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Preface

Ceramic magnetic materials used in various devices have the inherent draw

back that they are not easily machinable to obtain complex shapes. Plastic magnets

and elastomer magnets, on the other hand have several advantages, as they are

flexible, easily machinable and mouldable. They are light in weight and low in

cost. Hence plastic magnets and rubber ferrite composites have the potential in

replacing the conventional ceramic type of magnetic materials for applications

where flexibility is an important criterion. Moreover, these composites are also

important because of their microwave absorbing properties. Recent studies have

indicated that the addition of fillers like carbon black on rubber ferrite composites

enhances the microwave absorbing properties of the composites. Hence, studies

pertaining to the incorporation of carbon black along with magnetic fillers in

elastomer matrixes assume significance.

The hard ferrites are an important class among the ferrite materials due to

their importance as permanent magnets and high density magnetic recording

media. Since their discovery by Philips in 1950's, the M-type hexaferrite have

continued to be of great interest for "applications such as permanent magnets,

plastoferrites, injection-moulded pieces, microwave devices and magnetic

recording media. This is because of their relatively high coercivity, excellent

chemical stability and corrosion resistance. Furthermore, their magnetic properties

can be modified for various applications by proper choice of the constituents and

appropriate preparative techniques.

In the present study the preparation and characterisation of rubber ferrite

composites (RFC) containing barium ferrite (BaF) and strontium ferrite (SrF) have

been dealt with. The incorporation of the hard ferrites into natural and nitrile rubber

was carried out according to a specific recipe for various loadings of magnetic

fillers. For this, the ferrite materials namely barium ferrite and strontium ferrite

having the general formula M06Fe20J have been prepared by the conventional

ceramic techniques. After characterisation they were incorporated into the natural

and nitrile rubber matrix by mechanical method. Carbon black was also
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incorporated at different loading into the rubber ferrite composites to study its

effect on various properties. The cure characteristics, mechanical, dielectric and

magnetic properties of these composites were evaluated. The ac electrical

conductivity of both the ceramic ferrites and rubber ferrite composites were also

calculated using a simple relation. The results are correlated.

The results of the investigation on the 'Evaluation of Magnetic, Dielectric

and Mechanical Properties of Rubber Ferrite Composites' in this thesis are

classified into seven chapters.

Chapter 1 gives a general introduction on the natural and synthetic rubber.

Magnetic materials, their classification and applications are also dealt with in this

chapter. A brief introduction to ferrites, magnetoplumbite structure and rubber

ferrite composites are also provided in this chapter.

An outline about the equipments. -materials used and the experimental

techniques employed for the preparation and characterisation of samples are

included in Chapter 2. The instruments used and the procedures adopted for the

measurement of mechanical, dielectric and magnetic properties at various stages

are also cited in this chapter.

Chapter 3 deals with the preparation and characterisation of the ferrites and

its incorporation into rubber matrixes. Structural evaluations of the prepared BaF

and SrF samples were carried out using X-ray diffraction (XRD) method. These

samples were checked for their monophasic characteristics before they were

incorporated in to the matrix. RFCs were prepared by incorporating these

precharacterised powder samples at various loading into natural and nitrile rubber

according to a specific recipe. The preparation of RFCs containing carbon black is

also included in this chapter

The cure characteristics and mechanical properties of the RFCs are discussed

in Chapter 4. Cure characteristics of the RFCs were carried out using a Goettfert

Elastograph model 67.85. Vulcanisation of these samples was then done on an

electrically heated hydraulic press up to their respective cure times. The

mechanical properties of these prepared RFCs were found out using an Instron

Universal Testing Machine (UTM), model 4411 Test System.
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The dielectric studies of these magnetic fillers and RFCs were carried out

using a dielectric cell and an impedance analyser, model: HP 4285A in the

frequency ranges from 100 KHz to 8 MHz and are presented in Chapter 5.

Magnetic properties of both ceramic fillers and RFCs wereevaluated and dealt

in Chapter 6. The correlation of the properties was carried out with a view to tailor

making materials with specific magnetic properties. The variation of coercivity,

saturation magnetisation and magnetic remanence for different filler loadings were

compared and correlated. Magnetic measurements of ceramic BaF, SrF and the

RFCs were carried out using vibrating sample magnetometer (VSM), model: 4500

(EG&G PARC).

Chapter 7 is the concluding chapter of the thesis. In this chapter, the

important observations and results are discussed and compared. Commercial and

technical importance of RFCs and its possible applications are discussed in this

chapter. The scope for further work is also dealt with in this chapter.
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Chapter1

INTRODUCTION

Rubber ferrite composites are magnetic polymer composites consisting of

ferrite fillers and natural/synthetic rubber matrix. These magnetic composites have

a variety of applications as flexible magnets, pressure / photo sensors and

microwave absorbers. One of the familiar applications of rubber magnets is the

refrigerator door seal. They are lightweight, soft, elastic, stable, flexible, easy to be

processed, energy saving and low cost.

Flexible magnetic composites can be prepared by embedding magnetic

fillers into polymer matrixes according to suitable recipes. The mouldability into

complex shapes is one of the advantages of these composite materials. Rubber

magnets thus produced by the incorporation of the magnetic materials into various

matrixes like natural and synthetic rubber have several advantages over the

conventional ceramic magnets, due to its flexible nature. Hence, they have the

POtential of replacing the conventional ceramic materials.

Polymers and magnetic materials play a very important role in our day to

day life. Both natural and synthetic polymers are truly indispensable to mankind.

The polymers, which include rubber, plastics and fibers, make life easier and more

COmfortable. They are used in the manufacture of textiles, building materials,

transportation, communication, packing materials, chairs, pipes, hoses, fancy
decorative articles, toys etc.



Chapter 1

Magnetic materials are equally important and are widely used by man from

the very common machineries to the most sophisticated equipments. They are used

in instruments like television sets, telephones, refrigerators, washing machines,

vacuum cleaners, hearing aids, automobile parts, as permanent magnets in

computers, as magnetic sensors on credit cards and in theft control devices, in

magnetic recording media and various microwave absorbing devices. Magnetic

materials include metals, alloys and ceramics.

The permanent magnets play an important role in the science and technology

of the present day. Alnicos (AI, Ni & Co), barium ferrite and strontium ferrite

dominate the permanent magnet market. Of these barium ferrite and strontium

ferrite are frequently known as the "Ceramic Magnets". The rare earths have been

used in the new generation permanent magnets'. The discovery of Nd2Fel4B

magnets, in 1984, has ushered a new era for the rare earth-transition based

permanent magnets. Today's high-performance magnets are mostly made from

Nd2Fe t ..B.

1.1 POLYMERS

1.1.1 Natural Rubber

Natural rubber (NR) is obtained from the sap of a tree caned 'caoutchou' or

'weeping wood' and is botanicalty known as 'Hevea Brasiliensis', named after the

large forest tree, which is its outstanding source. The English term "Rubber" was

coined by Joseph priestly in 1770, since the material could erase pencil marks. The

chemical name ofnatural rubber is polyisoprene, since it is a polymer of isoprene.

Faraday in 1821 found that natural rubber has an empirical formula ofCsHs and it

wasGrevil1e Wittiams(1860), who recognisedthat rubber was a polymerof isoprene.

isoprene cis - 1,4 - polyisoprene

n
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The polymer chains in natural rubber have a perfectly cis- l , 4 structure.

Hence the chemical name is eis-I, 4-polyisoprene2
• The stereo regularity of the

natural rubber imparts a good regularity to the rubber chains, because of this the

natural rubber crystallises on stretching, resulting in high gum strength.

The raw natural rubber possesses considerable strength and appreciable

elasticity and resilience at room temperature. It is sensitive to hot and cold and

hence oxidises to a sticky product. For this reason rubbers have to be vulcanised

for achieving optimum properties. During the process of vulcanisation, cross­

linking occurs between the long chain molecules to obtain a continuous network of

flexible, elastic chains. The three dimensional structure so produced restricts the

free mobility of the molecules and the product obtained have reduced tendency to

crystallise, improved elasticity, and substantially constant modulus and hardness

over a wide range of temperature. The number of crosslinks formed, also referred

to as degree of vulcanisation has an influence on the elastic and other properties of

the vulcanisate. Vulcanisation can be carried out by means of various chemical

reactions, depending on the chemical structure of the polymer. However, the most

common practice for unsaturated e1astomers such as natural rubber and the

synthetic polydienes involve the treatment with sulphur and its compound.

Vulcanisation with sulphur alone is a slow process and requires large amount

of sulphur, high temperatures and long heating periods. Hence accelerators are

used in combination with vulcanising agents to reduce the time and/or temperature

of vulcanisation. In certain cases accelerator activators and eo-activators are also

used. These form chemical complexes with the accelerators and increase the rate of

vulcanisation and improve the properties of the final vulcanisate.

The discovery of Hancock in 1824 that rubber could be masticated was of

greatest technical importance to the rubber industry. The addition of compounding

ingredients is greatly facilitated by this treatment, which is usually carried out on

two roll mills or in internal mixers or in continuous mixers. The process of

mastication is accompanied by a marked decrease in the molecular weight of the

rubber. When the mastication is complete, compounding ingredients are added, and

the rubber mix is prepared for vulcanisation. The details are cited elsewhere 3.
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For many applications, however, even the vulcanised rubbers do not exhibit
satisfactory tensile strength, modulus, stiffness, abrasion resistance and tear

resistance. These properties can be enhanced by the addition of certain fillers to the

rubber before vulcanisation. The fillers for rubber can be classified in two, inert

fillers and reinforcing fillers. Inert fillers like clay, whitings, talc etc make the

rubber mixture easier to handle before vulcanisation but have little effect on its

physical properties. Reinforcing fillers, however, improve the physical properties

of the vulcanised rubber. Carbon black is an outstanding reinforcing filler for both

natural and synthetic rubbers.

Rubbers that retain double bonds after vulcanisation, such as natural rubber,

styrene butadiene rubber and nitrile rubber, are sensitive to heat, light, and oxygen.

Unless protected with antioxidants (Maasen 1965), the rubbers age by an

autocatalytic process accompanied by an increase in oxygen content. As a result,

softening or embrittlement of rubber occurs indicating degradation. Many rubbers
are sensitive to the attack by ozone, requiring protection by antiozonants (Cox

1965). Natural rubber is far more sensitive than most of the other elastomers to
both oxygen and ozone attack.

Rubber has certain unique properties, which makes it a useful material for
products of commercial importance. In the vulcanised state it is elastic, and after

stretching it returns to its original shape and in the unvulcanised state it is plastic; i.e., it

flows under the effect ofheat or pressure. Rubber is a poor conductor of electricity and
hence it is very valuable as an electrical insulator. Some of the applications include the
manufacture of automobile tyres, mechanical goods, footwear, hoses, beltings,

adhesives and latex based products like gloves, foam rubber and thread.

1.1.2 Nitrile Rubber

Nitrile rubber, otherwise known by the generic name Buna-N or NBR, is a

special purpose synthetic rubber. It is a copolymer of butadiene and acrylonitrile.

The basic polymerisation reaction in the production of nitrile rubber is

CH2= CH-CH =CH2 + CH2 = CH

I
CN

butadiene acrylonitrile copolymer unit
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Oil resistance is the most important property of nitrile rubber. NBR has good

resistance to oils, greases, petroleum hydrocarbons and other non-polar solvents.

Hence it is used in the manufacture of products like oil seals, a-rings, gaskets, fuel

and oil hoses, including high pressure hoses, for hydraulic and pneumatic

applications, friction covering, linings, containers, work boots, shoe soling and

heels, conveyor belts, in membranes, etc. The presence of the nitrile group

(C=N) on the polymer is responsible for this property. Nitrile rubbers are

sometimes blended with plastics to obtain useful products 4.

The commercially available nitrile rubbers differ from one another in three

aspects: acrylonitrile content, temperature employed for polymerisation, and

Mooney viscosity. However the acrylonitrile content is the one that has the most

profound affect on the properties of a vulcanised nitrile rubber, influencing its

resistance to oils and fuels.

The acrylonitrile (ACN) content varies usually from 20 - 50 % by weight and

accordingly NBR is classified in to three namely, low ACN content NBR with less

than 25%, medium with 25 - 35% and high content ACN NBR with 35 - 50%. The

oil resistance of the nitrile rubbers varies greatly with their composition. Increasing

the acrylonitrile content increases the oil resistance. For instance, when the ACN

content is 18%, the NBR has fair oil resistance and when the ACN content is 40%,

the polymer is extremely resistant to oil. This is because the incorporation of the

polar monomer acrylonitrile changes the polarity of the polymer. Most of the fuels

and lubricants are non polar and swell the non polar elastomer, such as NR, with a

resultant loss in properties. The amount of acrylonitrile affects several properties of

the elastomer. The properties like tensile strength, hardness, abrasion resistance, heat

resistance and gas impermeability increases with the increasing ACN content,

whereas other properties like resilience, low temperature flexibility, plasticiser

compatibility decreases with the increasing ACN content. Other properties affected

by monomer ratio are processability, cure rate, heat resistance and resistance to

permanent set. With increased ACN content processing is easier, cure rate is faster

and heat resistance better, but the resistance to permanent set decreases. Other

important characteristics, which can affect the properties of nitrile rubber, especially

the processing properties, are Mooney viscosity and gel content.

e
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Basically nitrile rubbers are compounded much like natural rubber 5. The

compounding ingredients used are the same though they differ slightly in the

amount. Vulcanisation of nitrile rubber is usually accomplished with sulphur,

accelerator and zinc oxide and fatty acid as activator. In special cases peroxide may

also be used. Sulphur is less soluble in NBR than in NR and only small amounts

are used. But corresponding increases in the accelerators are required.

