increase with the molecular weight of the 

polymer, decrease with branching, increase with increasing crystallinity, 

and for the thermosetting materials, decrease with very high levels of 

cross-linking. Orientation, where present, usually increases tensile 

strength. for fibers, Increasing strain rate usually decreases elongation to 

failure but increases tensile strength, because the polymer chains cannot 

relax as well. Polymers that are above their brittle–ductile transition 

temperature often exhibit yield points, usually at several percent 

elongation, and have higher elongation to break. Of course, the energy 

to fracture is proportional to the area under the stress–strain curve, so 

that higher elongations generally mean tougher materials. 

Gal Rubbery (high-elastic) and elastic deformations are different 

in the following:
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1- The rubbery deformation is thousands and even tens of 

thousands of times greater than elastic deformation.

2- The mechanism of elastic deformation implies an increase in 

the average distances between atoms and molecules, and in the case of 

polymers it reduces to a change in the bond lengths and to the 

deformation of valence angles. Elastic deformation is accompanied by a 

change in the volume of the body under the influence of the externally 

applied stress and its progress is associated with the change of the 

potential energy of the system. As a result, the solid body absorbs heat 

(cools down) on elastic extension and looses heat on compression. 

When amorphous polymers undergo rubber-like deformation, the 

volume of the sample does not change, as a rule. In many cases, rubbery 

deformation does not practically affect the potential energy of the 

system. When being stretched, the specimen is heated and when it 

contracts it absorbs the same amount of heat.

3- Elastic deformation occurs with the velocity of sound and its 

rate is practically independent of temperature. The development of 

rubbery deformation is relaxational in character, its rate increases very 

greatly with heating. The relaxation time may change from tens and 

even hundreds of years (below Tg) to values of the order of 10 – 6

seconds at high temperatures.

Essawy and El-Nashar [24] added montmorillonite clay at different 

ratios to some polymer blends of NBR and styrene–butadiene rubber 

(SBR). Both the reinforcing and compatibilizing performance of the 

filler were investigated using rheometric measurements, physico-

mechanical properties, scanning electron microscopy (SEM) and 
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differential scanning calorimetry (DSC). The stress at yield was found 

to be 2.5–5 times higher in the case of the filled blends, also the strain 

at both yield and rupture increased with the use of the filler for the 

different blend compositions, while the resistance to swelling in toluene 

became higher. DSC scans of the filled blends showed shifts in the 

glass transition temperatures Tg which can be attributed to the 

increased strength at the interface.

Montmorillonite (MMT) was modified using silane coupling 

agents (SCAs) to improve its interfacial adhesion to an epoxy matrix [25].

The effects of the SCAs on the mechanical interfacial properties of 

MMT/epoxy nanocomposites were investigated by FT-IR, XRD, and 

TEM and with reference to the surface energetics. In the results, the 

SCAs led to an improvement of the organic functional groups, including 

the silanol and siloxane groups, on the MMT surfaces. This surface 

modification also led to an enhancement of the specific component of 

the surface free energy of the MMT. Regarding the mechanical 

interfacial properties, the critical stress intensity factor (KIC) and 

interlaminar shear stress (ILSS) values for all of the treated 

MMT/epoxy composites were enhanced; those of the amino propyl

triethoxy silane (APS)-treated MMT/epoxy composite showed the 

highest values of 3.55 MPa m1/2 and 13.8 MPa, respectively.

Mechanical and flame retardant properties of ethylene vinyl 

acetate (EVA) copolymer/organoclay/alumina trihydrate (ATH) 

nanocomposites have been studied [26]. ATH with different particle 

sizes, ATH1 (2.2–5.2 μm) and ATH2 (1.5–3.5 μm), and three different 
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surface treatments, uncoated, fatty acid coated and silane coated, have 

been used. A synergistic effect was observed in EVA/organoclay/ATH 

nanocomposites with the total heat evolved (THE) and the heat release 

rate (HRR) lower than that of EVA/ATH composite. It was also found 

that mechanical and flame retardant properties are affected in different 

ways by the particle size and the surface treatment of ATH fillers. 

Improvements in tensile and flame retardant properties were observed in 

nanocomposites when uncoated ATH fillers and fatty acid coated ATH2

filler were used. 

Bokobza et al [27] studied the effect of filling mixtures of sepiolite 

and a surface modified fumed silica on the mechanical and swelling 

behavior of SBR. SBR is filled with mixtures of pyrogenic silica 

combined with a silane coupling agent and fibers of organophilic 

sepiolite. The mechanical properties of the composites reveal that a 

mixture of double fillers imparts to the elastomeric matrix a higher 

degree of reinforcement than that which would result from a simple 

addition of the two types of fillers. The swelling ratio of the composite 

containing the two types of fillers was found to highly decrease with 

regard to the pure polymer reflecting strong interactions with the matrix. 

The changes in the state of dispersion by adding the second filler were 

evaluated by transmission electron microscopy.

1.7 Thermo-mechanical Properties:

Thermo-mechanical Analysis (TMA) can be defined as the 

measurement of a specimen’s dimensions (length or volume) as a 

function of temperature whilst it is subjected to a constant mechanical 
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stress. In this way thermal expansion coefficients can be determined 

and changes in this property with temperature (and/ or time) monitored.

Several polymeric materials will deform under the applied stress 

at a particular temperature which is often connected with the material 

melting or undergoing a glass-rubber transition. Alternatively, the 

specimen may possess residual stresses which have been ''frozen-in" 

during preparation. On heating, dimensional changes will occur as a 

consequence of the relaxation of these stresses [28].

1.7.1 General Characteristics

Because thermo-mechanical properties are specific to a given 

structural state, it is useful to point out that solid polymeric materials 

exists less than one of the following three physical states, each one 

being characterized by a specific morphology:

• The crystalline state, which corresponds to an almost perfect 

ordering of macromolecular entities and appears in the form of small-

size single crystals,

• The amorphous state, which is a disordered entanglement of 

polymer chains and, finally,

• The semicrystalline state, which comprises the two preceding 

states in varying proportions measured by the degree of crystallinity.

Each one of these states exhibits specific thermomechanical 

properties and responses, with the semicrystalline state combining the 

properties of both the amorphous and of crystalline states at the 

macroscopic level.

When comparing macromolecular systems with simple molecules, 

one may, a priori, think that the thermomechanical properties of 

polymers would be easier to describe since matter exists only in two 
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physical states (solid and liquid) in the polymer case instead of three for 

simple molecules. Indeed, the transition from the liquid to the gaseous 

state does not exist for polymers because the multiplicity of their 

molecular interactions prevents their vaporization at temperatures lower 

than that of their degradation.

For low-molar-mass molecules, the transitions between the three 

physical states are governed by thermodynamic equilibria and are 

associated with a transition temperature that is perfectly defined for a 

given pressure. These transitions are First-order thermodynamic 

transitions during which primary thermodynamic functions (P) such as 

specific heat, specific volume, and so on, undergo an abrupt change at 

the transition temperature Figure (1.5: a, b).

For certain low-molar-mass molecules, transitions referred to as 

''second-order" transitions are observed; in the latter case a change of 

the P =f (T) slope is observed Figure (1.5: c, d).

In the case of polymers, the situation is more complex. Indeed, 

phase transitions in polymers do not occur at a well-defined 

temperature as in the case of low-molar-mass molecules. The dispersity 

of macromolecular systems causes their transition to widen over a range 

of temperature that depends on the degree of dispersion of the 

structures. In addition, in a large number of cases, solid-state polymers 

are completely amorphous (glassy state) and do not undergo first-order 

but only second-order transitions. Finally, there is a transition peculiar 

to polymers that reflects the dependence of their mechanical properties 

on their molecular dimensions 
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Figure (1.5): variation of a primary thermodynamic function (p) as

a function of the temperature. (a, b) systems constituted by 

crystallizable simple molecules. (c, d) amorphous macromolecular 

systems.T1 and T2 are transition temperature

From the technological point of view, the two transitions observed 

in amorphous polymers have a considerable importance. Indeed, the 

transition from the glassy to the rubbery state, also called glass 

transition, determines the minimum service temperature for an 

elastomer and also the maximum service temperature for an amorphous 

glassy polymer (PS, PMMA, PVC, etc.). On the other hand, the 

transition from the rubbery state to a viscous liquid sets the minimum 

temperature at which polymeric materials can be processed. Plastic or 

viscous behaviors, which correspond to the partial or total irreversibility 
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of deformations in response to a mechanical stress, are imperative for 

the usual techniques of polymer processing (thermoforming, extrusion, 

injection molding, etc.) to be applied. Figure (1.6) schematically 

illustrates the existence of these various states as a function of the 

temperature and the length or the molar mass of macromolecular 

chains.

In the case of polymer single crystals, the situation is not very 

different from that of regular crystals; these entities undergo fusion or 

melting at a rather well-defined temperature because the dimensions of 

the crystalline domains are relatively large. The only structural 

“defects” are those corresponding to chain folding, hairpin turns, loops, 

and chain ends.

Figure (1.6): representation of the effect of temperature and 

average molar mass on the physical state of an amorphous polymer.

The behavior of semicrystalline polymers is more difficult to 

describe. Indeed, they not only contain amorphous and crystalline zones 

but also exhibit a more or less ideal chain packing depending on the 
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molecular irregularities present and the crystallization conditions. On 

the other hand, depending upon the degree of crystallinity ( ) of the 

sample considered, its mechanical properties vary with the service 

temperature (Ts) chosen and with the value of the latter with respect to 

that of the glass transition (for low values of  ) or to that of melting 

(for high values of ). Indeed it has to be stressed that for Tg <Ts <Tm, 

the material is hard but deformable (ductile), whereas for Ts <Tg the 

material is hard and breakable [23].