NBR shows no self-reinforcing effect, as there is no stress induced

crystallisation. Since it does not crystallise, reinforcing fillers are necessary to

obtain optimum tensile strength, tear strength and abrasion resistance. Carbon

black is the most widely used filler and the reinforcement is proportional to the

fineness of the black. Non black fillers used are various types of silica, calcium

carbonate, hard clay, talc and other inorganic fillers. Fine precipitated silica is most

reinforcing among the non black fillers. Semi-reinforcing fillers are also used for

obtaining suitable physical properties and jo bring down the raw material cost.

Plasticisers are used in almost all nitrile rubber compounds to improve

processability and low temperature flexibility. Generally used plasticisers are the

phthalate type esters.

Nitrile rubber requires age resistors in order to give longer service. Either the

amine or the hindered phenolic type antioxidants are generally used.

The important industrial applications of NBR include the manufacture of

cables for the petroleum, coal-mining and quarrying industries, transport,

shipbuilding, power distribution, domestic and miscellaneous applications't'. The

other fields that account for most of the uses of NBR are the automobile, aircraft,

oil, textile and printing industries.

It has already mentioned in this chapter that reinforcing fillers are required to

improve the properties of NBR. The present study involves the use of magnetic

fillers, namely barium ferrite and strontium ferrite, so as to obtain rubber magnets

or flexible magnets. High abrasion furnace black (HAF) is added as a reinforcing

filler along with ferrite fillers and its effect on different properties of the

vulcanisate are studied and are explained in subsequent chapters.
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1.2 MAGNETIC MATERIALS

Magnetic materials have wide range of applications, and these applications

impose certain requirements on the magnetic materials. Hence, the wide variety of

magnetic materials can be sharply divided into two groups, namely, magnetically

soft and magnetically hard8
,9.

1.2.1 Soft Magnetic Materials

Soft magnetic materials have high permeability, low coercive force and

small hysteresis loss. They are easy to magnetise and demagnetise and have flux

multiplying power. Soft magnetic materials are used in applications requiring

frequent reversals of the direction of magnetisation.

Soft magnetic materials can be divided into four main groups, according to

their function. Heavy duty flux multipliers, light duty flux multipliers, square loop

materials, and microwave system components.

Heavy duty flux multipliers are used in the cores of transformers, generators,

and motors. The electrical steel, that form the cores of transformers, generators and

motors are subjected to alternating and rotating magnetic fields, and the

minimisation of the energy loss per cycle is a design objective. The electrical steel

is the cheapest magnetic material.

Light duty flux multipliers are the cores of small, special purpose transformers,

inductors etc used mainly in communications equipment. Soft ferrites and nickel-iron
alloys fall in this class.

Square loop materials are used in computers and in magnetic amplifiers and

other saturable core devices. They include soft ferrites and nickel-iron alloys.

Microwave system components comprise soft ferrites and garnets. There are

various soft magnetic materials like Fe-Si or Fe-Ni alloys, ferrimagnetic oxides like

ferrites, Ferrites have the general formula M2tpe3+
20 2'4 (where M2

+ is Ni2
+, Fe2

+ etc.),

Soft magnetic materials are normally used for iron cores of transformers,

motors, and generators, where high permeability, low coercive force and small
hysteresis loss are required'",
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1.2.2 Hard Magnetic Materials

Hard magnetic materials have high coercivity, high remanence and large

hysteresis loss. They are difficult to magnetise and demagnetise. Hard magnetic

materials are used to produce permanent magnets11. The purpose of a permanent

magnet is to provide a magnetic field in a particular volume of space. A magnetic

field can be produced by current in a conductor or by poles in a magnet. For many

applications a permanent magnet is the better choice, since it provides a constant

field without the continuous expenditure of electric power and without the

generation of heat. A magnet is fundamentally an energy-storage device. This

energy is put into it when it is first magnetised and it remains in the magnet

indefinitely, if properly made and properly handled. Such magnets are called

'Permanent magnets' .
.-

Hard magnetic materials are used as permanent magnets for various kinds of

electric meters, loudspeakers and in other apparatus for which high coercivity, high

remanence and large hysteresis loss are desirable.

Based on the composition and structural features, permanent magnetic

materials are classified into

1. Martensitic or quench hardened alloys.

2. Dispersion hardened alloys.

3. Work hardened alloys.

4. Order hardened or super lattice forming alloys.

5. Metallic powders, self bonded.

6. Metallic powders, bonded with a bonding agent

7. Ceramic powders, self bonded.

8. Ceramic powder, bonded with a bonding agent.

9. Miscellaneous, which possess some unusual features and not coming in the

above mentioned categories.

Hard magnetic materials include ferrites, alloy magnetic steels, permanent

magnet alloys, special alloys, carbon steels, magnetic steels, rare-earth based
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magnets, etc. The permanent magnets play a very important role in our day to day

life. Alnico (AI, Ni & Co), barium ferrite and strontium ferrite are the most widely

used permanent magnet materials. Recently, rare earth transition metal based

permanent magnets, especially Nd-Fe-B magnets having unique properties are used

in the modem technological devices",

1.2.3 Ferrites.

The field of magnetic oxides is one of the areas in magnetism, where

significant advances have been made since the beginning of the zo" century. Here

the development of ferrites and the advances made in this area are noteworthy.

Ferrites are a group of technologically important ferrimagnetic materials. The

advent of ferrites began with the search for magnetic materials of unusually high

resistivities to minimise eddy current losses. The term ferrites refers to all magnetic

oxides containing iron as the major metallic component 13. It is the systematic study

by Snoek" in 1946 that culminated in the introduction of magnetic ferrites having

technically and commercially viable properties. Research activities on ferrites in

the last five decades, has led to the development of these magnetic materials.

Ferrites are mixed metal oxides with iron (Ill) oxides as their main

components. They exhibit a substantial spontaneous magnetisation and phenomena

like magnetic saturation and hysteresis. Ferrites crystallise in three different crystal

structures, namely, spinels, garnets and magnetoplumbites,s-17.

Spine1 ferrites have a cubic structure with general formula MOFe20J. where

M is a divalent metal ion like Mn, Ni, Fe, Co, Mg etc. Garnets have a complex

cubic structure having a general formula LnJIIJFe20'2' where Ln'" ::: Y, Srn, Eu, Gd,

Tb, Dy, Ho, Er, Tm or Lu. The third type magnetoplumbite is having a hexagonal

structure with general formula M06Fe203, where M is a divalent metal such as Ba,

Sr and Pb. The most important in the group of magnetoplumbite is barium ferrite
Ba06Fe203.

Magnetically, ferrites are classified into two groups, namely, soft and hard'",

Further, depending on its symmetry, the magnetic ferrites fall mainly into two

groups, cubic and hexagonal's. Barium and strontium ferrites belong to the class of
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hexagonal ferrites. Both of these are hard ferrites as weU13.IS.17.19.23. They are

normally prepared using the ceramic technique24.34.

The ferrimagnetic materials have great commercial importance due to their

unique properties like large magnetisation values, high resistivity and low eddy

current losses. They have advantages such as applicability at higher frequency,

lower price and greater electrical resistance". The practical applications of ferrites

have been exploited by utilising these advantages.

Ferrites in general find extensive applications't'" in a number of devices like

inductor and transformer cores, antenna cores, magnetic amplifiers, deflection

yokes in television sets, hearing aids, computer peripherals, memory and switching

applications in digital computers and data processing circuits", modulators,

circulators, isolators, phase shifters, other high frequency devices and also for

various microwave applications'?' 4S-48. Other applications of ferrites involve the use

in temperature sensors, magnetostrictive decay lines, magnetic resonators, ferrite

filters", ferrite radiatorsso•s" ferrite power limiters and so on. They are usually

employed in the ceramic form. These ceramic magnets have the inherent drawback

that they are not easily machinable to obtain complex shapes.

1.2.3.1 Soft Ferrites

The ferrites, which are easy to magnetise and demagnetise, are termed as

soft ferrites. Soft ferrites have a cubic crystal structure. The general formula is

MOFe203. where M is a divalent metal ion like Mn, Ni, Fe, Mg etc. These ferrites

have saturation magnetisation (M,) value less than that of iron and its alloys and

have low dc permeability. So they are inferior to magnetic metals and alloys for

applications involving static or moderate-frequency fields. Non-magnetic zinc

ferrite is often added to increase the saturation magnetisation.

These ferrites have extremely high electrical resistivity with good magnetic

properties, so they can operate with virtually no eddy current loss at high

frequencies. This fact accounts for all the applications of soft ferrites.

The largest production of soft ferrites by weight is that of deflection yoke

rings" for picture tubes in television receivers. There are many other significant
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applications'O of soft ferrites such as recording heads, antenna rods, proximity

sensors, humidity sensors, interference suppression cores, etc.

1.2.3.2 Hard Ferrites

The ferrites, which are hard to magnetise and demagnetise, are termed as hard

ferrites. Hard ferrites have hexagonal crystal structure. The general formula is

M06Fe20], where M is a divalent metal ion like Ba, Sr and Pb. In the group of hard

ferrites, magnetoplumbites or M-type hexagonal ferrites (M06Fe20J) are widely

used in many technological applications due to their superior magnetic properties.

The most important among the hard ferrites is barium ferrite. It has a fairly

large crystal anisotropy (anisotropy constant, K = 3.3 X 106 ergs I cm'), The Curie

point is 450°C. Barium ferrite was developed into a commercial magnet material in

1952 in Netherlands by the Philips Company, which called it ferroxdure. Some

American trade names are Indox, Ferrimag, etc. Strontium ferrite has almost

identical properties except that anisotropy constant is somewhat larger. In the

recent years, it has been replaced to some extent by strontium ferrite. Sometime the

general term 'hexaferrite' is used for both the materials.

Hexaferrites are widely used as permanent magnet materials" in applications

where a very high resistance to demagnetisation (high coercivity) is required and

the flux density does not need to be as high as in the metal magnetic materials.

Other important advantages are very low cost, lightweight, high chemical stability,

availability of the raw material and absence of eddy currents. One rapidly

increasing application of the hard ferrite involves its incorporation into rubber or

plastic matrixes thereby forming a versatile flexible magnet. Looking into the

industrial perspective, one can see that the total world production of hard ferrites is

almost the double that of the soft ferrites.

1.2.4 MagnetopIumbite structure

The hexagonal ferrites were discovered and investigated at the Philips

Research Laboratories". The determination of their structure by Braun" was the

1 1
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basis for understanding the crystallographic building principle and the magnetic

properties of these compounds. Of the several ferrimagnetic materials found with

the hexagonal structure, BaFe12019 (BaO.6FezOl)' often referred to, as barium

ferrite has the structure of naturally occurring mineral called Magnetoplumbite".

The term magnetoplumbite was coined' by a group of Swedish investigator",

Magnetoplumbite has the approximate formula, PbFeuMn3.sAlo.sTio.sOJ9' Its

structure was first described by Adelskod".

These classes of ferrites having composition M06Fe203 (M=Ba2+ I Sr+ I Pb2j ,

which is isostructural to mineral magnetoplumbite are commonly known as M-type

hexagonal ferrites'", Materials of this type are very strongly uniaxial with a high

value of K (anisotropy constant), and are used in making permanent magnets". The

magnetop1umbite structure can be visualised with help of figure 1.1. The atoms lie in

mirror planes containing the c-axis and in the figure; the atoms and symmetry

elements are shown for one such mirror plane. Atoms that do not lie on a three-fold

symmetry axis (the full vertical line) appear three times within a unit cell, in the same

plane perpendicular to the c-axis. Their other positions are readily obtained by

rotation of the figure about the three-fold axis through 120° and 240°.

In Figure 1.1, the 'blocks' S,R,S*, and R* are designated; the S-block has

the formula Fe60S and the R-block BaFe601l' Between Sand S*, and between R

and R· a 1800 rotation about the c-axis occurs. Thus the structure of the M-type

material may be written as SRS·R* or chemically 2(BaFeI20'9), i.e. two formula

units per unit cell.

Figure 1.1 depicts the unit cell of BaFeJ20J9. All atoms lie in mirror planes

containing the c-axis and atoms in one such plane are shown, together with the

blocks S, S·, Rand R* (after Braun 1957).
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Fig 1.1 The unit cell of BaFeuOJ9

A third type of block, the T-block is shown in figure 1.2, where the

symbolism is that used in figure 1.1. The T-block consists of four oxygen layers

with an oxygen ion replaced by Ba2
+ in each of the middle layers. The formula for

a T-block is thus Ba2FeaOJ4.

3+ 2+o Fe or M in octahedral position

3+ 2+o Fe or M in lelrahedralposition

o oxygen

~barium

o

x

o

o
o

o
oTblock

Fig 1.2 The T - block structure found in hexagonal iron oxides
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Depending on the blocks R,S,R·,S·, and T a range of hexagonal structures

can be synthesised. The compounds are designated M,W,Y,Z,X, and U as follows.

Type Unit cell structure Formula
Approx. cell size (A0)

A C

M SRS*R* Ba Fe12019 5.9 23.3

M1W SSR*S*S*R Ba M2Fel6027 5.9 32.3

M2Y STSTST Bal M1Fel20 22 5.9 43.5

M2Z RSTSR*S*T*S· Ba, M2 Fe24 0 41 5.9 56

MtX 3(RSR*SS) Ba2M2Fe28 0 46 5.9 84

M2U RSR*S*T*S· Ba4M2Fe36 0 60 5.9 113

Where M is a divalent transition metal ion.

1.3 DIFFERENT KINDS OF MAGNETISM

The origin of magnetism can be attributed to the orbital and spin motion of

electronsIJ.11.4s.60. Magnetic moments of important magnetic atoms such as iron, cobalt

and nickel are caused by spin motion of electrons. Depending on the magnetic

properties and how the material reacted to a magnetic field, the magnetism exhibited

by different materials can be divided in the following categories13,IS.17,19.4S,61-64. They are

diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism.