The isothermal and nonisothermal crystallization of maleic 

anhydride grafted polypropylene-montmorillonite nanocomposites

compared to that of the polypropylene matrix (PP), by differential 

scanning calorimetry (DSC) has bee studied [29]. The nanocomposites 

were prepared by melt-intercalation. The DSC results show that the 

presence of modified montmorillonite (mMMT) clay results in a shift of 

the onset and peak temperatures towards higher values. This suggests 

that thicker lamellar crystals appear. Thermomechanical analysis 

(TMA) was used to monitor the changes in volume expansion of PP in 

the presence of mMMT sheets.

       The effects of loading level of micro or nano size  boron

nitride (BN) particles on the thermal, mechanical, and morphological 

properties of silicone rubber has been studied[30]. Three micron size and 

two nano size BNs with different particle sizes and shapes are used. All 

five types of BNs are found to be well-dispersed in silicone rubber 

matrix despite some local agglomerates. In general, the addition of BN 

particles in silicone matrix decreases the tensile strength and strain at 
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break, coefficient of thermal expansion (CTE) values, on the other hand 

increases modulus, hardness and thermal conductivity. Nano size fillers 

have more pronounced effect on tensile properties of composites in 

comparison to micron size BNs at any given loading level. The aspect 

ratio of the filler is found to be very effective in achieving high thermal 

conductivity in composite systems. Dielectric constants of composites 

vary between dielectric constant of silicone and BN.

        Structure and thermomechanical properties of nylon-6

nanocomposites with lamella-type and fiber-type sepiolite have been 

studied [31]. Nylon-6 nanocomposites filled with lamella-type and fiber-

type sepiolite were prepared by the simple melt-compounding approach 

and compared with the common nylon-6/montmorillonite (MMT) 

nanocomposite. Morphology and dispersion state of fillers were 

observed by scanning and transmission electron microscopy. Wide-

angle X-ray diffraction and differential scanning calorimetry analyses 

were carried out to investigate the crystallization behaviors of 

nanocomposites. The results suggested that sepiolite facilitates the 

formation of α-phase crystals of nylon-6, which is quite different from 

the case observed in MMT-filled nanocomposites. Thermomechanical 

tests showed that heat distortion temperature and Young’s modulus of 

sepiolite-filled nanocomposites are obviously improved compared with 

neat nylon-6. Interestingly, sepiolite-filled nanocomposites exhibited 

the highest level of reinforcement on the Young’s modulus, which may 

stem from the more efficient interfacial stress transfer. In addition, 

tensile fracture morphologies of nanocomposites filled with sepiolite 

and MMT are also compared.
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  The determination of the degree of crystallinity of a series of heat-

set poly(ethylene terephthalate) (PET) films and their study by 

thermomechanical analysis (TMA) in order to elucidate a peculiar 

behaviour that takes place around the glass transition region[32]. For this 

purpose, amorphous cast Mylar films from DuPont were annealed at 

115 °C for various periods of time. Four methods were used to study the 

crystallinity of the samples prepared: differential scanning calorimetry 

(DSC), density measurements (DM), wide-angle X-ray diffraction 

(WAXD), and Fourier transform infrared spectroscopy (FT-IR). From 

the results obtained, the following conclusions are drawn: amorphous 

PET Mylar films can be crystallized in a degree of about up to 30%

after thermal treatment for 30 min (cold crystallization) above glass 

transition temperature. When these semicrystalline samples are 

subjected to TMA, they show a two step penetration of the probe into 

them, which decreases with the increase of the degree of crystallinity. 

The first step of penetration was attributed to the shrinkage of the 

amorphous or semicrystalline sample, which takes place on the glass 

transition temperature, while the second step was attributed to the 

continuous softening of the sample, and the reorganization of the matter 

which takes place on heating run due to cold crystallization.

1.8 Electrical properties: 

1.8.1 DC Electrical Conductivity 

     Electrical conductivity () is important in many rubber and 

plastic compounds including anti-static applications, wire and cable 
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sheathing [33, 34], and shielding against electromagnetic interference 

(EMI) [35]. Elastomers and plastics are insulators to which conductivity 

is imparted by addition of a finely divided or colloidal filler of high 

intrinsic conductivity, such as carbon black.

     The specific electrical conductivity of a solid, -1 cm-1), is 

defined as the current, in amps, flowing through a centimeter cube of 

the material under unit electrical potential and it is related to two basic 

parameters, the charge carrier density n (cm-3) and the charge carrier 

mobility  cm2/V s; i.e.


i

iiinq 
(1.5)

Where qi is the charge on the ith species. With polymeric materials, 

each parameter ni or i may be ambient-sensitive, may be potential-

sensitive, and may be influenced by the precise conditions of 

fabrication.

     The type of electrical conductivity measurement reported in the 

literature usually involves a simple measurement of potential and 

current as a function of time, temperature, and ambient atmosphere. 

There are more than one conduction mechanisms in polymeric materials 

such as:

a)  Electronic Conduction:

      In some polymers the main contribution in conduction is due 

to electrons that follow various mechanisms differ than that in metals 

and inorganic semi-conductors.  The conduction electrons are mainly 

supplied by impurities or from products of polymer degradation.  Until 
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the recent years, there have been few attempts to study, for example, 

charge carrier mobility as an independent variable.

 Frequently it is found that  varies exponentially with 

temperature, is a function of time, and may vary with electric field: i.e.
[36]

)()()/exp( EAftimefkTEo   (1.6)

Changes in E, the activation energy of conduction, are often 

observed in the neighborhood of glass- transition temperature.  Since 

the conductivity is made up of terms relating to both the number and the 

mobility of the charge carriers, any prediction regarding the conduction 

process that does not recognize these dependencies is meaningless.  As 

more mobility measurements have been carried out, it has become 

recognized that the motion of the charge carriers is an activated process.  

Thus, the simple assumption that polymers can be described in terms 

similar to those used for crystalline, covalent semi-conductors has been 

seriously questioned. Much has been learned from the study of 

disordered inorganic materials and by the extension of experimental 

techniques of polymers.

b)     Ionic Conduction:

     The low and finite conductivity in many insulating polymers 

and its deviation from Ohm’s law lead to the explanation of 

conductivity in terms of ionic mechanism.  Another evidence of ionic 

conduction in polymer systems is the strong correlation between 

dielectric constant and conductivity. It is explained by the reduction of 

the coulomb forces between ions in a high dielectric constant medium.  
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The conductivity depends on the ionic concentration, n, according to the 

equation [36, 37].

)2/exp()()( 2/1 kTErn    (1.7)

Where r is a constant implying the entropy term, and are the 

mobilities of positive and negative ions, while E is the energy required 

to separate the ions of a medium of unit dielectric constant ().

1.8.2 Transport Mechanism

1-     Hopping Mechanism:

     In some polymeric materials there is an intermediate range of 

electronic energy states through which some excited electrons can jump 

from lower to higher energy states causing conduction which called 

hopping mechanism.  The hopping model for carrier transport is 

appropriate when the mobility is less than 1 m2/V.s. In that case the 

exponential temperature dependence of the conductivity is due to 

thermally activated mobility. The addition of impurity was found to 

affect the mobility of charge carriers, and the bulk limited conduction 

was based on the impurity hopping (Pool-Frenkel impurity hopping) 

concepts [38.39] where carriers, with sufficient energy surmount the field 

lowered potential barrier, move through the material by hopping from 

one trapping site to the next. According to hopping model, the charge 

carrier is assumed to be the electron moving through many sites. These 

sites are positively charged when empty and neutral when occupied by 

an electron [40].
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2 -    Tunneling Mechanism:

     It is based on the quantum mechanical tunneling effect and 

implies the penetration of some electron though a thin energy barrier.  If 

a stream of particles with energy E approaches a barrier having an 

energy Vo above some reference level and a width w see Figure (1.7). 

No particles will be observed to the right of the barrier unless they have 

a kinetic energy E greater than Vo. On the other hand a fraction of the 

current incident on the barrier will be observed on the right – hand side 

even if E is less than Vo. This is a consequence of the wave nature of 

particles.The barrier width must be small in comparison with its height
[41]. Both hopping and tunneling mechanisms are temperature barrier 

shape dependent.

Figure (1.7): A potential barrier of height Vo and width w with a 
particle of kinetic energy E incident from the left.

The art of making a good conductive (micro or nano) composite is 

to be able to use the minimum quantity of conductive fine particles to 
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achieve the required degree of electrical performance. In this context it 

is important to know more about the factors which control the formation 

of conductive networks for a given concentration of conductive 

component.  However, there are two main factors:  

a) Quality of inters particles contact.

b) Shape and size of conductive particles.

3-   Space charge limited current (SCLC):

     It is known that an insulator which does not contain donors and 

which is sufficiently thick to inhibit tunneling will not normally conduct 

significant current. However, if an Ohmic contact is made to the 

insulator, the space charge injected into the conduction band of the 

insulator is capable of carrying current; this process is termed space 

charge limited current (SCLC) [42]. SCLC is a useful tool to get a great 

deal of information about the localized defect states in the forbidden 

gap, which can strongly influence the injected current flowing in 

response to an applied voltage. Both the magnitude of the current 

response and the actual form of the I-V characteristics are determined 

by the interaction of the injected carriers with such states.

     In polymers and nano-composites, the presence of localized 

traps hinders the drift of charge and, has an inevitable effect on the 

conduction process. The position of the trapped energy levels, at which 

the charge carriers are captured, influences the conduction process. In 

the case of deep trapping, the captured charge carriers become 

immobile, thereby not contributing to the flow of charge inside the 

sample, while due to the large probability for detrapping in case of 
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shallow traps, their contribution becomes significant for the charge flow 

in the sample. However, the overall effect of charge trapping is to slow 

down the conduction process. In real dielectrics both types of trapping, 

i.e., shallow and deep, can be present, it becomes essential to consider 

the effect of shallow trapping on conduction process.

   Processes involving such conduction in insulators containing trapping 

sites for the injected carriers had been widely investigated. [43, 44]

It was realized that these media may have different types of distribution 

of traps in energy bands which are: 

1- Exponential distribution, 

2- Uniform distribution, 

3- A set of traps localized at a single energy.

4-   Schottky conduction:

     A large number of polymeric materials, including nano-

composite materials, exhibit a current flow which increases 

exponentially with the square root of the applied voltage for high 

electric fields. This type of current voltage characteristics are generally 

ascribed to Schottky emission or the Poole – Frenkel field assisted 

dissociation [45]. The Schottky effect is an attenuation of a metal-

insulator barrier arising from electrode image force with electric fields, 

while the Pool-Frenkel effect is a lowering of the potential barrier in the 

bulk of the materials. As a current transfer mechanism in a thin 

insulating film, Schottky emission was first described by Emtage and 

Tantraporn [46].
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The data, when plotted as, log (J) versus V1/2 exhibits straight line. 

This linear dependency characterizes the electron emission of the film 

current as being the Richardson- Schottky mechanism. The current 

density J is given by [47]
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Where A: is the Richardson constant (120 Amp. cm-2. K-1)

s : is the Schottky’s potential barrier (eV)

K : is the Boltzmann constant (8.614 x10-5 eV/K)

T: is the absolute temperature (K)

And the Richardson – Schottky coefficient S  is given by:
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Where:   o is the permittivity of free space (8.85x10-12 F/m)

′ is the permittivity of the material, and

e is the electronic charge (1.6x10- 19 Coulomb). 

5-    Poole-Frenkel conduction:

     The Poole-Frenkel effect is a bulk effect, caused by the field 

lowering of the coulomb barriers surrounding charge donor sites. Since 

the relation between the current and the square root of the applied 

voltage as given by Joncher and Phil [48] is 
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Where PF  the high field –lowering coefficient. Since 
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According to equation (11) the two field lowering coefficient are 

related by the expression 
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George et al [49] studied the thermal stability of isotactic 

polypropylene (PP)/nitrile rubber (NBR) using thermogravimetry. The 

effects of blend ratio, compatibilisation and dynamic vulcanization on 

thermal stability were investigated. The addition of nitrile rubber to 

polypropylene was found to improve the thermal stability of 

polypropylene. The melting behavior was investigated by differential 

scanning calorimetry for the binary blends. The crystallinity of the 

blends decreased with increase in NBR content. 

Nasr et al.[50] presented the electrical conductivity,, of 

conductive acrylonitrile-butadiene rubber (NBR/ 40 phr HAF carbon 

black) mixed with different concentrations (1, 3 and 5 phr) of low-

density polyethylene (LDPE) powder. The effect of gamma radiation 

doses in the range of 5 to 50 kGy on the electrical conductivity was 

studied. Storage of the unirradiated and irradiated samples for 7days at 

60 or 100°C has a great influence on the electrical conductivity of these 
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blends. The variation in the conduction mechanisms through these 

blends on both irradiation and storage is also discussed. From the above 

study they concluded that crosslinking is the predominant reaction in 

the irradiation of samples containing 1 phr of LDPE. At relatively 

higher LDPE content (3 and 5phr); radiation degradation takes place at 

5 and 30 kGy (   dose). The electrical conductivity,, for samples 

containing 3 and 5phr of LDPE is slightly dependent on temperature for 

  doses > 5 kGy and 7 kGy, respectively, owing to the direct contact 

between the particles of HAF carbon black.

Waleed et al [51] studied the electrical properties of acrylonitrile 

butadiene rubber (NBR) filled with different concentrations of fast 

extrusion furnace black (FEF). The percolation concentration of the 

investigated composites was found to be 65 phr. For all composites 

examined, sample loaded with 70 phr from carbon (N70), which 

apparently belonged to the region of percolation phase transition, was 

found most sensitive to compressive strain. The electrical conductivity 

of this sample was changed by more than 50% upon a 16%

compression. The piezo-resistive effects practically are thermally stable 

within the interval of 297–308 K. The working range of load pressure, 

for sample N70, was from 5 to 25 kg and the working voltage was from 

30 to 150V.

An electrolytic admicellar polymerization was chosen for 

synthesizing new semiconducting nanomaterials composed of sodium 

montmorillonite (Na+-MMT), polypyrrole (PPy), and natural rubber

(NR) [52]. The contents of the pyrrole monomer and the Na+-MMT were 
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varied from 100 to 800 mM and 1–7 parts per hundred of rubber (phr), 

respectively. Fourier transform infrared spectroscopy (FTIR) and 

transmission electron microscopy (TEM) were used to confirm the 

success of the synthesis. The morphological studies carried out by X-ray 

diffraction (XRD) and TEM pointed out the different states of 

dispersion of the layered silicates, whereas the study done by scanning 

electron microscopy (SEM) showed a great dependence of the 

nanocomposite morphology on the inclusion of the layered silicates. 

Thermal stability studies demonstrated the thermo-protecting and 

thermo-oxidative behaviors imparted by the layered silicates. The 

mechanical and DC electrical conductivity properties were significantly 

improved with the inclusion of the layered silicates, especially at a 7 phr 

loading.

1.9 Dielectric properties of polymeric materials:

     Dielectric measurements are generally available techniques to 

measure the properties of polymers that are adequate for electronic 

applications. It is also very useful to characterize the polymeric 

materials which are marked with polar groups in their structures. The 

orientation of such polarizable entities under electric field can involve 

molecular chain and create dielectric relaxation phenomena in 

polymer [53]. A polar molecule is one which has a permanent electric 

dipole moment, that is, although the molecule is electrically neutral 

there exists a distribution of charge such that the centres of positive and 

negative charge are separated by a distance of molecule dimensions. 

The dipole moment , which is equal to charge times distance, is 

measured in debyes (1debye= 10-18 e.s.u.). 
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      The static relative permittivity (dielectric constant)  of a 

material is defined as the ratio of the capacitance of a condenser 

containing the material relative to the capacitance under vacuum. For a 

non-polar material, the increase in capacitance is due to the charges on 

the capacitor polarizing the molecules, attracting the positive charges in 

the molecules to one end and the negative charges to the other, with the 

result that an increase in charge appears on the surface, as indicated in 

Figure (1.8). 

Figure (14). Surface charge on a condenser.

Figure (1.8): Surface charge on a condenser.

Evidently, the permittivity of the material will be higher the greater 

the polarizability of the molecules. In non-polar molecules the 

polarizability arises from two effects:

(a) Electronic polarization, where the applied electric 

field causes a displacement of the electrons relative to the 

nuclei in each atom.
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(b) Ionic polarization: This type implies mutual 

displacement of ions forming a heteropolar (ionic) molecule.

In polar molecules a third process contributes to the total 

polarizability.

(c) Orientation polarization, where the applied field 

causes a net orientation of the dipoles parallel to the field as 

shown in Figure (1.9).

(d) Interfacial Polarization [Maxwell- Wagner-

Sillars]: It is observed in a heterogeneous system composed of 

two or more phases as a result of difference in conductivity and 

permittivity of the components and space charge build up 

which occurs at microscopic interfaces.

Figure (1.9): Schematic diagram of the types of polarization
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  Madani studies the thermal and electrical properties of the 

gamma radiation cured composites based on ethylene propylene dieyne 

rubber (EPDM) reinforced with different concentrations from micro and 

nano silica [54].  The effect of gamma irradiation in presence of ethylene 

glycol dimethacrylate (EGDM), as radiation sensitizer, on melt flow 

properties of EPDM was also studied. The thermogravimetric studies of 

the composites show that the degradation of vulcanizates is controlled 

mainly by the silica type and its concentration. The dielectric constant 

and ac- conductivity for all composites were found to increases up to 10

phr of filler loading. However, at > 10 phr of loading, the ` value 

decrease. The increase in ` by increasing silica content is may be due 

to the presence of polar groups in the filler. As the filler loading 

increases, the density of the system is also increased and the extent of 

orientation of dipoles is reduced; thus the ` and  show a decrease at 

higher concentrations.

Abd-El-Messieh et al [55] studied the dielectric and mechanical 

properties of polystyrene (PS)/ acrylonitrile-butadiene rubber (NBR) 

blends with the aim of improving the insulation properties of NBR. 

Compatibility investigations performed with viscosity and dielectric 

methods and confirmed with the calculated heat of mixing, indicated 

that such blends were incompatible. To overcome the problem of phase 

separation between NBR and PS, they chose epoxidized soya bean oil to 

act as a compatibilizer and added 3% to the blends under investigation. 

This led to the conclusion that a sample containing 10% PS (either pure 

or scrap) possessed the most suitable electrical and mechanical 
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properties. The variation of the dielectric properties with temperature 

(20-60°C) was also investigated.

1-10 Aim of the present work:

The unique size dependent properties of nanoparticle, namely 

confinement effects and other advanced properties related to high 

surface area have been increasingly reported in literature for several 

types of inorganic materials [56].

The synthesis and characterization of new nanostructures composites

have been so far the main concern in this field. The homogenous 

dispersion of nanoparticles in polymeric matrices constitutes an 

excellent strategy of proptection, support, and easy processing of these 

materials [57].