Apart from this, magnetism like superparamagnetism, metamagnetism and

parasitic magnetism etc are known. They are not included in this list, since they can

be considered as derivatives from one of the above.

1.3.1 Diamagnetism

The diamagnetic property is associated with completely filled shells in an

atom. In diamagnetic materials the constituent atoms or molecules have all their

electrons paired up in such a way that their magnetic dipole moments cancel each

other. Hence there are no dipoles to be aligned by the field. In fact, an applied

magnetic field is opposed by changes in the orbital motion of the electrons of a

diamagnetic substance. This property can be understood as an example of Lenz's
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law, which states that an applied magnetic field produces a field that opposes its

cause. The diamagnetic materials have the relative permeability J.lr < I and

susceptibility X is a small negative value. The negative value of diamagnetic

materials is in accordance with the Lenz's law. Super conductors are perfect

diamagnets with X=-1

There are various diamagnetic materials; the strongest among them are

metallic bismuth and organic molecules such as benzene. Other examples include

metals like Cd, Cu, Ag, Sn, and Zn.

1.3.2 Paramagnetism

Paramagnetic substances have intrinsic permanent magnetic moments. When

an external field is applied, they tend to align themselves parallel to the field,

thereby intensifying the lines of force in the direction of the applied field. This

result in an over all magnetic moment that adds to the magnetic field.

Paramagnetism is independent of the applied field but is temperature dependent.

For ideal paramagnetic materials, the relative permeability J.lr > I and

susceptibility X is small positive and varies inversely with the absolute temperature.

Paramagnets are governed by Curie's law, which states that X is proportional to

l/T; Tbeing the absolute temperature.

Paramagnetic materials usually contain transition metals or rare earth

materials that posses unpaired electrons.

1.3.3 Ferromagnetism

A ferromagnetic substance has a net magnetic moment even in the absence

of the external magnetic field. This is because of the strong interaction between the

magnetic moments of the individual atoms or electrons in the magnetic substance

that causes them to line up parallel to one another. When the many individual

magnetic dipole moments produced in a material are appreciable, there can be long

range interactions. This results in large scale areas ofmagnetism called domains. In

ferromagnetic materials, the dipoles within a domain are all aligned and the

domains tend to align with an applied field. The energy expended in reorienting the
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domains from the magnetised back to the demagnetised state manifests itself in a

fag in response, known as hysteresis.

For ferromagnetic materials, the relative permeability ~ > 1 and

susceptibility X is large positive and varies with the absolute temperature. They

obey the Curie - Weiss law,

X C where C ande are Curie Weiss constants.
= (T-8)'

An important property of ferromagnets is the Curie temperature, named after

the French physicist Pierre Curie, who discovered it in 1895. Above the Curie

temperature ferromagnets become paramagnets, since there is sufficient thermal

energy to destroy the interaction between atoms that creates domains. i.e.

ferromagnetic materials, when heated, eventually lose their magnetic properties.

This loss becomes complete above the CUrie temperature. The Curie temperature of

metallic iron is about 770°C.

Ferromagnetism is exhibited mostly by metals and alloys. Iron, Cobalt and

Nickel are all examples of ferromagnetic materials. Chromium dioxide is another

material that exhibits ferromagnetism.

t .3.4 Anti ferromagnetism

Antiferromagnetism IS a weak magnetism, which is similar to

paramagnetism in the sense of exhibiting a small positive susceptibility. The

substances in which the magnetic moments interact in a way, such that it is

energetically favorable for them to line up antiparallel are called antiferromagnets.

The behavior of antiferromagnetic substances to an applied magnetic field

depends up on the temperature. At low temperatures, the arrangement of the atomic

dipoles is not affected, and the substance does not respond to an applied magnetic

field. When the temperature is increased, some atoms are loosened and align with

the magnetic field. This results in a weak magnetism in the substance.
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There is a temperature analogous to Curie temperature called the Neel

temperature, above which antiferromagnetic order disappears. Above the Neel

temperature the substance becomes paramagnetic. Most antiferromagnetics are

ionic compounds, namely, oxides, sulphides, chlorides and the like. MnO, Cr20 J.

MnS, NiCh etc are some examples of antiferromagnetic materials.

1.3.5Ferrimagnetism

The term 'Ferrimagnetism' was proposed by Neel in order to explain the

magnetism of ferrites. Ferrimagnets are a form of antiferromagnet in which the

opposing dipoles are not equal so they do not cancel out. Just like ferromagnetics,

fcrrimagnetic materials exhibit a substantial spontaneous magnetisation, which

makes them industrially important. Ferrimagnets are good insulators, making them

veryuseful in preventing energy losses due to eddy currents in transformers.

At a certain temperature, called the Curie point, the arrangement of the spins

become random, and the spontaneous magnetisation vanishes. Above this Curie

point, the substance exhibits paramagnetism. The most important ferrimagnetic

substances are ferrites and the naturally occurring mineral magnetite.

1.4 APPLICATION OF MAGNETIC MATERIALS

Man has used magnetic materials for thousands of years. Today they play an

important role and are widely spread in daily life applications. For instance, they

are found in numerous products such as home appliances, electronic products,

automobiles, communication and data processing devices and equipments. These

materials include metals, metal oxides, alloys, ionic compounds, ceramics and
polymers.

The most important use of magnets at home is in the electric motors. All

electric motors work on the principle of an electromagnet. These motors run the

pumps, fans, refrigerators, vacuum cleaners, washing machines, mixers etc.

AUdiotape and videotape players have electromagnets called heads that record and

read information on tapes covered with tiny magnetic particles. Magnets in speakers
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transform the signal into a sound by making the speakers vibrate. An electromagnet

called a deflection yoke in TV picture tubes helps form images on a screenlO
,14.

Magnets are also used in certain modern switches and other electrical accessories.

An important engineering application of magnetic materials is as permanent

magnets I6
•
6S

• The earliest and for a long time the only; application of the permanent

magnet was in the compass needle. Today the application of the permanent magnet,

in industry, transportation, in the automobile, aircraft, shipbuilding, power

distribution etc form a long list. The magnets used in the industry include

electromagnetic powered devices such as crane, cutters, fax machines, computers

etc. They are also used in electric indicators, integrating and recording meters,

process variable sensors, transmitters, analysers and controllers, alarm monitoring

systems in control panels and so on. In transportation, systems that use

electromagnetic materials are trains, "tractors, subways, trolleys, monorails,

escalators, elevators, cycle dynamos etc. Scientists and engineers have developed

trains that use electromagnetism to float it above the track. They use the force of a

magnet to levitate the train. It eliminates friction so it has an advantage of higher

speeds over ordinary trains. In the automobile, magnets are used in the magneto­

ignition system, parts in wipers, horns, starters, switches, induction motors, etc. In

the power sector, the major application of magnets is in the generators and

transformers. Generators in power plants rely on magnets like the ones found in

electric motors to produce electricity. Transformers are devices that use

electromagnetism to change high voltage electricity to low voltage electricity

needed in homes and industries.

The branch of magnetism finds lots of application in science and medicine.

The bending magnets are very powerful magnets that help control beams of atomic

particles, which are boosted into high speed devices called particle accelerators. An

important application of magnetism in medicine is magnetic resonance imaging

(MRI), The technique is used primarily in medical settings to produce high quality

images of the inside of the human body. MRI is based on the principles of nuclear

magnetic resonance (NMR), a spectroscopic technique used by scientists to obtain

microscopic, chemical and physical information about molecules. The principle of
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MRI is applicable in the human body because we are all filled with small biological

magnets, the most abundant and responsive of which is the nucleus of the hydrogen

atom, the proton. The principle of MRI takes advantage of the random distribution

of protons, which possess fundamental magnetic properties. Magnetic bottles are

created to hold plasmas, which is so hot they would melt any container made of

ordinary material, so they hold it in a magnetic field.

Magnetic materials are used at both radio and microwave frequencies. There

are numerous applications below microwave frequencies. Some of these are used

as cores in inductors, flyback transformers, magnetic memories and switching

devices. The memory and switching applications in digital computers and data

processing circuits involves the use of microsecond pulses for transmitting, storing,

and reading information expressed in a binary code. Other non-microwave

applications are transformers and tuned inductors. Applications at the microwave

frequencies include the use in making microwave devices such as waveguide

isolators, which can transmit in one direction but attenuate in the other. It is also

used in various polarization rotators, resonance isolators, modulators, phase

shifters, circulators and as microwave gyrators.

Composites magnetic materials find large variety of applications because of

their remarkable properties. They are used in magnetic recording media, color

imaging, magnetic memories for computers, magnetic fluids, magnetic

refrigeration, etc. Magnets based on rubber ferrite composites find applications in

many devices because of their easy mouldability, flexibility and microwave

absorbing properties.

Magnetic ceramics or ferrites are very well established groups of magnetic

materials. Research activity on ferrites in the last five decades, has led to

development of these magnetic materials. Magnetic ceramics participate in virtually

every area of application. Even though magnetic ceramics are very well established,

improvements and innovations continue to take place; many new and exciting

applications, theories and preparation technologies are currently under development.

Hence the study of ferrites and magnetic composites assumes significance.



Chapter 1

I.S RUBBER FERRITE COMPOSITES (RFC)

A composite can be defined as the material created when two or more

distinct components are combined". These composite materials, which comprise

two physically distinct phases - a soft material and a hard reinforcing material.

enjoy the conjoint properties of both the phases. If formulated and fabricated

properly, composites can offer a combination of properties and a diversity of

applications unattainable with metals. ceramics. or polymers alone. Thus

composites have exceptional and superior properties that surpass the performance

of the individual components. There are natural (e.g, wood. teeth, bone etc.) as well

as synthetic (e.g. alloys) composites. In polymers they include copolymers and

blends, reinforced plastics and material such as carbon black and non-black

reinforced rubber vulcanisate.

Polymer matrix composites are- often termed as advanced composite

materials. These are the commonly used advanced composites, which can be

fashioned into a variety of shapes and sizes. They provide great strength and

stiffness along with a resistance to corrosion.

Composite magnetic materials (composites with two or more phases where

at least one phase is magnetic) have the advantage that their physical properties can

be modified so as to tailor materials for various applications.

In magnetic polymer composites. both the magnetic filler and the polymer

matrix chosen affect processability and physical properties of the final product.

Hence the proper selection of fillers and the matrix is very important to tailor make

composites for various applications. The polymer must have appropriate physical

properties and reasonable stability. Also factors like percolation limits and nature

of the matrix namely saturation! unsaturation / polarity of the rubber all influences

the final properties of the composites. The macroscopic parameters of the

composites like modulus and tensile strength would be influenced by the

interaction between the filler and the matrix. The role of fillers in modifying the

properties of the composites is to be understood properly for developing RFCs with

the required properties for various applications. Thus a systematic study of these

composites would be very useful to design materials for specific applications.
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Flexible rubber magnets and plastic magnets are usually made by mixing

ferrite with an appropriate polymer using suitable compounding ingredients

according to specific recipe9
,67.68. Flexible magnets with appropriate magnetic

properties can be made by a judicious choice of magnetic fillers. The impregnation

of magnetic filler into the matrix not only imparts the magnetic properties but also

modifies the dielectric properties of the composites.

The incorporation of ferrite powders in natural or synthetic rubbers produce

flexible ferrites or rubber ferrite composites10,69·71• which has many novel

applications as magnets. For instance. the resistance to mutual demagnetisation is

as good as that of sintered isotropic ferrite. and the brittleness is replaced by

flexibility. Compared with alloy magnets the holding power is low. but it is

sufficient for many purposes. where cheapness and adaptability are more

important. Rubber ferrite composites (RFCs) can be synthesised by the

incorporation of ferrite powders in natural or synthetic rubber matrixes. Both the

soft and hard ferrites can be embedded in the polymer matrix. Soft ferrites like

nickel-zinc ferrite. manganese-zinc ferrite have been incorporated in the polymer

matrixes (both natural and synthetic) to produce RFCs72
• The incorporation of hard

ferrites in the elastomer matrix can not only bring economy but also produce

flexible permanent magnets which find extensive applications':".

Rubber Ferrite Composites have enormous application potential in electrical

and. electronic industries in different forms. These involve the use in magnetic

memories for computers, magnetic fluids. magnetic refrigeration. magnetostrictive

transducers. color imaging and in many applications that can be achieved by ceramic

materials. The rubber ferrite composites are useful as microwave absorbing materials

due to its dielectric properties and design flexibility. Some of these materials are used

as electromagnetic wave absorbers in the VHF and UHF bands7s
•
76

• Thus they find

applications in the microwave and radar technology applications.

The addition of carbon black is known to reinforce the matrixes; moreover,

earlier studies have indicated that the addition of fillers like carbon black on rubber

ferrite composites enhances the microwave absorbing properties of the composites":".

Therefore. studies pertaining to the incorporation of carbon black along with

magnetic fillers in elastomer matrixes are interesting and assume significance.
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1.6 PRESENT STUDY

Composites can offer a combination of properties and a diversity of

applications unobtainable with the individual components. This is exploited in the

preparation of rubber ferrite composites. Here the useful properties of the polymer

matrix and the ferrite filler are advantageously used for the production of RFCs.

The matrix and the filler are chosen to obtain the optimum properties for specific

applications. The magnetic polymer composites have the advantage that their

physical properties can be modified so as to tailor make materials for various

applications.

In the present study the hexagonal hard ferrite, namely barium ferrite,

BaFe12019 (BaF) and strontium ferrite, SrFe12019 (SrF) have been prepared by the

conventional ceramic techniques and characterised by XRD. These pre­

characterised magnetic filler are then incorporated into two different matrixes,

namely natural rubber (NR) and nitrile rubber (NBR) separately. The incorporation

is carried out according to a specific recipe and for various loadings of ferrite filler

and N330 (HAF) carbon black. The hard ferrites are selected, to produce flexible

permanent magnets. Possible value addition to the abundantly available natural

resource, natural rubber is also aimed at by undertaking this study. The nitrile

rubber is chosen considering its superior and special purpose applications. The

structural, magnetic, mechanical and electrical characterisation of these ceramic

filler as well RFC have been carried out and the results are correlated.

The main objectives of the present work can be summarised as follows:

~ Preparation ofbarium ferrite and strontium ferrite using ceramic technique.

~ Characterisation of the prepared ferrites using X-ray diffraction technique

(XRD).

~ The incorporation of these ferrites into elastomer matrix to produce rubber

ferrite composites (RFC).

~ Evaluation of the processability and mechanical properties of the RFCs.

??
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> Analysis of the dielectric properties of the ceramic BaF and SrF and RFCs

at various frequencies and temperatures

> Magnetic characterisation of the prepared fenite and RFCs using Vibration

Sample Magnetometer (VSM)

> Study the effect of loading of ferrite fillers on processing, mechanical,

dielectric and magnetic properties of RFCs.

> Study the effect of carbon black on the processing, mechanical, dielectric

and magnetic properties of RFCs.

> Correlation of properties.
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EXPERIMENTAL TECHNIQUES

The materials used and the experimental procedures adopted in the present

investigations are given in this chapter.

2.1. MATERIALS USED

2.1.1 Elastomers

2.1.1.1 Natural Rubber (NR)

ISNR -5 used in this study was supplied by the Rubber Research Institute of

India, Rubber Board, Kottayam. The Bureau of Indian Standard (BIS)

specifications for this grade of natural rubber are given below.

Dirt content, % by mass (max.) 0.05

Volatile matter, % by mass (max.) 0.80

Nitrogen, % by mass (max.) 0.60

Ash content, % by mass (max.) 0.60

Initial plasticity, P, (min.) 30.00

Plasticity retention Index (PR!) (min.) 60.00
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2.1.1.2 Acrylonitrile - butadiene rubber (Nitrile Rubber) (NBR)

Nitrile rubber used in this study was Aparene- N 553 manufactured by Apar

Polymers Ltd, Gujarat, India. It had the following specifications

Acrylo nitrile content (% by weight) 34

Mooney Viscosity, ML (1+4) at 100°C

2.1.2 Compounding ingredients

2.1.2.1 Zinc oxide

50

M/S. Meta Zinc Ltd., Bombay, supplied zinc oxide for the study. It had the

following specifications:

Specific gravity

Zinc oxide content, (% by mass)

Loss on heating (2hrs at 100°C), (%)

2.1.2.2 Stearic acid

5.5

98

0.5

Stearic acid used for the study, supplied by Godrej Soaps (Pvt.) Ltd.,

Bombay, having the following specifications:

Melting point, (0C)

Acid number

Specific gravity

Ash content, % by mass (max.)

2.1.2.3 Sulphur

65

200

0.8

0.1

Standard Chemical Company, Madras, supplied Sulphur. It had the

following specifications:

Specific gravity

Ash content, % by mass (max.)

Solubility in CS2•(%)

2.05

0.10

98
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2.1.2.4 Fillers

2.1.2.4. 1 Carbon black

High abrasion furnace black (HAF N-330) used in these experiments was

supplied by M/S. Philips Carbon Ltd., Cochin and had the following specification.

Appearance Black granules

OBP absorption, (eel 100 g)

Pour density, (glee)

Iodine number

Loss on heatinglhr (max) at 125°C, (%)

2.1.2.4.2 Barium Ferrite

102 ±5

0.39

82

2.5

Barium ferrite (BaF) prepared by the ceramic technique was used for the

preparation of RFCs.

2.1.2.4.3 Strontium Ferrite

Strontium ferrite (SrF) used for the preparation of RFCs was prepared by the
ceramic technique

2.1.2.5 Accelerator

2.1.2.5.1 N - Cylohexyl Bem.thiaul Sulphenamide (CBSj

The sample had the following specifications:

Ash content, % by mass (max.) 0.5

Moisture % by mass (max.) 0.5

Specific gravity 1.27

2.1.2.6 Plasticisers

2.1.2.6.1 Aromatic oil

Aromatic oil supplied by Hindustan Organic Chemicals having the following
specifications was used for the study.



Chapter 2

Aniline point, (C)

Ash content, % by mass (rnax.)

Viscosity gravity constant

Specific gravity

2.1.2.6.2 Dioctyl phthalate (DOP)

43

0.01

0.96

0.98

The dioctyl phthalate used was supplied by Rubo Synthetic Impex

Ltd.• Bombay and had the following specifications.

Specific gravity 0.98

Viscosity (cps)

2.1.2.7 Antioxidant (Vulkanox sPy

60

Commercial phenolic type ofantioxidant, Vulkanox SP was supplied by

Bayer India Ltd.

2.1.3 Other reagents used

2.1.3.1 Barium Carbonate

Barium carbonate (Analytical Reagent grade) used for the preparation of

barium ferrite was supplied by Qualigens Fine Chemicals, a Division of Glaxo

India Limited, Dr. Annie Besant Road, Mumbai 400 025. It had the following

specifications.

Molecular Weight

Assay (acidimetric), (%)

2.1.3.2 Strontium Carbonate

197.35

99

Qualigens Fine Chemicals supplied strontium carbonate (AR grade) used for

the preparation of strontium ferrite. It had the following specifications.

Molecular Weight

Minimum assay (acidimetric), (%)

147.63

99



Experimental Techniques

2.1.3.3Ferrous Sulphate

Qualigens Fine Chemicals supplied ferrous sulphate (AR grade) used for the

preparation of barium and strontium ferrite. It had the following specifications.

Molecular Weight 278.02

Minimum Assay (by Kmn04), (%)

2.1.3.4Oxalic acid

98

Oxalic acid used for the preparation of ferrous oxalate dihydrate was

supplied by Qualigens Fine Chemicals. It had the following specifications.

Molecular Weight 126.07

Assay (acidimetric), (%) 99.5

2.1.3.5Sulphuric acid

AR grade sulphuric acid used for the preparations was supplied by Qualigens

Fine Chemicals. It had the following specifications.

Molecular Weight

Assay (acidimetric), (%)

Wt. Per ml at 20oe, (g)

%.1.4 Solvents

2.1.4.1 Acetone

98.08

97-99

1.835

Acetone (AR grade) used for the preparations was supplied by Qualigens

Fine Chemicals. It had the following specifications.

Minimum assay by GLC, ( %) 99.5

Wt. Per ml at zo-c, (g)

Refractive index

0.789·0.791

1.35-1.36
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2.2 EXPERIMENTAL METHODS

The conventional method for preparing ferrites is the ceramic technique':",

which involve the firing of mixtures of iron oxide and the oxides of the

corresponding metal at high temperature. Several other procedures have been

employed to prepare the ferrite samples, including chemical eo precipitation":",

glass crystallization20-22, combustion method":", organometallic precursor

method", the pyrosol method 26, ball milling27.29, hydrothermal synthesis30.31, sol­

gel32-4I, aerosol synthesis 42,43, colloidal synthesis", cryochemical method",

microernulsion", liquid mix technique47.48, lyophilization (freeze-drying) and

coprecipitation", ion-exchange resin method 50 etc. Some of these methods have

the advantages such as to reduce the particle size and low temperature preparation.

But in general all these methods are more complex and more expensive than the

ceramic method. In the present work, the ceramic technique was adopted because it

provides a comparatively easier route for the bulk preparation of both barium and

strontium ferrites.

2.2.1 Ceramic Technique

Ceramic technique was employed to synthesise the barium and strontium

ferrites having the general formula M06Fe203 Where M stands for barium or

strontium. Ferrous oxalate dihydrate precursors were utilised for the synthesis of

these ferrites. Ferrous oxalate dihydrate (FOD) was first prepared by the eo­

precipitation technique. Analytical grade ferrous sulphate and oxalic acid were

utilised for this purpose. Appropriate amounts of the chemicals were weighed and

aqueous solutions of ferrous sulphate and oxalic acid were made using distilled

water. One or two drops of sulphuric acid were added in order to prevent the

oxidation of ferrous sulphate before making the solution. Ferrous sulphate solution

was heated to 60°C. Preheated oxalic acid (60°C) was added drop by drop to this

solution with the help of a separating funnel aided by constant stirring. When the

reaction was over, the solution was filtered and the precipitate washed with boiling

water. This was repeated to remove the excess of oxalic acid, if any, present in the

solution. The precipitate was then dried in a hot air oven at 100°C. Fine yellow

coloured particles of FOD were obtained. AR grade of barium carbonate and

1.11
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strontium carbonate were the other precursor materials employed for the

preparation ofbarium ferrite and strontium ferrite.

Pure a-Fe203' prepared by the decomposition of the freshly prepared ferrous

oxalate dihydrate was mixed with appropriate amounts of the AR grade barium

carbonate and strontium carbonate. A slurry was made by using AR grade acetone

in an agate mortar. They were homogenised thoroughly by mixing for a long time

and pre-sintered at 500°C for three hours in a furnace under ambient atmosphere.

The homogenisation and pre-sintering were carried out three time. The pre-sintered

powder sample of the BaF and SrF was then pressed in a hydraulic press into

cylindrical pellets by using a mould of die steel having a diameter of 12 mm. The

fmal sintering of the powder sample and the pellet in the furnace was carried out at

12000C for 24 hours. They were then cooled under ambient conditions and these

powders and pellets were used for further characterisation and studies. The

properties of the final product depend on the sintering temperature, time, cooling

rate and environment.

1.1.2 Structural Evaluation of Barium/Strontium Ferrite by X-Ray

Powder Diffraction

The X-ray powder diffraction technique was used to evaluate the various

structural parameters namely relative intensity 'IJIo', inter atomic spacing 'd', and

lattice parameter 'a'. The identification of the phase was also conducted by using

X-ray diffraction. The powder diffractograms of the samples were recorded by

employing Rigaku 0 Max -C, X-ray powder diffractometer using Cu Ka radiation

of wavelength (A) 1.54098 AO. From the XRD spectrum obtained '1/10', '28' and

'W values corresponding to each peaks were noted and the different parameters

were calculated by using the following relations. Inter atomic spacing was

calculated by utilising the relation SI·53

d= A
2sin8

where 'A' is the wavelength of the X-ray radiation used.

(2.1)
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The particle size was calculated from the XRD data by using Scherer
formula, which is given by

D = 0.9 A.
~ cosS

where 'P' is the full width half maximum of the intensity.

Surface area of the ceramic samples can be calculated by using the empirical relation

(2.3)

where 'D' is particle size in nm and 'p' is the density of the sample in g fcm3
54.

2.2.3 Mixing and processability study of the compounds using Brabender
Plasticorder

Brabender plasticorder has been widely used for measuring processability of
polymer. This torque rheometer is essentially a device for measuring the torque
generated due to the resistance of a material to mastication or flow under
preselected conditions of shear and temperature. The heart of the torque rhoemeter
is a jacketed mixing chamber whose volume is approximately 40 cc for the model

used (PL 3S). Mixing and shearing of the material in the mixing chamber is done

by horizontal rotors with protrusions. The resistance put up by the test material

against rotating rotors in the mixing chamber is indicated with the help of a

dynamometer balance. The dynamometer is attached to a mechanical measuring

system, which records the torque. A de thyrister controlled drive is used for speed

control of the rotors (0 to 150 rpm). The temperature can be varied up to 300°C. A

thermocouple with a recorder is used for temperature measurements. Different

types of rotors can be employed depending upon the nature of the polymer used.

The rotors can be easily mounted using the simple fastening and coupling system.

The rubber was charged into the mixing chamber after setting the test conditions.

When the nerve of the rubber had disappeared. the compounding ingredients were
added as per sequence given in ASTM D 3182 (1982). The final torque displayed

on the dial gauge was noted. The compound was discharged after completion of the

mixing. Mixing time and temperature were controlled during the process. The
homogenisation of the compound was carried out using a two roll mill.

36



Experimental Techniques

2.2.4 Homogenisation of the rubber compounds

• The mixing of rubber with the compounding ingredient was done in a

Brabender Plasticorder and the homogenisation of the compound was carried out

on a laboratory (l5x33 cm) two roll mill at a friction ratio of I: 1.25. The

temperature of the rolls was maintained at 60±5°C and the compound was

homogenised by passing six times endwise through a tight nip and finally sheeted

out at nip gap of 3 mm.

2.2.5 Determination of cure characteristics

The cure characteristics of the mixes were determined using a Goettfert

elastograph model 67.85. It is a microprocessor controlled rotorlesss cure meter with

a quick temperature control mechanism and well defined homogeneous temperature
distribution in the test chamber. It uses two directly heated, opposed biconical dies

that are designed to achieve a constant shear gradient over the entire sample
chamber. In this instrument, a circular shaped test specimen is kept in the lower half

of the cavity, which is oscillated through a small deformation angle (±O.2°). The
frequency of oscillations is 50 cycles/minute. The torque transducer on the upper die

senses the force being transmitted through the rubber sample. The following data can
be obtained from a typical e1astograph cure curve as shown in figure 2.1.

.1 Reversion

Time (Min)

Fig 2.1 A typical cure curve obtained from the elastograph

37
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(i) Minimum torque, ML

Torqoe obtained by mix after homogenising at the test temperature and

before the onset of cure.

(ii) Maximum torque, MH

Maximum torque recorded at the completion of cure.