In this work we employ dielectric relaxation spectroscopy (DRS), 

mechanical properties, electrical properties, thermal decomposition 

behavior as well - as thermo mechanical curves to investigate the effect 

of nanoclay particles treated and untreated by trimethyloopropane

triacrylate monomer (TMPTA) loading on SBR matrix. In addition, the

variation of conduction mechanisms or dipolar processes will also be 

elucidated.
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CHAPTER 2

EXPERIMENTAL WORK

2.1 Materials Used in This Work:

2.1.1 Styrene Butadiene Rubber (SBR):

The main basic rubber, which used throughout this work, is 

SBR. SBR or Bunas (trade name synaprene) was first made by 

emulsion copolymerization of styrene and butadiene in 1930.

Usually the styrene content is about 23.5% by weight i.e. one 

molecule of styrene with 6 to 7 of butadiene. In USA it is also known

as GR-S and is the most important class of synthetic rubbers.  SBR 

has the following structure;

(CH2    CH = CH     CH2)x         (CH2    CH)y

                                         C6H5

Properties:

      In general SBR is slower curing than natural rubber (NR).

 In contrast to NR, the SBR exhibit very poor gum tensile strength 

(10- 15% of NR).  In carbon black stocks, the SBR shows greatly 

improved properties especially abrasion resistance, and are superior 

to those of NR.  SBR has better abrasion resistance, flex resistance 

and crack initiation strength whereas NR shows better cut growth and 

tear resistance.

Uses:  

       SBR is used widely in the manufacture of tyres, tubes, hoses, 

footwear, flooring, electric wires and cables, light colored transparent 

products, etc.
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   Just like NR, SBR can be used to manufacture thousands of almost 

all kinds of rubber articles.

Styrene–butadiene rubber (SBR-1502, styrene content-23.5%) 

was supplied by Synthetic and Chemicals Ltd, Barielley, India. The 

basic characteristics of SBR are given in Table (2. 1).

Table (2. 1): Rubber characteristics

Materials Parameter

Styrene-butadiene rubber 

(SBR-1502)

Styrene content (%)

Volatile matter (%)

Organic acid

Ash

Antioxidant

Density (g/ cc)

Mooney viscosity (ML1+4; 

1000C)

23.5

0.75

4.75

1.50

0.50

0.94

46.0

2.1.2 Filler:

According to the American Society for Testing and Materials 

Standard ASTM-D-833, filler is a relatively inert material added to a 

polymer to modify its strength, permanence, working properties or 

other qualities, or to lower costs.

The clay powder (bentonite, BE125, mean size 100 nm, density= 2.5

gcm-3) was obtained from Spectrum Chemicals& Laboratory 

Products, USA.



Chapter 2                                                        
Experimental work

- 39 -

2.1.3 Grafting Monomer:

The acrylate monomer, trimethylolpropane triacrylate 

(TMPTA) (flash point >1000C, b.p.>1000C, specific gravity 1110

kg/m3) was obtained from UCB chemicals, Belgium. TMPTA was 

used as grafting monomer without further purification.

2.2 Ingredients (Rubber Additives):

Additives are essential functional ingredients of polymers, 

and wherever possible, each should be used in optimum amounts or 

attainment of high- quality products.

2.2.1 Vulcanizing or Curing Agents:

Un-vulcanized rubber is generally not very strong, it does not 

maintain its shape after a large deformation and can be very sticky. 

Vulcanization is a process of chemically producing network junctures 

by the insertion of crosslinks between polymer chains.  Goodyear and 

Hancock in 1842 made the discovery that when rubber was heated 

with sulfur it was converted into a non-tacky highly elastic tough 

material, which was no longer soluble in solvents.  All these changes 

in properties are dependent on the amount of curing agent added and 

the time of heating.

There are four chemical curing agents or systems in common use. 

They are:

1- Sulfur systems

2- Peroxides

3- Urethane crosslinkers.

4- Metallic oxides (used in vulcanizing neoprene only)
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In this work, a mixed system from sulpher and dicumyl 

peroxide (DCP) was used as curing agent.  

In the sulfur-vulcanized system, S-S linkages are formed; 

whereas in the DCP crosslinked system, C-C linkages are formed 

(Figure 2- 1). In a mixed vulcanized system, a combination of both 

C-C and S-S linkages are formed [58]. Peroxides typically react with 

the elastomer chains by removing hydrogen atoms from the carbon 

backbone of the polymer, thus creating highly active sites on the 

chain, called radicals. These radicals attach to a similar site on 

another chain, creating a carbon to carbon cross-link, which is 

stronger than a sulfur carbon link and more thermally stable. Peroxide 

crosslink confers a higher heat aging resistance. Peroxide cross-link 

gives better compression set than sulfur cured crosslinking, at the 

expense of fatigue life and some tensile strength [59].

Mono or disulphidic linkages (sulphur system)

C-C linkages (peroxide system)
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Mixed linkages (mixed system)

Figure (2. 1): Schematic representation of various crosslinks formed 

during vulcanization using: (a) sulfur, (b) peroxide, and (c) mixed 

system.

The following table gives some indications of the 

improvement in properties of rubber compounds, by vulcanization.

      Table (2.2):

Un-Vulcanized Material Vulcanized Material

Low tensile strength

Thermoplasticity

Tacky

Not resistant to solvents

Not resistant to oxidation

Soft

Plastic

High tensile strength

Non- thermoplasticity

Non- tacky

Resistant to solvents

Resistant to oxidation

Hard

Elastic
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2.2.2 Accelerators and Activators:

Initially, vulcanization was accomplished by using elemental 

sulfur at a concentration of 8 phr (parts per 100 part of rubber from 

weight).  It required 5 hours at 140oC.  These are critical components 

that control the curing rate; storage life and working life of the 

formulation. 

Activators have been described as substances that increase the effect 

of accelerators. The most popular activator system is Zinc Oxide and 

Stearic acid. Besides its role in activation, Stearic acid acts as a 

lubricant in rubber mixes, reducing the viscosity [60]. The addition of 

zinc oxide reduced the time to 3 hours.  

The use of accelerators in concentrations as low as 0.5 phr has 

since reduced the time to as short as 1 to 3 minutes. Accelerated-

sulfur vulcanization is the most widely used method.  The vulcanized 

system for most elastomers contains 2- 10 phr of zinc oxide, 1- 5 phr 

of fatty acid (e.g., stearic), 0.5- 4 phr sulfur, and 0.5- 2 phr 

accelerators. Accelerators are classified and illustrated in table (2.3).

Table (2.3): Accelerators for sulfur vulcanization.

Compound Abbreviation

2- Meracapto-benzothiazole

2- Dibenzothiazyle disulphide

N- Cyclohexyl-benzothiazole-2-Sulfenamide

N-t-butyl benzo-thiazole-2-sulfenamide

2-Morpholinothiobenzothiazole

N-Dicylohexyl-benzothizole-2-Sulfenamide

MBT

MBTS

CBS

TBBS

MBS

DCBS
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Tetramethylthiuram mono-sulfide

Tetramethylthiuram disulfide

Zinc diethyldithioocarbamate

Diphenyl-guanidine

Di-O-tolylguanidine

TMTM

TMTD

ZDES

DPG

DOTG

2.2.3 Plasticizers:

According to the ASTM-D-883 definition, a plasticizer is a 

material incorporated in a plastic to increase its workability and 

flexibility or distensibility.  The addition of a plasticizer may lower 

the melt viscosity, elastic modulus, and glass transition temperature 

(Tg) of a plastic.

Since Plasticizers are essentially nonvolatile solvents, 

compatibility requires that the difference in the solubility parameter 

of the plasticizer and polymer () be less than 1.8 H.

When present in small amounts, Plasticizers generally act as anti-

Plasticizers; i.e. they increase the hardness and decrease the 

elongation of polymers.  Some types of Plasticizers are paraffinic 

oils, dioctyl phthalate, dioctyl sebacate, dibutyl sebacate, die ethyl 

phthalate, dimethyl phthalate, and glycerol.

2.2.4 Antioxidants and Antiozonants:

The strong flexible vulcanized rubber thus becomes hard, 

brittle, and weak.  Its elasticity gets decreased.  This deterioration is 

known as aging, which is due to oxidation of rubber and the effect of 

heat, sunlight, free sulfur, ozone, and trace of some metals.  Even if
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5% oxygen gets absorbed in the sulfur containing rubber the 

flexibility is reduced to half its original value.

The antioxidant (antiozonant) should (a) mix easily with the 

rubber; (b) should not interfere with vulcanization; (c) should not 

change the color of vulcanized rubber; (d) should not be–toxic; and 

(e) should have beneficial effect on the vulcanized rubber.

There are various types of antioxidants as phenyl-naphthyl-

amine (PAN), phenyl- - naphthyl- amine (PN), bisphenols, 

phenols, etc., and antiozonant as organic materials.

SBR ingredients have been supplied by the “Transport and 

Engineering Company” (TRENCO), Alex. Egypt.

2.3 Radiation Pregrafting of Clay

The typical pregrafting of clay proceeded as follows. Before 

being mixed with the monomers, the nanoparticles were preheated at 

1200C for 5 h to eliminate possible absorbed water on the surface of 

the particles. Then 100 g of the powder fillers were mixed with 100

ml 3wt% solution of TMPTA in acetone in a glass beaker under 

constant stirring with a glass rod and then the solvent was removed 

by evaporation technique, followed by grinding of dry fillers to 

obtain the surface coated fine powders. 

The treated filler, acrylate modified, was irradiated in a 1.5

MeV electron beam accelerator (Model ICT) in the presence of air at 

NCRRT, Cairo, Egypt. Treated nanoparticles were irradiated at a 

dose of 100 kGy. The dose determined by the FWT 60-00 dosimeter 

that was calibrated using the CERIC/CEROUS dosimeter. The 

uncertainty in the delivered dose was estimated to be 1.15% [61].
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The specifications of the electron beam accelerator are 

reported in Table (2.4) [62].