(iii) Torque, MT

Torque at any given time T

(iv) Optimum Cure time, T90

This is the time taken for obtaining 90% of the maximum torque

(v) Scorch time, T IO

It is the time taken for two unit rise (0.02 Nm) above minimum torque (i.e.

about 10% vulcanization).

(vi) Induction time, T,

It is the time taken for one unit rise above minimum torque (i.e. about 5 %

vulcanization).

(vii) Cure rate index

Cure rate index is calculated from the following equation.

Cure rate index = 100 / T90- T 10

Where, T90 and T lo are the times corresponding to the optimum cure and

scorch respectively.

The elastograph microprocessor evaluates the vulcanisation curve and prints

out the data after each measurement.

2.2.6 Moulding of Test Specimens

The test specimens for determining the physical properties are prepared in

standard moulds by compression moulding on an electrically heated press having

45 x 45 cm platens at a pressure of 140 Kg cm-2 on the mould. The rubber
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compounds are vulcanised up to their respective optimum cure time at 150°C.

Mouldings are cooled quickly in water at the end of the curing cycle and stored in a

cool and dark place for 24 hours and are used for subsequent physical tests. For

samples having thickness more than 6 mm (abrasion resistance, compression set

etc.) additional curing time based on the sample thickness is given to obtain

satisfactory moulding.

2.3 PHYSICAL TEST METHODS

2.3.1 Stress Strain Properties

Tensile properties of the vulcanisate are determined as per ASTM 0 412

(1980) using dumb-be11 specimens on an Instron Universal Testing Machine,

Model 4411 Test System. All tests are carried out at 28±2°C. Dumbbell specimens

for the tests are punched out from the compression moulded sheets along the mill

grain direction using a standard die. The thickness of the narrow portion is

measured by bench thickness gauge. The sample is held between the two grips on

the UTM, the upper grip of which is fixed. The rate of separation of the power

actuated lower grip is fixed at 500 mmlmin. The tensile strength, elongation at

break and modulus at different elongations are recorded and evaluated after each

measurement by the microprocessor.

2.3.2 Abrasion resistance

The abrasion resistance of the samples is determined using a DIN abrader

(DIN 53516). Cylindrical samples of 15 mm diameter and 20 mm length is kept on

a rotating sample holder and 10 N load was applied. Initially a pre run is given for

the sample and its weight taken. The weight after the final run is also noted. The

difference in weight is the weight loss on abrasion. It is expressed as the volume of

the test piece abraded by its travel through 42 m on a standard abrasive surface.

The volume loss on abrasion was calculated as follows:

V ==M1/p

Where V == volume loss, L\M == mass loss, and p == density of the sample.

Abrasion resistance is the reciprocal of volume loss on abrasion.
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2.3.3 Hardness

Hardness IS defined as the resistance of a material to deformation,

particularly permanent deformation, indentation or scratching. Durometer hardness

tester is used for measuring the relative hardness of soft materials. It is based on the

penetration of specified indenter forced into the material under specified

conditions. It consists of a pressure foot, an indenter and a dial gauge. The indenter

is spring loaded and the point of the indenter protrudes through the opening in the

base. There are several instruments used to measure the hardness of soft sponge up

to ebonite type material. The most commonly used are Durometers Type A and

Type D. The basic difference between the two types is the shape and dimension of

the indenter. The hardness numbers derived from either scale are just numbers

without any units. Type A Durometer is used for measuring the hardness of

relatively soft materials and Type D Durometer is used for measuring the hardness

of harder material. The hardness measured using Type A Durometer is expressed in

a unit called 'Shore A' and that measured using Type D is called 'Shore D'. On

shore A scale 0 would be soft and 100 hard S4-S8.

The hardness (Shore A) of the moulded samples were tested by using Zwick

3114 hardness tester in accordance with ASTM D 2240 - 86. The tests were

carried out on a mechanically unstressed sample of 12 mm diameter and minimum

6 mm thickness. The test is conducted by first placing the specimen on a hard, flat

surface and the pressure foot of the instrument is pressed onto the specimen. A load

of 12.5N was applied and after ensuring firm contact with the specimen. the

readings were taken after 10 seconds of indentation.

2.4 ELECTRICAL CHARACTERISATION

2.4.1 Dielectric Constant

The investigation of the dielectric properties helps us in understanding the

nature and structure of the materials. An accurate measurement of these properties

will provide valuable information about the electrical behaviour of the materials

and its usefulness for various applications. This helps to improve the design and

quality of the existing devices. Hence an exact knowledge of the dielectric
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properties of a material is a prerequisite for many technological applications.

Information on dielectric properties is also very useful for improving the

microwave absorbing properties of the ferrites. The most important among the

dielectric properties is the dielectric constant or permittivity. The permittivity is

defined as the ratio of the field strength in vacuum to that in the material for same

distribution of charges. Dielectric constant is dependent on parameters like

frequency, temperature, orientation, composition, pressure and molecular structure

of the material. Applications in the microwave processing of food, rubber, plastics

and ceramics would benefit from the knowledge of dielectric properties.

An electrical conductor charged with a quantity of electricity q at a potential

V is said to have a capacity C=qN. The capacity of a simple parallel plate

capacitor is given by

E Ac=­
d

(2.4)

where A is the area of the parallel plates, d is the separation between the

plates and e is the ratio of dielectric constant of the medium between the plates to

thatof free space.

This equation is exploited in evaluating the dielectric constant of the ceramic

barium and strontium ferrites and rubber ferrite composites containing BaF/SrF in

natural and nitrile rubber.

The dielectric properties of the ceramic samples and the RFCs were studied

using a dielectric cell and an impedance analyser (Model: HP 4285A) in the

fRquency range 100KHz to 8 MHz. A dielectric cell was fabricated for this

purpose. Figure 2.2 shows a schematic diagram of the fabricated dielectric cell.

BaF and SrF samples. prepared by ceramic technique were made in the form

of pelIets having diameter of 12mm diameter. These were then loaded onto the

spring loaded sample holder assembly. The capacitance values at different

frequencies ranging from 100 KHz to 8 MHz were noted. The dielectric constant
was calculated using the formula

c ~ & 0'& r .A
d

(2.5)
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where A is the area of the sample pieces used and d their thickness. £0 and er are the

dielectric constant of air and the sample respectively and C is the capacitance

value.

The dielectric constants were evaluated for RFCs containing different

loadings of the BaF and SrF, both with and without carbon black in NR and NBR

matrix. For this disc shaped samples having diameter 12 mm were punched out

from the rubber sheet. The dielectric cell is provided with provisions for heating

and the measurements were carried out from 303K to 393K for all samples.

Dielectric phenomenon arises from the interactions of the electric field with

different charged species such as electrons, protons, ions and also the electron

shells and nuclei which constitute the dielectric material. In any dielectric material

there will be some power loss because of the work done to overcome the frictional

damping forces encountered by the dipoles during their rotations.

When an ac sinusoidal voltage source is placed across the capacitor, the resulting

current will be made of a charging current and a loss current that is related to the

dielectric permittivity. Here we have considered only in the relative permittivity

(Er) of the material and the loss (tan 0). Permittivity describes the interaction of a

material with an electric field. The relative permittivity is given by Er = El EO' The

complex relative permittivity is given by

o EO El - jell
Er = - = -----''---

Eo Eo
(2.6)

Where 'Eo' is the permittivity of free space, which is 8.854 x 10-12 Flm in SI

units. The real part of dielectric permittivity (El) is a measure of how much energy

from an external electric field is stored in a material. The imaginary part of the

dielectric permittivity (Er " ) is called the loss factor. It is a measure of the energy

dissipation or heat generation in the material when an external electric field is

applied. The loss current will be always in phase with the applied voltage. But the

charging current will be always out of phase and in ideal case the phase change

will be 90°. If loss current 'IL ' and charging current 'le' makes angles 'a' and '0'

respectively with the total current 'h' passing through the capacitor, the dielectric
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losS is given by 'tand', which is the ratio of the imaginary and real parts of the

dielectric constant.
(2.7)

I

12---1

.-----------1

;+-------- 3

t-t+--t¥:nt--------4

'LL.'1-+l-+fh<:>!-------s
--w--+t-~nt_-------6
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8
9

10
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1.HNC
2. Neopnne 0 Ring
3.MSChamber
4.55 Pipe
5. Sunph: Holder
6. Liq. Nitrogen Cavity

7. Glass Window
8.Copper Electrodes
9. Sunple

10. Fbdnl Screws
11. MSFlange
12. To Vacuum pump

Fig. 2.2 Schematic representation of dielectric cell

The special feature of this measurement is that the entire data acquisition and
evaluation of the dielectric constant were automated based on a software package
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developed and modified by us. This was done with the help of a base package
supplied by National Instruments called 'LabVIEW', which in turn is based on G

Programming. LabVIEW is a programming language for data acquisition, analysis,
simulation or computer control of instruments, techniques or processes. LabVIEW

is an acronym for Laboratory Virtual Instrument Engineering Workbench and is an
object oriented language and its style, syntax and data flow is different from
conventional linear programming languages. Appropriate modifications were
incorporated in the software so as to enable the data acquisition automatic and

visual observation of the graphs on the computer screen. The characteristic feature

of this automatic data acquisition is that it has been possible to acquire 20,000 data
points or more in a matter of 5 to 10 minutes. By using the modified package the

data can be plotted and analysed.

2.4.2 AC conductivity measurements

The ac electrical conductivity of both the ceramic and rubber ferrite
composites was evaluated by calculating the ac conductivity values using dielectric
parameters. The dielectric studies of both ceramic and rubber ferrite composites
were carried out using a dielectric cell and an impedance analyzer (Model: HP
4285A). Disc shaped samples were used to find out the dielectric constant. The
capacitance and dielectric loss in the frequency range 100KHz - 8MHz were found

out. Dielectric constant or relative permittivity was calculated using the formula

C.d
E =- (2.8)

r Eo.A

where d is the thickness of the sample, C the capacitance and A the area of cross

section of the sample. Er is the relative permittivity of the material which is a

dimensionless quantity. The ac conductivity of these samples were then evaluated
using the relation

<Jac = 2nf tand Eo Er (2.9 )

where f is the frequency of the applied field and tan8 is the loss factor. The

principle and the theory underlying the evaluation of <Jac from dielectric
measurements are based on a treatment dealt by Goswamy 64. The measured values

of Er and tanf from the dielectric measurements for both ceramic and RFCs were
used for the calculation of the ae conductivity.
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2.5 MAGNETIC CHARACTERIZATION

The magnetic characterization of both the ceramic BaF/SrF and rubber

ferrite composites (RFC) were carried out using a Vibrating Sample

Magnetometer.

2.5.1 Vibrating Sample Magnetometry

Instrument used for the magnetic measurements is a Vibrating Sample

Magnetometer (VSM), model: 4500 (EG&G PARC). A simplified block diagram is

given in figure 2.3 and the VSM set up used for the study is given in figure 2.4.

Magnetic properties of the rubber ferrite composites for different loadings of the

magnetic filler with and without carbon black were carried out. Parameters like

Saturation magnetisation (Mj), Magnetic remanence or Retentivity (M,) and

Coercivity (He) were evaluated from the hysteresis loops obtained at room

temperature.

Programming IMagnometer
Function Model 4500
Generator

Bipolar
Magnet

~ ~
Power Supply

Model 4500
Phase Sensitive
Electronics

L...------l Hall Probe
Gaussmeter

Fig. 2.3 Block diagram of VSM setup
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Fig 2.4 VSM set up used for the magnetic measurements

2.5.2 Principle and T heory involved in VSM

When a sample materia l is placed in a uniform magnetic field, a dipole

moment is induced in the sample. The amount of magnetic flux linked to any coi l

placed in the vicinity of this magnetic moment is given by

(2.10)

~ - permeability of free space

n - number ofrums per unit length of coil

M - magnetic moment of the specimen

cc _ Geomet ric moment decided by position of moment with respect to

coil as well as shape of coil.
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(2.11)

induces an emf in the stationary detection coil. The induced emf is given by

d4». aa jolt
V = --= - Jo.>J.lonMA(-)e

dt Oz
(2.12)

If amplitude of vibration (A), frequency and Ba are constant over the
Oz

sample zone then induced voltage is proportional to the magnetic moment of the

sample. This is the basic idea behind VSM 59-63.

When the magnetic material is placed in a uniform magnetic field, a dipole

moment is induced which is proportional to the susceptibility of the sample and the

applied field. If the sample is made to undergo sinusoidal motion, an electrical

signal can as well be induced in suitably located stationary pick up coils. This

signal, which is at the vibration frequency, is proportional to the magnetic moment

and vibration amplitude. This means of producing an electrical signal related to the

magnetic properties of a sample material is the basic principle used in the design of

a VSM to measure the magnetic properties.

In model PARC 4500 VSM the material under study is contained in a sample

holder, which is centered in the region between the poles of a laboratory

electromagnet. A slender vertical sample rod connects the sample holder with a

transducer assembly located above the magnet. The transducer converts a sinusoidal

ac drive signal in to a sinusoidal vertical vibration of the sample rod and the sample

is thus made to undergo a sinusoidal motion in a uniform magnetic field. Coils

mounted on the poles of the magnet pick up the signal resulting from the sample

motion. This ac signal at the vibrating frequency is proportional to the magnitude of

the moment induced in the sample. However it is also proportional to the vibration

amplitude and frequency. A servo system maintains constancy in the drive amplitude

and frequency so that the output accurately tracks the moment level without

degradation due to variation in the amplitude and frequency of vibration.

The servo technique uses a vibrating capacitor located beneath the

transducer to generate an ac control signal that varies solely with the vibration
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amplitude and frequency. The signal, which is at the vibration frequency, is fed

back to the oscillator where it is compared with the drive signal so as to maintain

constant drive output. It is also phase adjusted and routed to the signal demodulator

where it functions as the reference drive signal. The signal originating from the

sample in the pick up coils is then buffered, amplified and applied to the

demodulator. There it is synchronously demodulated with respect to the reference

signal derived from the moving capacitor assembly. The resulting de output is an

analog signal, which depends only on the magnitude of the magnetic moment, and

not influenced by the amplitude and frequency drifts.

The system is provided with facilities for low temperature measurements as

well for the thennomagnetisation measurements. That is, the variation of saturation

magnetisation with temperature can be studied by using this system.
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-

PREPARATION AND CHARACTERISATION
OF RUBBER FERRITE COMPOSITES

This chapter deals with the preparation and characterisation of barium and

atrontium ferrite and its incorporation into the rubber matrixes to prepare rubber

ferrite composites (RFC). The details of the characterisations carried out by

employing various analytical tools at appropriate stages are depicted in the form of

• flowchart as shown in figure 3.1.

ac conductivity Tensile & Hardness

Fig 3.1 Flow chart for the preparation and characterisation of RFC
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3.1 SYNTHESIS OF CERAMIC FERRITES

Both barium ferrite and strontium ferrite have been prepared by the ceramic

techniques'", Ferrous oxalate dihydrate (FOD) precursors were employed for the

synthesis of these ferrites. For the preparation of precursors the following method

was employed. Ferrous oxalate dihydrate was first prepared by the eo-precipitation

technique. a-Fe203 was prepared by the decomposition of freshly prepared ferrous

oxalate dihydrate.

3.1.1 Preparation of Ferrous Oxalate Dihydrate

AR grade of ferrous sulphate and oxalic acid were utilised for this purpose.

Appropriate amounts of the chemicals were weighed and aqueous solutions of

ferrous sulphate and oxalic acid were made by using distilled water. One or two

drops of sulphuric acid were added in order to prevent the oxidation of ferrous

sulphate before making the solution. Ferrous sulphate solution was heated to 60°C.

Preheated oxalic acid (60°C) was added drop by drop to this solution with the help

of a separating funnel aided by constant stirring, using a magnetic stirrer. When the

reaction is over, the solution is filtered and the precipitate obtained is washed with

boiling water. This was repeated to remove the excess of oxalic acid, if any,

present in the solution. The precipitate was dried in a hot air oven at 100°C. Fine

yellow coloured particles ofFOD were obtained.

3.1.2 Preparation of a-FezOJ(haemitite)

a - Fe203 was prepared by the decomposition of freshly prepared ferrous

oxalate dihydrate (FOD). The decomposition of FOD at 500°C for three hours

yielded haemitite (a-Fe20 3).
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;J.l.3 Preparation of Barium and Strontium Ferrites

Appropriate amounts of the AR grade barium carbonate and strontium

carbonate and a-Fe203 were taken and a slurry was made using AR grade acetone.

This mixture was thoroughly mixed using an agate mortar. The mixing was

oontinued for one hour to produce a homogeneous mixture of fine particles. After

drying, this homogeneous mixture was pre-sintered at around 500°C for six hours

iD a muffle furnace. The pre-fired samples were again mixed to ensure

homogeneity and again pre-fired at the same temperature. The pre-sintered powder

IlU'Ilple of the BaF and SrF were then pressed in a hydraulic press into cylindrical

peIlets by using a mould of die steel having a diameter of 12 nun. Final sintering of

the pre-sintered powder sample and the pellet were done at 1200°C by keeping it

inside the furnace for 24 hours. They were then cooled under ambient conditions.

.The final sintered samples were again grinded in an agate mortar for one hour to

ensure homogeneity. These finely ground powder and pellets were used for the

characterisation and for the preparation of RFCs. The properties of the final

product depend on the sintering temperature, time, cooling rate and environment.

BaC03+ 6 Fe203

srC03 + 6 FeZ03

3.1 STRUCTURAL EVALUATION

-----.~ BaFel2 0 19 + CO2

-----.~ SrFel2019 + CO2

The barium ferrite and strontium ferrite powder prepared by the ceramic

technique were analysed by x-ray powder diffraction (XRD) technique using X-ray

difftactometer (Rigaku Dmax-C) with Cu K, (A. = 1.5405 A0).The details are cited in

chapter 2. From the X ray powder diffractograms recorded for BaF and SrF,

parameters namely, inter atomic spacing (d), relative intensity (IJIQ x 100), and

particle size (D) were determined. The evaluation of the structural parameters

indicated that the compounds were monophasic without any detectable impurities

and were crystalline in nature. The XRD spectra of these ferrites are shown in figures
3.2 and 3.3.
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Fig 3.2 XRD spectrum of barium ferrite
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Fig 3.3 XRD spectrum of strontium ferrite

The interatomic spacing and their relative intensities matched well with that of

the reported values in the literatures'". The XRD data are given in tables 3.1 and 3.2.
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Inter atomic spacing, d (A0) Relative intensity, l/ 10 x 100

2.757 100

2.605 97

2.920 55

1.619 52

1.468 51

2.406 47

2.223 47

1.659 42

1.625 37

1.467 32

2.460 29

fl)ble 3.1 X-ray diffraction data for barium ferrite

Table 3.2 X-ray diffraction data for strontium ferrite

Inter atomic spacing, d (A0) Relative intensity, I / Io x 100

2.6086 100

2.7527 74

2.4088 49

1.4659 43

1.6585 40

2.8644 36

1.6169 35

2.5336 35

2.9285 33

2.2229 33

2.4961 31
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The particle size of the prepared ceramic sample depends very much on the

preparation methods and sintering conditions. Since the particle size and surface

area are inversely proportional, the increase in particle size, naturally decrease the

surface area and vice-versa. The average particle size was calculated from the

x-ray spectra using the Debye Scherrer formula (eqn.2.2) The average particle size

of BaF lie in the range 60-70 nm and had a surface area of 20-25 m2/g, whereas

that of SrF is in the range 25-35 nm with the surface area of around 50 m2/g.

However, it is to be noted here that the particle size 'D' determined by the

Debye Scherrer formula represents only the average distribution of the particles and

hence the surface area calculated by the formula s = 6000 m2/g is only indicative,
Dp

unlike that obtained from technique like BET (Branauer, Emmett and Teller).

3.3 INCORPORATION OF FILLERS IN RUBBER MATRIX.

The barium and strontium ferrites thus prepared and characterised were then

incorporated in natural rubber and nitrile rubber matrix according to the recipe

cited in table 3.3 and 3.4 respectively. Compounds were prepared for various

loadings of BaF and SrF, ranging from 40 to 120 phr in steps of20.

Table 3.3 Recipe used for compounding of natural rubber with barium and
strontium ferrite

Ingredients
Weight in grams

AO BO CO DO EO FO

Natural rubber 100.0 100.0 100.0 100.0 100.0 100.0

Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0

Stearic acid 1.5 1.5 1.5 1.5 1.5 1.5

Sulphur 2.5 2.5 2.5 2.5 2.5 2.5

CBS 0.8 0.8 0.8 0.8 0.8 0.8

Antioxidant (SP) 1.0 1.0 1.0 1.0 1.0 1.0

BaF/SrF 0 40 60 80 100 120
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,_le 3.4 Recipe used for compounding of nitrile rubber with barium and

·strontium ferrite

Weight in grams
f Ingredients

Al B1 Cl D1 El Fl
,

Nitrilerubber 100.0 100.0 100.0 100.0 100.0 100.0

Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0

Stearic acid 1.5 1.5 1.5 1.5 1.5 1.5

Sulphur 1.5 1.5 1.5 1.5 1.5 1.5

CBS 1.5 1.5 1.5 1.5 1.5 1.5

~tioxidant (SP) 1.0 1.0 1.0 1.0 1.0 1.0

BaF/SrF 0 40 60 80 100 120

't'~

.3.4 COMPOUNDING
f··

The mixing was first carried out in a Brabender Plasticorder model PL 3S at

700C for ten minutes at a speed of 50 rpm. This was then homogenised by using a

two roll mixing mill (15 X 33 cm) as per ASTM D 3182-89. The details of the

,mixing conditions are given in chapter 2., '

Studies carried out earlier'? on RFC have shown that the percolation

threshold was not reached even at a loading of 120 phr of magnetic fillers. Hence

Ibc 80 phr loading of BaF/SrF were taken as the control compound for further

Joadings of carbon black. RFC containing carbon black was prepared for various

Ioadings namely 10 to 50 phr, in steps of 10. The carbon black used was N330

(HAF), the properties of which are given in chapter 2.

The tables 3.5 and 3.6 shows the recipe used for the preparation of RFC

containing carbon black for NR and NBR respectively. It may be noted that the

compounds DO and 01 represent the base RFC containing the 80 phr of barium

ferrite and strontium ferrite in NR and NBR respectively.
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Table 3.5 Recipe used for compounding of natural rubber containing ferrite
filler and carbon black

Ingredients
Weight in grams

DO DOl D02 D03 D04 DOS

Natural rubber 100.0 100.0 100.0 100.0 100.0 100.0

Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0

Stearic acid 1.5 1.5 1.5 1.5 1.5 1.5

Sulphur 2.5 2.5 2.5 2.5 2.5 2.5

CBS 0.8 0.8 0.8 0.8 0.8 0.8

Antioxidant (SP) 1.0 1.0 1.0 1.0 1.0 1.0

BaF/SrF 80 80 80 80 80 80

Carbon black 0 10 20 30 40 50

Aromatic oil 0 1 2 3 4 5

Table 3.6 Recipe used for compounding of nitrile rubber containing ferrite
filler and carbon black

Ingredient
Weight in grams

Dl Dll D12 D13 D14 D15

Nitrile rubber 100.0 100.0 100.0 100.0 100.0 100.0

Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0

Stearic acid 1.5 1.5 1.5 1.5 1.5 1.5

Sulphur 1.5 1.5 1.5 1.5 1.5 1.5

CBS 1.5 1.5 1.5 1.5 1.5 1.5

Antioxidant(SP) 1.0 1.0 1.0 1.0 1.0 1.0

BaF/SrF 80 80 80 80 80 80

Carbon black 0 10 20 30 40 50

DOP 0 1 2 3 4 5
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3.5 DETERMINATION OF CURE CHARACTERISTICS OF RUBBER

FERRITE COMPOSITES

After the mixing and homogenisation, the compound was matured for a

period of 24 hours. Cure characteristics of the rubber compounds were estimated

using Goettfert elastograph model 67.85. The cure characteristics namely scorch

time, optimum cure time, cure rate index, minimum torque and maximum torque

were determined from the cure graph. The details of the measurement and the

results/discussion are cited in chapter 2 and 4 respectively.

3.6 PREPARATION OF TEST SPECIMENS

The cure time required for each RFC samples was determined from the

respective cure curves. The compounds were then vulcanised at 150°C on an

electrically heated laboratory hydraulic press up to their respective cure times to

make sheets of the sample. The entire test was carried out according to the ASTM

standards. The details are described in chapter 2.

3.7 CONCLUSION

Hexagonal hard ferrites namely barium ferrite and strontium ferrites were

prepared by the ceramic techniques. They were then characterised by using the X­

Ray Diffraction technique. Rubber ferrite composites (RFCs) containing various

loadings ofBaF and SrF were synthesised by the incorporation of these ferrites into

both natural rubber and nitrile rubber matrix. The carbon black filled RFCs were

prepared by incorporating varying amount of carbon black into RFC containing an

optimum quantity of ferrite. This method of preparation can be adopted for the

synthesis ofRFCs intended for microwave applications.
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CURE CHARACTERISTICS AND MECHANICAL
PROPERTIES OF

RUBBER FERRITE COMPOSITES

4.1 INTRODUCTION

Rubber ferrite composites, as mentioned earlier are composite materials with

ferrite fillers as one of the constituents and natural or synthetic rubber as the base

mamx'". In these composites both the magnetic filler and the polymer matrix chosen

affect the processability and other physical properties ofthe final product. In tailoring

composites for various applications it is necessary to select the proper filler and

polymer matrix. The physical and chemical properties of the magnetic composites

will possibly be influenced by the interactions with the filler and the matrix.

The knowledge of cure characteristics throws light on the processability of the

composites. Information regarding particle size and surface area of the filler are also

valuable tools in explaining the surface activity with respect to the components present

in the polymer matrix. The processability and other physical properties of the final

product depend not only on the filler properties but also on factors like percolation limit

or nature of the matrix, like saturation! unsaturation I polarity of the rubber.

It is important to study the processability of the polymers since the final

vulcanised product is to be prepared by moulding. Thus it is necessary to evaluate

the cure parameters. The cure parameters namely the maximum torque, minimum

torque, scorch time and cure time were evaluated. The variation in the cure
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parameters with loading of fillers was also studied. The mechanical properties of

these composites containing various loadings of the magnetic filler were

investigated. The effect of carbon black on the cure characteristics and mechanical

properties of these RFC were also studied. The preparation of RFC and analysis of

cure characteristics and mechanical properties assume significance not only in

tailor making compounds, but also in understanding various properties and the

related mechanisms.

4.2 CURE CHARACTERISTICS

The cure characteristics of RFC for various loadings of BaF/SrF and carbon

black were studied using Gottfert Elastograph model 67.85. The details of the

measurement are given in Chapter 2. A representative cure curve is shown in figure

4.1.
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Fig 4.1 Representative Cure curve for RFC

Graphs showing the variation in scorch time and cure time with loading of

barium ferrite filler and carbon black in NR are shown in figures 4.2 and 4.3

respectively. The Scorch time (tlO) and cure time (~) of these composites

decreased with the addition of ferrite fillers. The addition of carbon black further
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reduced both the scorch time and cure time. The scorch time decreased with the

filler loading because the heat of mixing increased as the filler loading increased.