Energy dispersive X-ray spectroscopy (EDX) was performed 

on untreated, irradiated and treated fillers in a JEOL-JSM 5800

scanning microscope operating at an accelerating voltage of 30 kV 

and equipped with Linux X-ray analyzer. The atomic concentration 

of the individual elements and their ratios are presented in Table (2-

5). From this table it is found that the changes are not so significant 

in the case of irradiated clay. However after TMPTA modification, a 

noticeable decrease in the oxygen/elements ratios from 0.91 to 0.87 is 

observed as compared to the control sample, indicating the presence 

of acrylate (TMPTA) in it. They agree well with the values given in 

the literature [63].

Table (2.4):  Specification of the electron beam accelerator

Energy

Beam power over the whole energy range

Beam energy spread

Average current (E- 1.5 MeV)

Adjusting limits for current

Beam width

Convare speed range

PS voltage frequency

1.5 MeV

37.5 kW

± 10%

12.5 mA

0- 25 mA

54 cm

0- 10 m/min

50 Hz
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Table (2.5): Results of EDX study for clay nanofillers

Atomic concentration 

(%)sample

oxygen elements

O/elements (%)

Untreated Clay 47.68 52.32 0.91

Irradiated clay

(100 kGy)
47.68 52.32 0.91

Treated clay 46.60 53.40 0.87

2.4 Preparation of Rubber- Clay Nanocomposite 

Samples

In order to do a comparative study, both untreated, and treated 

clay fillers were incorporated in SBR by different concentrations. The 

formulations of different mixes are given in tables (2.6) and (2.7) for

untreated and treated clay respectively.

SBR rubber was mixed in a Brabender Plasticorder PLE-319

at 80 rpm rotor speed for 2 minutes at a temperature 800Cand then the

compound ingredients were then added constituents in ratios as 

shown in Tables (2.6) and (2.7) respectively. The total time of mixing 

was 10 minutes.  After compounding, the stocks were left for 24 h to 

mature. It was then cured into sheets of 2mm thick using hot press at 

5 MPa pressure in an electrically heated press (type carver M-154) 

and heating temperature 170± 20C for 20 min. To insure 

reproducibility, the samples were conditioned at 70°C for 20 days [64].
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Table (2.6):  Composition of SBR- untreated clay nanocomposites:

Sample desination 
Ingredient, phr(a)

BLANK Su5 Su10 Su15 Su20 Su30

SBR 100 100 100 100 100 100

Zinc oxide 5 5 5 5 5 5

Stearic acid 2 2 2 2 2 2

Clay 0 5 10 15 20 30

DCP 1 1 1 1 1 1

Sulphur 2 2 2 2 2 2

2.5 Thermomechanical Analysis (TMA)

     TMA analyses were carried out at expansion mode using 

Shimadzu TMA-50 thermomechanical analyzer. Polymer samples 

(length 15mm) were heated from 30 up to 1200C at heating rate of

(100C /min).

Table (2.7):  Composition of SBR- treated clay nanocomposites:

Sample desination 
Ingredient, phr(a)

St5 St10 St15 St20 St30

SBR 100 100 100 100 50

Zinc oxide 5 5 5 5 5

Stearic acid 2 2 2 2 2

Modified clay 5 10 15 20 30

DCP 1 1 1 1 1

Sulphur 2 2 2 2 2
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2.6 Thermogravometric Analysis (TGA)

           Thermogravimetric analysis (TGA) were performed using

Shimadzu–50 instrument (Japan) at heating rate of (10ºC / min ) from 

ambient temperature to 6000C.  The primary TGA thermograms were 

used to determine the kinetic parameters such as activation energy 

and order of the thermal decomposition reaction.

2.7 DC Electrical Conductivity Measurements:

The electrical measurements were carried out using a DC 

voltage/ current generator, along with a precision digital electrometer 

(Keighley 6514) to determine the current generated on application of 

a known voltage to filled rubber blend vulcanisates. The sample 

holder consists of two parallel clamps of brass electrodes, which were 

isolated from each other using Teflon as shown in Figure (2. 2). The 

measurement procedure has been described elsewhere [65].

Set Screw

Spring
Top Electrode

Bottom Electrode
Cell Base

Figure (2. 2): A schematic diagram of the electrical measurement 

cell
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The dc-electrical conductivity, , calculated according to the current, 

I, flowing through rubber sample with cross-section  A, and 

thickness, d, at voltage range from 1 to 1000 V by the following 

equation;

AV

Id
 (2- 1)

Where: V is the applied voltage across the sample in volts and I is the 

current in amperes flowing through the sample of the materials.

The conductivity dependence of temperature was measured 

with the aid of a regulated electrical oven to control the sample 

temperature over a range (30-1400C)

The circuit used for dc-electrical conductivity measurements is 

shown in figure (2.3).

Figure (2.3): Shows the circuit used in the dc electrical conductivity 

measurements.
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2.8 Dielectric and A.C. Conductivity Measurements

       Dielectric measurements were performed by impedance 

spectroscopy using a Hioki LCR meter, 3531 Z Hi-Tester, Japan, 

operating at a frequency range (100 Hz–1 MHz), with impedance 

accuracy ranges from 0.15% up to 4%. The bridge connected via a 

standard interface (RS-232C interface, Hioki, Japan) to a Pentium 

personal computer for instrument control and data processing. Silver 

electrode 10 mm in diameter were used on both side of the samples. 

The capacitance (C) and the loss tangent (tan ) were obtained 

directly from the bridge from which `, `` and ac were calculated. 

The permittivity (`), dielectric loss (``) and ac conductivity (ac) for 

the denoted samples were conducted over a frequency range from 

100 Hz to 1MHz at room temperature.

The dielectric constant (') was evaluated from the capacitance 

measurement using equation (2-2)

0

`
C

C
              and            

d

A
C 00  (2- 2)

Where Co is the vacuum capacitance of any configuration of 

electrodes and C is the capacitance with an isotropic material filling 

the space, 0  is the permittivity of free space which is equal  to 

8.85*10-12 F/m, A is the cross-sectional area of the sample and d is its 

thickness. 
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The dielectric loss (``) was obtained from the equation, with tan

being measured

`

``
tan 

  (2- 3)

The ac conductivity )( ac  was determined by the relation:

``)(  oac  (2- 4)

Where angular frequency= 2f

2.9 Mechanical Measurements:

                   Tensile strength and elongation at break were estimated 

from stress strain curves measured by using a tension meter (carried 

out with the use of H10KS Hounsfield Co. UK); tension speed was 

50 mm/ min. Tensile tests were carried out on dumbbell shaped 

specimens. Three samples per formulation were tested. By using the 

dimensions of samples the stress and strain were calculated.

The system used in measuring mechanical properties is shown 

in Figure (2.4) 

Figure (2. 4): Experimental set-up for stress- strain machine.                       
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CHAPTER 3

RESULTS AND DISSCUSSION

3.1 Introduction

In the recent years, a lot of interest from both academia and industry has 

been attracted to the study of nanostructured materials. One particularly 

investigated research area deals with materials known as nanocomposites. These 

consist of a polymeric matrix, reinforced with a dispersed phase with at least 

one dimension in the range of 1-100 nm. Clay –reinforced polymers have been 

extensively studied. A wide range of clay materials has been investigated, with

different particle sizes, different aspect ratios and changing organic treatment
[66].

Clay nanocomposites has been reported to show promising property 

enhancements compared to the unmodified polymers, at very low loading in 

clay (1-5%). [67]

In the present work clay, surface modification by coating the clay fillers 

with an acrylate monomer, trimethylolpropane triacrylate (TMPTA) followed by 

electron beam irradiation of the coated fillers have been reported. We will focus 

on the preparation of conducting SBR polymer nanocomposites by adding

untreated and treated clay nanofiller into SBR matrix reaching for thermo-

sensitive materials. It had also been found that, compared to pristine clay, the 

surface treated clay fillers show better physical properties while incorporated in 

styrene–butadiene rubber. This fact will be elucidate in relevant sections by 

studying the mechanical properties (section 3.2), thermal decomposition 

behavior (section 3.3), DC conduction mechanism (section 3.4), dielectric 

properties (section 3.5) as well as the thermo-mechanical properties (section 3.6) 

for these SBR nanocomposites.
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3.2 Mechanical Properties of SBR/ Clay Nanocomposites

Polymer nanocomposites represent a new alternative to conventionally 

filled polymers due to their filler size and dispersion. Nanocomposites exhibit 

markedly improved properties compared to the pure polymers or their traditional 

composites [68].These includes increased modulus, strength, heat resistance, and

decreased flammability [69].

The improvement of the mechanical properties of the material have been

related to the very small size of the reinforcing clay platelets on one hand, and 

their large aspect ratio on the other hand [70].

The stress-strain plots of different composites are shown in Figures (3.1) 

and (3.2) for untreated clay and treated clay, respectively, with organic modifier 

to increase the interfacial interaction with the polymer chains. All the 

compositions showed a tensile strength higher than the virgin rubber.By

increasing the filler loading, the tensile strength of the prepared composites

increases.