The optimum cure time also decreased with the addition of fillers. The addition of

carbon black further decreased the time of cure.

Load;n, of ca,bon black(ph')

60so)02010o
S+-_----.JL-_---l..__-L__..L-_~I..__ _l

10 ,00 110 lOO

Loadin. of Baf (pi,,)

Fig 4.2 Variation in scorch time with loading of barium

ferrite filler and carbon black in NR
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Fig 4.3 Variation in cure time with loading of barium

ferrite filler and carbon black in NR
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Similar behaviour was observed with the strontium ferrite filler, with and

without carbon black in NR (Fig 4.4 and 4.5).
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Fig 4.4 Variation in scorch time with loading of strontium

ferrite filler and carbon black in NR
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Fig 4.5 Variation in cure time with loading of strontium

ferrite filler and carbon black in NR
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In the case ofNBR the variation in scorch time was almost similar to that of

BaF, SrF and carbon black containing RFCs. But the cure time slightly increased
with the initial addition of ferrite fillers (both BaF and SrF) and then showed a
decreasing trend as in the case ofNR. The cure time decreased with the addition of

carbon black. Figures 4.6 and 4.7 represent the variation in scorch time and cure
time with the loading of BaF and carbon black in NBR.
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Fig 4.6 Variation in scorch time with the loading of barium

ferrite and carbon black In NBR
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Fig 4.7 Variation in cure time with the loading of barium

ferrite and carbon black in NBR
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Similar behaviour is observed with the strontium ferrite filler. Figures 4.8

and 4.9 illustrates the variation in scorch time and cure time with loading of SrF

and carbon black in NBR.
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Fig 4.8 Variation in scorch time with the loading of strontium

ferrite and carbon black in NBR
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ferrite and carbon black in NOR
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Graphs showing the variation in minimum torque and maximum torque with

loading of barium ferrite filler and carbon black in NR are shown in figure4.10 and

4.11 respectively. The minimum torque (Md and maximum torque (MH) of these

composites increased with filler loading, both with ferrite and carbon black.

Minimum torque is a measure of the viscosity of the compound. It can be

considered as the measure of the stiffness of the unvulcanised compound. The

minimum torque, increased with the loading of filler, as expected. Maximum

torque gives an idea about the shear modulus of the fully vulcanised rubber at the

wlcanisation temperature. The maximum torque, which is an indication of the

modulus of the vu1canisates, increased with filler loading.
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Fig 4.10 Variation in minimum torque with loading of BaF

and carbon black in NR
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Loadingof oarboR bl""k (phr)
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Fig 4.11 Variation in maximum torque with loading of BaF
filler and carbon black in NR

Similar behaviour is observed in the case of NR based RFCs containing

strontium ferrite filler with and without carbon black. (Figs 4.12 and 4.13).
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Fig 4.12 Variation in minimum torque with loading of SrF
filler and carbon black in NR
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Fig 4.13 Variation in maximum torque with loading
of SrF and carbon black in NR

As in the case ofNR, the minimum and maximum torque showed an exactly

similar behaviour for NBR containing BaF with and without carbon black (Figs
4.14 and 4.15).

Fig 4.14 Variation in minimum torque with loading of BaF

and carbon black in NBR
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Fig 4.15 Variation in maximum torque with loading of BaF

and carbon black in NBR

The minimum and maximum torque obtained for the RFC containing
strontium ferrite in NBR, with and without carbon black is shown in figures 4.16
and 4.17 respectively. As in the case of RFCs containing BaF both with and

without carbon black, the strontium ferrite filled RFCs also showed an increasing
trend in torque values with the incorporation of the ferrite filler and carbon black.
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Fig 4.16 Variation in minimum torque with loading of SrF

and carbon black in NBR
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Fig 4.17 Variation in maximum torque with loading

orSrF and carbon black in NBR

It is evident from the graphs shown in figures 4.10 to 4.17, the minimum and

maximum torque increased with loading of fillers. The incorporation of BaF and

SrF increased the stiffness of the compound and modulus of the vu1canisates.

Evaluation of the cure parameters indicated that RFCs containing BaF and SrF with

and without carbon black reduced both the scorch time and cure time. This showed

that cure reaction is accelerated due to addition of these fillers and even though the

scorch time decreased with the addition of these materials, the composites were

still processable. These results showed that filler loading did not apparently affect

the processability of the compounds.

4.3 MECHANICAL PROPERTIES

Mechanical properties of the RFCs were determined using an Instron

Universal Testing Machine, Model 4411 Test System. The details of the

measurement are cited in Chapter 2. Dumbbell shaped samples were cut from the

prepared RFCs containing BaF and SrF, at loadings of 40,60,80,100 and 120 phr

according to ASTM D 412 (1980). Parameters namely tensile strength, modulus at



Ch4pter4

different percentage elongations and elongation at break, which are some of the

most important indications of the strength of the materia19
-
J2 were determined, The

effect of carbon black on the mechanical properties of these RFC were also studied

using dumbbell specimens cut from the prepared RFCs containing various loadings

of carbon black.

4.3.1 Stress strain properties of Rubber Ferrite Composites

4.3.1.1 Natural Rubber based RFCs

Tensile strength is a measure of the ability of a material to withstand the

forces that tend to pull it apart and to determine to what extent the material

stretches before breaking. The tensile properties and hardness of the RFC

containing various loadings of BaF in NR are shown in table 4.1. Table 4.2 shows

the effect of carbon black on the tensile properties ofRFC.

Table 4.1 Mechanical Properties of natural rubber based RFCs containing
barium ferrite

Barium ferrite Tensile Elongation 200% 300%
Hardness

loading Strength at break Modulus Modulus
(Shore A)

(phr) (MPa) (%) (MPa) (MPa)

0 23.95 691.1 3.14 4.88 40

40 20.97 623.3 4.37 7.10 42

60 20.90 516.2 5.35 8.74 45

80 18.70 504.8 5.49 8.59 47

100 18.50 485.1 5.83 9.26 49

120 16.72 482.9 6.32 9.68 52
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Carbon black Tensile Elongation 200% 300% Hardness
loading Strength at break Modulus Modulus (Shore A)

(phr) (MPa) (%) (M Pa) (MPa)

0 18.70 504.9 5.49 8.59 47

10 16.88 494.6 6.17 9.48 48

20 15.83 415.9 6.52 10.42 51

30 15.29 370.1 8.51 12.75 54

40 14.89 356.5 7.89 12.39 61

50 14.84 317.1 9.43 13.96 65

Table 4.2 Mechanical properties of natural rubber based RFCs containing 80
pbr of barium ferrite and various loading of carbon black

Figure 4.18 shows the variation in tensile strength of NR based RFCs

containing the various loadings of barium ferrite and its effect on the addition of

carbon black.
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Fig.4.tH Variation In tensile strength versus loading

of BaF and carbon black.
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The variation in tensile strength of NR based RFC containing the various

loading of strontium ferrite and its effect on the addition of carbon black is shown

in figure 4.19.
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Fig 4.19 Variation in tensile strength versus loading
of SrF and carbon black.

In both the cases the tensile strength decreased with the addition of ferrites.

This is due to the poor interfacial adhesion between the ferrite filler and natural

rubber. Filler reduces the effective cross section of the matrix in the RFC. This

leads to an increase in internal stress, at any given external loading, compared to

that of the unfilled rubber matrix. Stress concentration caused by the filler also

contributes to internal stress. Micro plastic deformation occurs around the filler

particles, which facilitate damage of the material at lower external load, as

compared to the unfilled material". As a consequence of the differential thermal

expansion coefficient, thermally induced internal stresses also occur around the

filler particles. This contributes to an increase of the dewetting stress.

.."
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Both surface area and its specific activity are important factors in

reinforcement I4
•
1S

• It is known that the reinforcement factor is a product of the total

surface area and specific activity. The particle size contributes to reinforcement

physically, while surface activity enhances the chemical contribution. However, the

physical adsorption of filler is of much greater importance than its chemical nature

for the mechanical properties of rubbers. The average particle size determination

by employing Debye -Scherrer equation has shown that the particle sizes of these

hexagonal ferrites are greater than that ofN330 carbon black (20-30 nm). Particles

having smaller size will have a much greater reinforcement effect than coarser

ones. The total interface area between the filler and the elastomer depends upon the

surface area of the filler and the amount of filler in the compound. Since the

particle size of BaF and SrF are higher than that of carbon black, the extent of

interface between the polymer and ferrite filler is less. Thus the RFCs with ferrite

fillers showed a lower tensile strength than that containing carbon black. The

mechanical properties will also be reduced at higher filler loading because of the

dilution effect, which is due to the diminishing volume fraction of polymer in the

composite. The addition of carbon black to RFCs containing 80 phr ofBaF and SrF

showed an increase in tensile strength up to a loading of 30 phr and thereafter it

decreased slightly. This is because of the fact that carbon black is a good

reinforcing filler and above 30 phr loading the tensile strength decreases because of

the dilution effect.

The modulus of the composites increased with the incorporation of both

ferrite filler and carbon black, which is characteristic of reinforcing filler. The

modulus at 300 % of these rubber ferrite composites showed a steady increase with

addition of BaF. Addition of 10 phr of carbon black to RFC with 80 phr of BaF

showed the same modulus as that obtained by 120 phr of BaF, which indicated the

reinforcing character of carbon black. Figure 4.20 depicts the variation in 300 %

modulus against the loading of BaF, which shows a linear trend.
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Fig 4.20 Variation in modulus at'300 % elongation against
the loading of BaF and carbon black

The mechanical properties of the RFC containing various loadings of SrF in

natural rubber are shown in table 4.3. Table 4.4 shows the effect of carbon black on

the mechanical properties of RFC.

Table 4.3 Mechanical properties of natural rubber based RFCs containing

strontium ferrite

Strontium ferrite Tensile Elongation 200% 300%
Hardness

loading strength at break Modulus Modulus
(Shore A)

(phr) (MPa) (%) (MPa) (MPa)

0 23.95 691.2 3.14 4.88 40

40 13.82 687.9 1.29 5.30 44

60 12.75 615.8 1.67 5.90 47

80 12.49 606.7 1.94 6.10 50

100 10.97 506 2.76 7.09 55

120 10.88 496 2.78 8.05 58
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Table 4.4 Mechanical properties of natural rubber based RFCs containing

strontium ferrite and carbon black
Carbon black Tensile Elongation 200% 300%

Hardness
loading Strength at Modulus Modulus

(Shore A)
(phr) (MPa) Break(%) (MPa) (MPa)

0 12.49 606.7 1.95 6.10 50

10 15.99 481.2 3.75 6.27 53

20 17.09 463.9 4.80 8.17 57

30 18.16 425.9 6.09 10.93 60

40 16.54 357.8 7.64 12.91 64

50 15.98 356.6 7.88 13.60 67

Figure 4.21 represents the variation in modulus at 300 % elongation against

the loading ofSrF, which also showed an increasing trend with the filler loading. In

the presence of carbon black the modulus further increased. Addition of 20 phr of

carbon black to 80 phr of SrF showed almost same modulus as that obtained by

120 phr of SrF.

Loading ofCorbon black (phr)

10 20 lO so 60

f 10

~! .
~ 'P---

...

.4

u

-A- StF

-- With Corbon bl••k

'40120'006020

o+--..........----.-----r-----,..---.,-----,-----1
o

Loading ofSrF (pbr)

Fig 4.21 Variation in modulus at 300% elongation versus
loadings of SrF and carbon black
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The elongation at break of the rubber ferrite composites with the addition of

barium ferrite is shown in figure 4.22.
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Fig 4.22 Variation in elongation at break with the addition of BaF.

The elongation at break of the RFC containing SrF, with and without

carbon black is shown in figure 4.23. The elongation at break showed a decreasing

trend with increasing loading of ferrite fillers and carbon black in the case of

natural rubber based RFCs.
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Fig 4.23 Variation in elongation at break versus loading of SrF
and carbon black.
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The hardness of these magnetic materials showed a steady increase with the

filler loadings Figure 4.24 represents the variation in hardness for RFC containing

BaP and carbon black in NR.
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Fig 4. 24 Variation in hardness for RFC containing

BaF and carbon black in NR.

Fig 4.25 depicts the increase in hardness of the RFC containing SrF and
carbon black in NR

Loldia, or carbon!>lICk (phr)

-A- Srf
-- With C.rbon black

a
70..I.

:(
; ..
~
e I.
~

41

40

al
0

to

ID

2. ID

I. 100

10

120

la

140

Loldinll orS,F (ph,)

Fig 4.25 Variation in hardness of the RFC containing SrF
and carbon black in NR
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Addition of20 phr carbon black to the RFC with 80 phr offerrite filler showed

an equivalent hardness to that containing 120 phr of BaF or SrF. This indicated that

the carbon black is enhancing the hardness of the composites, which is on expected

lines. Even after the addition of 50 phr of carbon black to RFCs containing 80 phr of

ferrite filler, they found to be flexible and serviceable. This property can be exploited

to make flexible magnets suitable for various applications.

4.3.1.2 Nitrile rubber based RFCs

The mechanical properties of the RFC containing various loadings of BaF in

nitrile rubber are shown in table 4.5. Table 4.6 shows the effect of carbon black on

the tensile properties of RFC. Figure 4.26 shows the variation in tensile strength of

RFC with the loading ofbarium ferrite and carbon black.