When there is a considerable rise in the strength of treated clay / SBR 

composites at a clay content = 10 phr, then the strength decrease with a further 

addition of the treated filler. Here the optimum value is attained at 10 phr of 

filler loading. By the use of treated filler, one can achieve best mechanical 

properties by the incorporation of small amount of filler. Moreover, the treated 

clay basal SBR samples are more improve with respect to untreated one. It well 

known that the interface adhesion markedly influences the mechanical behavior 
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of particulate filled polymer composites. The degree of reinforcement depends 

on the extent of polymer-filler interactions. The extent of polymer-filler 

interactions is estimated from swelling experiments using a plot of Vr0/Vrf

versus the C/ (1-C) plot according to the Kraus equation [71,72]

c

mc

V

V

rf

r




1
10

                                                                (3.1)

Where Vrf is the volume fraction of rubber in the filled vulcanizate and is 

given by [73]:
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                                                    (3.2)

Where T is the weight of the test specimen, F is the weight fraction of 

the insoluble components in the specimen, D is the deswollen weight of the test 

specimen, A0 is the weight of the absorbed solvent (corrected for swelling 

increment), r is the density of SBR, and s is the density is the density of

solvent. Vr0 is the volume fraction of rubber in the gum vulcanizate, C is the 

volume fraction of filler in the vulcanizate, and m is the polymer- filler 

interaction parameter obtained from the slope of the Vr0/Vrf versus C/ (1-C) plot. 

The slope should be positive for reinforcing filler having good polymer-filler 

interaction and negative for nonreinforcing filler with very weak polymer-filler 

interaction.

It was observed from Figure (3.3) that polymer-filler interaction for 

treated samples is higher than for untreated samples.
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Figure (3.1): Stress –strain curves for untreated samples at 300K
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Figure (3.2): Stress –strain curves for treated samples at 300K
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Figure (3.3): Plots of (Vr0/Vrf) versus c/ (1-c) for both treated and 
untreated samples
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The elongation at break for treated and untreated clay filled composites 

increases with an increase in filler loading up to 10 phr and then followed by a 

decrease up to 15 phr. This reduction is more pronounced for untreated clay 

loaded samples and is due to stiffening of the matrix by the clay particles or 

filler. In fact, with further increases in filler loading the molecular mobility 

decreases due to formation of physical bonds between filler particles and 

polymer chains that stiffen the matrix up to 15 phr. This results in a drop in 

elongation at break with filler loading Table (3.1) beyond 10 phr clay. However, 

a higher elongation at break is observed for SBR loaded with 10 phr of treated 

clay. This is mainly because of the greater chain mobility of these samples than 

that of untreated clay loaded SBR samples.

Increasing the clay loading beyond 15 phr, leads to an increase of the 

elongation at break for both treated and untreated clay particles.

3.2.1. Crosslink density determination.

The crosslink densities of the treated and untreated clay loaded SBR 

samples were determined from the elastic rubbery moduli of the samples 

according to the rubber elasticity theory modified by Nielsen [74].

RT

E

3
                               (3.3)

Where  represents the crosslink density (number of moles of chain per 

cubic centimeter), R is the gas constant, T is the temperature in Kelvin (300k), 

and E is the elastic moduli obtained from the stress-strain curves (as shown in 

Figure 3.4 for both groups).

The strong impact of the presence of the clay on the initial modulus of 

the materials, as evaluated by the slope at the origin of the nominal stress-strain 
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curves, can be observed in Figure (3.4). The initial modulus increases from 0.5  

Mpa to 8.8 , 8 Mpa with increasing the filler volume fraction from 0 to 20

phr(for treated and untreated clay) respectively. However, the increment of the 

modulus with the clay contents appears non-linear, suggesting two different 

regimes, at low and high montmorillonite content, respectively.

The calculated values for the crosslink densities are tabulated in Table 

(3.2). It was found that  increases with both treated and untreated clay contents

and treated samples have higher increasing rate of  values than untreated one. 

Table (3.1): Elongation at break versus clay loading for untreated and 
treated samples.

Clay content (phr) Elongation at break(%)

Untreated clay Treated clay

0 259.2

5 252.2 209.25

10 267.6 336.8

15 44.5 143.9

20 151.05 237.6

30 231.7 249.6



Chapter 3                                                    Results and disscussion

  

- 60 -

Figure (3.4): Young's modulus versus clay loading for untreated and 

treated samples (at 300K).

Table (3.2): Crosslink density for untreated and treated samples (at 

300K).

Clay content 

(phr)

Crosslink density(mole of chain /cm3)

Untreated clay Treated clay

0 67.9

5 566.4 675.3

10 731.6 742.8

15 749.1 797.9

20 1070.2 1179.1
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The kinetic theory [75] predicts a directly proportionality relationship 

between the stress at break b and , the crosslink density. on the other hand, the 

strain at break, b, should increases as the crosslink density decreases [76].

To elucidate the tensile behavior of the test samples, the HT model is

tested by using non-Gaussian chain statistics. The HT model in conjunction with 

non-Gaussian chain statistics for rubber elasticity provides for a limited 

extension of the chain and leads to the following equation [77, 78]. In this equation 

L-1, represent the inverse Langevin function.

The addition of term (Y0/) comes from the yield stress term in the HT 

model.

Nominal stress=f =
3

)( 2/1
0 nNKTY





))(

1
()(

2/1
12/3

2/1
1

n
L

n
L


     (3.4)

Where  is the extension ratio, N the number of effective crosslink per 

unit volume, and n is the number of flexible units between crosslinks. Here NKT

is equivalent to Treloars rubber modulus G for which the designation of the Cr

is used by Boyce [79], and in this thesis Y0, the yield stress may be separately 

measured or treated as a disposable constant. Generally, the two values are 

much the same.

Complications arise over the calculation of the operator L-1,

Where    )
1

(coth)(
x

xxL 

is the langevin function and L-1 is the inverse Langevin function. 

However, according to Cohen [80], the inverse Langevin function may be 

accurately approximated by a pade equation [81]:
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This was checked by Cohen, where his claims were found to be justified
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Substituting equation (3.5) into equation (3.4), we get:
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This equation is simpler and more easily calculated than equation (3.4).

Furthermore, it can be readily seen that when n is a large equation (3.6), 

approximates to Gaussian form where the second term becomes Cr (--2). It 

should be noted that when uniform extension takes place, as assumed here, 

nominal stress can be converted into true stress using the constant volume 

assumption so that true stress = f. In order to support the validity of the HT 

model especially as embodied in equation (3.5),the stress-strain curves for 

samples loaded with different concentration of treated and untreated clay has 

been fitted by equation (3.6) as shown in the Figures(3.5) which reflects the 

good fitting between both theoretical and experimental values.

The fitting parameter, n, increases with untreated clay contents 

meanwhile; it has a maximum value with treated clay at 10 phr as indicated in 

table (3.3).
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So the number of flexible chain per unit crosslinks is higher for samples 

loaded with untreated clay, reflects the good reinforcement gained by treated 

clay than untreated one.
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Figure (3.5): Fitting for sample St5

Table (3.3): Fitting parameter (n) for both untreated and treated samples

Clay (phr) Untreated Treated

5 5×106 5×106

10 5×107 6×106

15 4×107 9×105

20 6×107 4×106
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3.3 Analysis of the Thermograms

In many critical applications, resistance to thermal degradation of 

polymeric compounds that are used is important and required for its suitability. 

One of the most important techniques to study the thermal stability of polymeric 

materials is thermogravimetric analysis (TGA). The TGA data can also be used 

in studying the kinetics of decomposition, which provide an insight into the

thermal stability of polymeric materials.Thermal degradation kinetics of 

polymers and polymer nanocomposites have  been studied by several authors [82-

8 4].

The TGA curves of the unfilled SBR rubber and those of filled with 

untreated and treated nano clay are given in Figures (3.6) and (3.7) respectively. 

The results of the thermograms are given in Tables (3.4). It is evident from the 

thermograms that SBR and SBR composites are thermally stable up to 200oC. 

As pointed out by Madani [82], the presence of volatile matter, e.g. stearic acid, 

and the by-products of vulcanization causes the initial minor weight loss at 

around 190- 200 0C. Furthermore, the presence of unreacted compounding 

ingredients in the vulcanizates and weak links in the skeleton of the 

macromolecules may cause early degradation [85].

The presence of varying amounts of untreated and treated nanoclay in 

the vulcanizate highly affect weight loss in the major degradation step 

represented by percent (%) compared to that of the un-filled cured one as shown 

in Table (3.4). The analysis of the thermograms shows that the degradation of 

vulcanizates is controlled mainly by the filler type and concentration.
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The thermal stability was further confirmed by determining the

activation energy (Ea) for the thermal decomposition of all composites 

according to Horowitz and Metzger method [86].

 In this method, a plot of ln {ln [(W0- Wf)/ (Wt- Wf)]} against θ gives a

straight line with a slope of (Ea × 103)/R 2
sT , in which the activation energy can 

be calculated from the slope (Figures (3.8) and (3.9)).  W0 and Wf are the initial 

and final weights of the samples, respectively, Wt is the weight of the sample at 

time t and θ = T- Ts, T is the temperature of the sample and Ts is the reference 

temperature defined as the temperature where [(Wt- Wf)/(W0 - Wf )] = 1/e, 

where R denotes the gas constant (R= 8.314 J K-1mol-1). The activation energies 

calculated for all nano composites are given in Table (3.4).

It can be seen that the activation energy increases with clay loading and 

decreases with treatement .Meanwhile, the weight loss has an undulatory 

behavior with both clay loading and treatment process.
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Figure (3. 6): TGA Thermograms of untreated clay samples and unfilled one
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Figure (3.7): TGA Thermograms of treated clay samples and unfilled one
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Figure (3.8): The plot of ln {ln [(W0- Wf)/ (Wt- Wf)]} versus  for untreated 

samples
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Figure (3.9): The plot of ln {ln [(W0- Wf)/ (Wt- Wf)]} versus   for treated 

samples.
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Table (3.4): Thermograviometic analysis for unfilled, untreated and treated 

clay samples

Weight loss in 
the major 

degradation 
step (%)

Activation 
Energy (k 

j/mol)

Td
0CChair 

residue 
at 6000C

(%)

Onset 

Temp 0C

Sample

48.275.814209.486410Blank(unfilled)

63.888.483409.510.82409Su5

41.482.652435.812.34435Su15

55.571.3741020.16410Su20

49.885.9539226.48392Su30

56.186.47841013.84410St5

58.691.23417.514.644417St10

33.456.46433.822.2433St15

40.682.5407.222.02407St20

47.576.63400.627.626400St30



Chapter 3                                                    Results and disscussion

  

- 70 -

3.4 Dc Conduction Mechanism in SBR/Clay 

Nanocomposites Samples [87]

Electrical conduction in polymers had been extensively studied during the past 

two decades to understand the nature of charge transport in these materials. Various 

mechanisms, such as Schottky emission [88], Poole-Frenkel mechanism [89], space charge 

limited conduction [90], and hopping conduction [91], had been suggested for the charge 

transport. More recently, considerable interest has been shown on the effect of doping 

on the transport properties of polymers [92, 93]. Depending on their chemical nature and 

the way in which they react with the host matrix, the doping substances alter the 

transport properties to different degrees.

The current (I) flowing through the treated clay /SBR composites and untreated 

samples as a function of applied voltage (V) was measured whilst maintaining the 

sample at 300 K as shown in Figure(3.10) and Figure(3.11)

At low voltages, the current increased gradually with the applied voltage .At 

higher voltages, the rate of increase was slower.

This behavior can be explained in terms of the charge-transport mechanism 

operating in the polymer samples in the different voltage ranges. The charge transport 

mechanism in these materials can be Schottky’s field-assisted thermoionic emission 

equation [94-96], i.e.

 
T

dVCK
AsTI

2/1
2 )/(/exp  

                 (3.7)

Where A is the Richardson constant ,s the electrode area,   the metal work 

function , d the thickness of the dielectric , the permittivity ,K the Boltzmann 

constant, and T is the temperature. If V expressed in volts and d in cm, the value 

of C is 4.058 For the Poole-Frenkel effect, the value of C replaced by 2C.
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Figure (3.10): I – V characteristic curves for untreated Clay samples at 

room temperature (300K).

Figure (3.11): I – V characteristic curves for treated Clay samples at 

room temperature (300K).
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If the temperature of the sample is maintained constant (300K), then a 

plot of log J versus E1/2 yields the required information with respect to the 

charge –transport mechanism. The log J versus E1/2 plots for treated and 

untreated clay/SBR nanocomposites are given in the Figures (3.12) & (3.13).

The plots show a linear behavior with appreciable deviation from 

linearity at lower fields, which can be attributed to accumulation of space charge 

at the electrodes. The slope of these plots at higher fields yields important 

information regarding the nature of the conduction process.  The current-voltage 

temperature dependence obeys the relation











KT

Fe
I

2/1

exp


                                (3.8)

Where F is the applied field and  a constant characteristics of the 

conduction mechanism.

The linear behaviour of log J versus E1/2 plots in the present study points 

to an electronic-type conduction mechanism. Here, the charge carriers are 

released by thermal activation over a potential barrier. The physical nature of 

such a potential barrier can be interpreted in two ways. It can be the transition of 

electrons over the barrier between the cathode and the dielectric(Schottky 

emission).Alternatively, charge carriers can be released from traps into the 

dielectric(Poole-Frenkel effect).

In order to differentiate between these two, the values of  at different 

temperatures were calculated from the slopes of log J versus E1/2 plots.
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The theoretical value of  can be calculated separately for either the 

Schottky or the Poole-Frenkel mechanisms by use of the following respective 

equations

2/1

0

3

4 










 e

RS

Where, the dielectric constant  for all samples (at 103 Hz), are given in 

Table (3.5), 12
0 1085.8   F/m, and 19106.1 e C.

The experimental as well as the theoretical values of  for both the 

Schottky and Poole-Frenkel mechanisms are shown in Table (3.6).all samplese 

show Pool-Frenckel conduction mechanism except the blank one,which shows 

Schottky conduction mechanism.

Table (3.5): The measured values of  for all samples



treatedUntreatedClay 
content(phr)

6.780

5.597.395

6.546.2810

6.837.1515

5.937.4320

5.898.0430

RSPF  2
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Table (3.6): Theoretical and experimental values of  for Schottky and 

Poole- Frenkel mechanism for all samples

PFRSExpSample

2.92 E-051.46E-51.38E-05Blank

Untreated samples

2.84E-051.42 E-053.75E-05Su5

3 E-051.50 E-052.78E-05Su10

2.9 E-051.45 E-053.14E-05Su15

2.8E-051.40 E-052.5E-05Su20

2.64E-051.32 E-053.02E-05Su30

Treated samples

2.7 E-051.35 E-052.58E-05St5

2.96 E-051.48 E-053.9E-05St10

2.94 E-051.47 E-052.65E-05St15

3.1E-051.55 E-054.2 E-05St20

2.66 E-051.33 E-052.97E-05St30
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Figure (3.12): Log (J) versus E1/2 for treated samples
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Figure (3.13): log (J) versus E1/2 for untreated samples

102 103

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

 blank
 su5
 su10
 su15
 su20
 su30cu
rr

en
t 

d
en

si
ty

 ,j
(a

m
p

er
/m

2 )

    E1/2(v/m)



Chapter 3                                                    Results and disscussion

  

- 77 -

3.5 Dielectric Properties of SBR/Clay Nanocomposites

Polymer-clay nanocomposities, known since 1961[97]are usually prepared 

by adding a modified silicate to a polymer during the polymerization, or to a 

solvent-swollen polymer, or to the polymer melt [98-100] Modification of the 

alkylammonium surfactants is necessary to compatibilize the surface chemistry 

of the clay and the hydrophobic polymer matrix [101].

In this section, we employ dielectric relaxation spectroscopy (DRS) to 

investigate the molecular mobility in relation to SBR-clay nanocomposites. In 

addition to the investigation of dipolar processes, special attention paid here to 

the investigation of conductivity effects, as a tool for studying interface 

properties.

Figures (3.14) and (3.15) compare the variation of relative dielectric 

constant as a function of frequency for different clay concentration (treated and 

untreated) at room temperature (300K). In all cases, a strong frequency 

dispersion of permittivity was observed in all frequency range.

A step-permittivity at round 105 Hz observed. The decrease of ' with 

increase in frequency may be attributed to electrical relaxation processes, but at 

the same time the material electrode polarization cannot be ignored. There is a 

detectable effect of clay (both treated and untreated) on the value of ' for all 

frequency range. The untreated clay may result in more localization of charge 

carriers along with mobile ions causing higher ionic conductivity. This may be 

the reason for higher ' and strong low frequency dispersion [102,103].
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Figures (3.16) & (3.17) show the variation of dielectric loss with 

frequency for different concentration of untreated and treated clay of SBR 

matrix at room temperatures. The loss spectra consists of two peaks at 

characteristic frequencies for both treated and untreated clay loaded SBR

samples, which suggests the presence of dipoles in all samples. The strength and 

frequency of relaxation depend on characteristic property of dipolar relaxation. 

It is observed that the peak frequency (of the first peak) is shifting towards 

lower frequency side with increase in clay concentration. As the peak shifts 

towards lower frequency side, the relaxation time increased. By  addition of 

clay, it is believed, that there is a decrease in the amorphous content of the 

sample.

The plots of a.c. conductivity, Ac, versus frequency at room temperature 

showed similar behavior for all samples, typical plot is given in Figures (3.18)

(3.19)which illustrate that Ac is frequency dependent. Moreover, the 

phenomena of the increasing conductivity with increasing frequency may be 

interpreted by the hopping conduction [104].Moreover, the linear dependence of 

a.c. conductivity with frequency could account for the electronic conduction via 

hopping process [105].
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F

Figure (3.14): Delectric constant as a function of frequency for 
untreated clay samples
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Figure (3.15): Dielectric constant as a function of frequency for treated 
clay samples
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Figure (3.16): Dielectric loss as a function of frequency for untreated 
clay samples
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Figure (3.17): Dielectric loss as a function of frequency for treated clay 
samples
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         Figure (3.18): A.c. conductivity versus frequency for untreated samples
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Figure (3.19): A.c. conductivity versus frequency for treated samples
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Volume Fraction Dependence

The proposed equation of Tsangaris et al [106] was tested in our samples 

and a comparison was made between the experimental and theoretical values.

Tsangaris et al formulated suitable equations expressing the dielectric 

permittivity ', and dielectric loss '' of composite material in terms of the 

applied field frequency and the components characteristics as equations (3.9) 

and (3.10).
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Where y is the depolarizing factor [107], which depends on the aspect ratio 

and orientation of the fillers [108], given by equation (3.11) [109]:
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Where (a/b) is the aspect ratio of the fillers and v2 the volume fraction of 

the filler. The application of Equations (3.9) & (3.10) to calculate the theoretical 

values of the real   ' and imaginary '' parts of dielectric permittivity is shown in 

Figures (3.20) to (3.32), where an approach between the theoretical model and 

experimental values could be observed. Basically, the shape of clay particles 

may be transformed from spherical to ellipsoidal or even to a long rod shape 

according to the volume fraction of filler. In addition, a decrease in the values of 

depolarizing factors by increasing the concentration of clay in SBR is clearly 

detected from Table (3.7), which indicates that the clay particles or aggregate

turn from the shape of oblate ellipsoids with the minor axes (a) parallel to the 

applied frequency to the shape of sphere.

Table (3.7): The values of depolarizing factor (Y) chosen to fit the
calculated ε΄eff with the experimental data for all samples

depolarizing factor (Y)

Treated sampleUntreated sampleClay  content (phr)
0.1zero

0.090.45

0.050.3620

0.0250.0930
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Figure (3.20): The experimental and theoretical relation between 
dielectric constant and the frequency for sample blank.
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Figure (3.21): The experimental and theoretical relation between 
dielectric constant and the frequency for sample su5.
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Figure (3.22): The experimental and theoretical relation between 
dielectric constant and the frequency for sample st5.
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Figure (3.23): The experimental and theoretical relation between 
dielectric constant and the frequency for sample su20.
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Figure (3.24): The experimental and theoretical relation between 
dielectric constant and the frequency for sample st20.
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Figure (3.25): The experimental and theoretical relation between 
dielectric constant and the frequency for sample su30.
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Figure (3.26): The experimental and theoretical relation between 
dielectric constant and the frequency for sample st30.
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Figure (3.27): The experimental and theoretical relation between 
dielectric loss and the frequency for su5.
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Figure (3.28): The experimental and theoretical relation between 
dielectric loss and the frequency for sample st5.
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Figure (3.29): The experimental and theoretical relation between 
dielectric loss and the frequency for sample Su20.
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Figure (3.30): The experimental and theoretical relation between dielectric loss 

and the frequency for st20.
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Figure (3.31): The experimental and theoretical relation between 

dielectric loss and the frequency for su30.
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Figure (3.32): The experimental and theoretical relation between 

dielectric loss and the frequency for st30.
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3.6 Thermomechanical Curves

  Thermomechanical analysis (TMA) is the name given to a method 

capable of measuring the thermal expansion coefficient of materials in its most 

refined form, but which sometimes used simply to determine the location of the 

glass transition temperature [110].

Figures (3.33 )to (3.43) display the TMA expansion curves for all treated 

and untreated clay loaded SBR samples at 15 g applied load and 10 oC/min in 

the temperature range 30-120 oC. 

The transition of the structure from the equilibrium liquid to the glassy 

state with a change in the temperature is observed experimentally from the 

changes in volume and linear expansion. Below some temperature, the structure 

relaxation is completely arrested on the experimental time scale, and the glassy 

state is reached. This transition is shown in the Figures (3.34) to (3.43) by TMA 

expansion curves of SBR loaded rubber. The glassy state is characterized by the 

glass line, i.e, the linear dependence of expansion on temperature found at 

relatively lower temperatures. The transition region is clearly obvious from 

Figures that it depends on the clay contents for treated and untreated cases. The 

observed departure of expansion from equilibrium liquid values is mainly due to 

the glass transition temperature of polystyrene contents in the SBR loaded 

samples.

The temperature at which the departure of expansion occurs and the 

intersection of the equilibrium line with glass line extrapolated to lower 
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temperatures varies from 90o C at zero clay loading down to 84o C at 5-phr clay 

loading.

Mean coefficient of thermal expansion (CTE), α= (L) 106/ LO (T) 

(Where L is the change in length of samples in the direction being measured, 

LO initial length of sample and T the change in temperature) Calculated over 

specified regions of expansion curves figures (3.34) to (3.34), and recorded in 

units of (ppm/0c).                                                          

Mean CTE ploted against clay loading for both treated and untreated 

clay samples in Figures (3.44) and (3.45).

A slightly lower glassy α is found with increasing clay loading 

(especially for treated one). The transition region, defined here by the 

temperature span between the limiting equilibrium and glassy lines, is founded 

to diminish significantly with increasing clay loading. This transition is arises 

when molecular mobility greatly increases in the specimen as a result of heating 
[111].
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Figure (3.33): TMA expansion curve for Sample Blank

Figure (3.34): TMA expansion curve for Sample Su5
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Figure (3.35): TMA expansion curve for Su10

          Figure (3.36): TMA expansion curve for Sample Su15
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Figure (3.37): TMA expansion curve for Sample Su20

Figure (3.38): TMA expansion curve for Sample Su30
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Figure (3.39): TMA expansion curve for Sample St5

Figure (3.40): TMA expansion curve for Sample St10
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Figure (3.41): TMA expansion curve for Sample St15

              Figure (3.42): TMA expansion curve for Sample st20
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Figure (3.43): TMA expansion curve for Sample st30
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Figure (3.45):  Mean CTE above glass transition with clay content (phr)
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CONCLUSION

In summary, clay /SBR nanocomposite were prepared using internal 

mixture and treated and untreated clay filler were used. The tensile 

strength of SBR matrix increases appreciably with clay loading up to 

15 phr.

The polymer-filler interaction for treated clay loaded samples is  

improved slightly higher than untreated clay samples.elongation at 

break increases slightly with clay loading up to 10 phr and then  

abrupt decrease is detected  at 15 phr clay loading (for treated and 

untreated samples .There is an observable increase in thermal 

stability in treated clay-polymer nanocomposites.

Poole-Frenkel conduction mechanism was found to be predominate 

conduction mechanism for all clay-SBR samples.

In addition of clay, it is believed, that there is a decrease in the 

amorphous contents of the sample owing to the detectable increase in 

the relaxation time as observed from the DRS measurements.

The depolarizing factor, calculated by Tasangaris equation indicates 

the change of the shape of clay particles from oblate ellipsoids to the 

shape of sphere with the applied frequency.

The transition region between the limiting equilibrium and the glassy 

lines is found to diminish significantly with increasing clay loading 

as deduced from the thermomechanical curves.
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   باللغھ العربیھالملخص

  

  

 المواد أوأسود الكربون، أوأشباه الموصالت،أوتستخدم متراكبات البولیمرات المحملة بالمعادن،

كما  یتم متعددة الصناعیة التطبیقات  فى الالمختلفة مختلفھ من الطفلھ  االنانومتریة، انواع

  .المختلفھ الخواص تحسین  و بغرض الدراسة  ایضا تحضیرھا

  

 في ا ملحوظا تحسنمتریھ  النانو)الطمى (طفلھ تحمیلھا بالالتى تم  ھر متراكبات البولیمراتتظ 

فعند تصمیم وتجھیز مواد جدیدة لھا .  بالمقارنة بمثیلتھا من المتراكبات األخري المختلفھخواصھا

  .التعرف الجید على العالقھ بین الخواص المقاسھ وتركیب المبلمرخواص  محددة یجب 

  

 المحمل بحبیبات نانونیة  SBRمطاط  متراكباترف على قابلیھ حركھ الجزیئات داخل للتع

 تم قیاس طیف وعالقتھا بالتركیب الجزیئي لھذه المتراكبات معالجة وغیر معالجة من الطفلة

  . لھا العزلى الكھربىاالسترخاء 

 كان من الواجب قیاس  اھمیھ التعرف على حركھ ثنائیات القطبیھ للمواد المحضرهباالضافة الي  

  .حراریة لھذه المتراكبات-والخواص المیكانیكیة والموصلیة الكھربیة والخواص المیكان

  

ینات المحملھ بالطفلھ   لوحظ  زیاده اجھاد  القطع للعاالنفعال للعینات- منحنى االجھاد قیاسات من

زداد بزیاده نسب یما انھ  كالمحملھ بالطفلھبنسب كبیره بالمقارنھ مع العینھ غیر النانومتریھ 

  . العیناتفلھ بھذهالط

  

) المعالجالمعالج وغیر(فلھ النانومترى  للعینات المحملھ بالط القطعالستطالھ عندابینما سجلت 

 اخذت فى التناقص عند النسب العالیھ من ثم % 10زیاده واضحھ  بزیاده نسب الطفلھ حتى 

  .الطفلھ  

  

للعینات المحملھ بالطفلھ المعالجھ اكبر من سجلت كثافھ التشابك الداخلى زیاده واضحھ كما 

  .مثیلتھا غیر المعالجھ
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 تطابق  فیما حدث  الممیزه  االنفعال– منحنیات االجھاد  لتوضیحHT تمت االستعانھ بنموذج 

  .للقیاسات المعملیھ مع النظریھ جید

  

النانومترى كدالھ فى فرق الجھد عند درجھ حراره  الطفلھ  معتم قیاس التیار المار بعینات المطاط

الجھد مع وجود  فرق - الكھربى سلوكا خطیا لمنحنى التیار سجلت العینات  حیث . كلفن 300

 الشحنات الفراغیھ عند اقطاب وجود  نتیجھمنخفضھ قیم جھد انحراف عن السلوك الخطى عند

  .  المستخدمھ فى القیاسالعینھ 

  

محملھ العدا العینھ غیر  فیما Poole-Frenckleلیھ    أسلوكا متفقا مع العینات ت كما سجل

  . للتوصیل الكھربى Schottky  ألیھ  فانھا تظھر سلوكا متفقا معبالطفلھ 

  

 على قیم ثابت العزل للعینات فى مدى التردد النانومتریھ  للطفلھ كما وجد ان ھناك تاثیرا قویا

50 - 1106 Hz.

وعمل مقارنھ بین القیم  لحساب ثابت العزل المؤثر للعینات Tsangaries استخدام معادلھ  تم كما

  فى الطفلھ بزیاده تركیزات تناقص  االستقطاب معكوس معاملوسجل  .المعملیھ والنظریھ 

 النانومترى من شكل القطع الناقص الى الشكل فلھ حبیبات الط شكل  وذلك نتیجھ تغیرالمبلمر 

  .الكرى

 ان منطقھ التحول التى  لوحظ , للعینات حراریھ - المیكانو المنحنیات قیاس خیرا ومن خاللوا

تقل بزیاده –لزجاجیھ  الحالھ یمكن تعریفھا على انھا المدى الحرارى بین التوازن الحدى  و

  .  الطفلھ داخل المبلمر تركیزات