Table 4.5 Mechanical Properties of nitrile rubber based RFCs containing

barium ferrite

Barium ferrite Tensile Elongation 200% 300%
Hardness

loading strength at break Modulus Modulus
(Shore A)

(phr) (MPa) (%) (MPa) (MPa)

0 2.13 465.9 1.74 2.09 55

40 2.93 456.0 1.78 2.10 58

60 3.12 445.0 1.79 2.11 62

80 3.29 439.9 1.83 2.14 6S

100 3.44 394.0 1.87 2.14 67

120 3.26 304.7 1.90 2.24 69
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Table 4.6 Mechanical properties of nitrile rubber based RFCs containing

barium ferrite and carbon black

Carbon black Tensile
Elongation at

200% 300%
Hardness

loading Strength Modulus Modulus
Break(%) (Shore A)

(phr) (MPa) (MPa) (MPa)

0 3.29 439.9 1.83 2.14 65

10 6.35 428.2 2.29 3.56 70

20 11.59 422.3 3.03 5.48 74

30 15.26 410.1 4.99 9.60 76

40 19.02 389.7 5.88 11.68 78

50 20.76 345.3 7.80 15.39 81
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Fig 4.26 variation In tensile strength of RFC versus

loading of BaF and carbon black in NBR
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The variation in tensile strength of RFC containing the various loadings of

strontiumferriteand its effect on the addition ofcarbon black is shown in figure 4.27.
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Fig 4.27 Variation in tensile strength ofRFC

containing SrF with and without carbon black.

NBR gum vulcanisate has relatively low tensile strength compared to NR

gum vulcanisate due to lack of stress induced crystallization. The gum NBR

vulcanisate showed low tensile strength (2.13 MPa), which increased with

increasing filler loading. The addition of ferrite filler reinforce the NBR matrix and

showed a maximum reinforcement in the presence of carbon black. The addition of

the carbon black along with ferrite filler increased the tensile strength greatly

(around 20 MPa), since it act as a good reinforcing filler. The tensile strength

reduced at higher filler loadings because of the dilution effect, which is due to the

diminishing volume fraction ofpolymer in the composite.

Figure 4.28 represents the variation in modulus at 300 % elongation with the

loading of BaF filler and carbon black in nitrile rubber. Figure 4.29 depicts the

change in modulus with the loading of SrF and carbon black filler in nitrile rubber.

The modulus increased slightly with the addition ferrite fillers, but the increase was

more with the loading of carbon black
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Fig 4.28 Variation in 300 % modulus with the loading of BaF
and carbon black In NBR.
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The elongation at break of the RFC based on NBR containing BaF with and

without carbon black is shown in figure 4.30.
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Fig 4.30 Variation in elongation at break versus
loading of BaF and carbon black.

Figure 4.31 shows the elongation at break of the RFC containing SrF with

and without carbon black. The elongation at break showed a steady decrease with

increasing loading of ferrite fillers and carbon black in the case RFCs based on

nitrile rubber.
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Fig 4.31 Variation In elongation at break versus loading of
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The hardness of these magnetic composites showed a steady increase with

the filler loadings Figure 4.32 shows the variation in hardness for RFC containing

BaF and carbon black in NBR.

LoadilIlIohllllon black (phr)

50302010o
M+-----'--~---'------'--~-__l
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<­
j 70
~

12040 80 lIO 100

loadinll ofBaF (ph,)

20
50 +----r---.---.-----.---.------..----I

o

Fig 4.32 Variation in hardness for RFC containing UaF
and carbon black in NUR.

Figure 4.33 depicts the increase in hardness with SrF and carbon black loading

in NBR based composites. Addition of 10 phr carbon black to the RFC containing 80

phr of ferrite fillers almost corresponded to that produced by 120 phr of ferrite.
Loading orcllllon black (ph,)

80503010o
lIIit-----J.--....J.---"------'----'--------j

-6- S,f
__ Wi!hcubon black

1008020
5O+---,-.----r----,---.----.----.--~

o
Loading orS,f (ph,)

Fig 4.33 Variation in hardness of the RFC containing SrF
and carbon black in NR
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4.3.1.3 AbrasionResistance

The abrasion resistance of the samples was determined using a DIN abrader

(DIN 53516) as explained in the chapter 2. Figure 4.34 and 4.35 shows volume loss

on abrasion of the rubber ferrite composites containing barium ferrite and

strontium ferrite in nitrile rubber respectively.

Loadin. of .arbon black (phr)

60'01010o
16t-----'-----'---L..---.L----'-----j

.i 11

1
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j
-e •
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1401201006020
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o

Loadine of D.F (pM)

Fig 4.34 Variation in volume loss on abrasion versus loading
of BaF and carbon black in NBR
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Fig 4.35 Variation in volume loss on abrasion versus loading
of SrF and carbon black in NBR
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The abrasion loss showed an increasing trend with the loading of ferrite

fillers whereas in the case of rubber ferrite composites' containing various loading

of carbon black it was less. This is because the particle size of carbon black is finer

than that of ferrite fillers. Thus it is possible to produce flexible magnets for

various applications, which requires high abrasion resistance by the incorporation

of different loading ofcarbon black.

4.4 CONCLUSION

The studies on cure characteristics of rubber ferrite composites indicated that

the addition of magnetic fillers reduces both the scorch time and cure time. The

minimum and maximum torque values increased with the increasing loading of

ferrite filler and carbon black. Even though the scorch time decreased and the

torque values increased with the addition of these fillers, the processability of these

composites were not affected. The mechanical properties of the rubber ferrite

composites can be enhanced by the incorporation of appropriate amount of ferrite

filler and carbon black. The evaluation of cure characteristics and mechanical

properties revealed that the processability and flexibility of the matrix was not

much affected even up to a loading of 120 phr of ferrite fillers.
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DIELECTRIC PROPERTIES OF RUBBER
FERRITE COMPOSITES

5.1 INTRODUCflON

Rubber ferrite composites are composite magnetic materials, which have the

unique advantage of being modified so as to tailor make materials for specific

applications. Generally composites can offer a combination of properties and a

diversity of applications to produce materials that surpasses the performance of the

individual components. Thus the composites can be designed to exploit the best

properties of the constituents. Rubber ferrite composites prepared by incorporating

ferrites in rubber matrixes are increasingly being used as microwave absorbers and

in other devices where flexibility and mouldability is an important criterion. RFC

utilises this property of the polymer matrix along with the dielectric properties of

the magnetic fillers to obtain a combination of predetermined dielectric and

mechanical properties required for definite applications. The dielectric and

mechanical properties can be enhanced by the addition of required amount of

carbon black. Dielectric measurements on materials provide valuable information
about the matrix filler interaction, dispersion of filler and percolation threshold 1.3,

which are important designing parameters for application such as electromagnetic

wave absorbers, EM! shielding materials 4.S and many electronic applications 6-10.

It has been known that the dielectric properties of polycrystalline materials

are influenced by factors like preparative techniques, cation distribution, grain size,

<)1
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the ratio of Fe3
+IFe2

+ ions, ac conductivity and sintering temperature 11.12. The

dielectric properties of ceramic ferrite samples are also influenced by various

factors like method of preparation, sintering conditions, ionic charge, chemical

composition and grain size. The dependence of these factors on the dielectric

properties of ceramic fillers will have a profound influence on the overall physical

properties of the composites 13,14. When ferrites are fired at higher temperature it is

possible that films of high resistivity over the constituent grains are formed. Such

materials in which the individual grains are separated either by air gaps or by low

conducting layers behave as a heterogeneous dielectric material.

The evaluation of dielectric, structural and magnetic properties of the ceramic

BaF, SrF and RFCs are important since the interrelationship of the properties of the

filler and the matrix will help in the design ofdevices for various applications.

RFCs containing BaF and SrF in natural and nitrile rubber matrix were

prepared and their dielectric properties were evaluated. The ceramic ferrite samples

were prepared by conventional solid-state reactions. Their incorporation in natural

and nitrile rubbermatrix was achieved according to a specific recipe. The details of

preparation are cited in chapter 3. The variation in dielectric constant with

frequency for the ceramic ferrite and RFCs were studied. The effect of loading of

ferrite fillers and temperature on the dielectric constant of the composites was also

studied and the results were correlated in this chapter.

The effect of carbon black on the dielectric properties of the rubber ferrite

composites containing 80 phr of ferrite filler was also studied.

5.2 DIELECTRIC MEASUREMENTS

The dielectric constants of both ceramic and composite samples were

evaluated using a dielectric cell and an impedance analyser (Model: HP 4285A).

The dielectric measurements were carried out at different frequencies ranging from

100 KHz to 8 MHz. This was repeated for different temperatures ranging from

303K to 393K.

0")
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5.2.1 Ceramic samples

The dielectric constant of BaP and SrF samples were determined using an

experimental set up as described in chapter 2. The samples were made in the form of

pellets using a hydraulic press by exerting a pressure of 9 tons. These circular disc

pellets having a diameter of IOmm was loaded into the dielectric cell. The lead and

fringe capacitance was eliminated by a method described by Ramasastry and

Syamasundara Rao IS. The capacitances at 303K were measured in the frequency range

100KHz to 8 MHz. This was repeated at different temperatures of313K, 333K, 353K,

373K, and 393K. The dielectric constant, Er was calculated using the formula

C = EO Er AId (5.1)

Where A is area ofsample piece used, d is the thickness of the sample, Er is the

dielectric constant of the medium and Eo is the dielectric constant of air and C is the

observed capacitance of the sample. Dielectric constants at various temperatures and

frequencies were also determined. Knowledge of dielectric properties of the ceramic

samples at various frequencies and temperatures was considered as a prerequisite,

since the same material has to be incorporated in the rubber matrix.

5.2.1.1 Effect of'frequency on dielectric properties

In ferrite materials, very high dielectric constant at very low frequencies,

have been reported by various researchers 16-20. The reported values for dielectric

constant of ceramic samples show that the dielectric constant fall from a dc value

of several thousands to the normal values of the order of tens for a frequency of

around 100 KHz. These results have been explained by Koops phenomenological

theory and Maxwell-Wagner interfacial polarization 16,21.

The dielectric constants of the ceramic samples of BaF and SrF versus

frequency were plotted at different temperatures and are shown in figures 5.1 and

5.2. A decrease in dielectric constant with increase of frequency was observed in

this case also. This decrease was rapid at lower frequencies (up to 2MHz) and

slower at higher frequencies. The dielectric constant measurements were made up

to a maximum frequency of 8 MHz. The variation pattern remained the same for

both BaF and SrF. The dielectric constant ofBaF decreased from 25.85 at 100 KHz
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to 7.92 at 8 MHz whereas that of SrF decreased from 21.5 t09.26 in the same
frequency range.
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Fig 5.1 Dielectric constant (e) of ceramic BaF versus log frequency (Hz)
at different temperatures
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Fig 5.2 Dielectric constant (E) of ceramic SrF versus log frequency (Hz)

at different temperatures.

The observed decrease in dielectric constant with increase in frequency can

be explained using Koop's phenomenological theory of dispersion 21, which is

based on Maxwell Wagner theory of interfacial polarization. It is assumed that the
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-
dielectric structure of ferrites is formed in two layers, namely, the well conducting

pins and poorly conducting grain boundaries. At very low frequencies the oxide

grain boundaries are more active and this contributes to the very high dielectric

constant at low frequencies. A general relation of the following form explains the

variation ofdielectric constant with frequency.

ell =( r -rl)(el x (0) (5.2)

where &1 and ell are the real and imaginary part of the dielectric constant, rand r l

are the ac and de conductivities respectively, and 00 is the angular frequency which

is equal to 2nf, where f is frequency of the applied field.

5.2.1.2 Effect oftemperature on dielectric properties

The effect of temperature on the dielectric constant for the ceramic samples

was studied in the temperature ranging from 303K to 393K. At this temperature

range the permittivity value ofBaF increased from 25.85 to 33.76 at 1KHzand that

of SRF increased from 21.50 to 24.90. The variation in dielectric constant with

temperature for ceramic BaF and SrF are shown in figures 5.1 and 5.2 respectively.

It was observed that the dielectric constant of ceramic samples increased with

increase of temperature. In dielectrics, the dielectric constant increases with

temperature because of the increase in ionic polarization". The high dielectric

constants at low frequencies and high temperatures can be explained by the

presence of permanent dipole moments indicating a small effective charge

separation. Such a small separation must be due to asymmetry in the fields

experienced by either oxygen or metallic ions. In most cases, the atoms or

molecules in the samples cannot orient themselves at low temperature region.

When temperature rises the orientation of these dipoles is facilitated and this

increases the dielectric polarization. But at very high temperature the chaotic

thermal oscillations of molecules are intensified and the degree of orderliness of

their orientation is diminished and thus the permittivity passes through a maximum

value. In the present study the maximum temperature of measurement was only

393K and no decrease in dielectric constant was observed. Higher temperatures

were not considered in these experiments, since the upper service temperature



ChapterS ....

required for most of the RFC based products is below 373K. More over the

polymer matrix degrades at higher temperatures. The variation in dielectric

constant with temperature at low frequencies (100 KHz) was much more

pronounced than at higher frequencies. For both the samples similar behaviour was

observed. At higher frequencies temperature has little effect on the dielectric
constant 22.23.

5.2.2 Dielectric properties of gum natural rubber vulcanisate

The dielectric constant at different temperatures and frequencies of the gum

natural rubber vulcanisate was evaluated. The dielectric constant of unvulcanised

natural rubber is reported to be in the range 2.6 to 3.0. A dielectric constant of3.22

was obtained for gum NR vulcanisate. A decrease in dielectric constant with

increase in temperature was observed for natural rubber. The variation pattern is

shown in figure 5.3. This is because as temperature increases the mobility of the

polymer chain increases and hence density decreases 21. The reduction in polymer

density will cause a decrease in dielectric constant:

3.50

3.25

a 3.00

g...... 2.75
'S
j
u
is 2.50

2.25

2.00
5.0

-- lOlK
--6-- 113 K
-.- 3l3K-- lSl K-- 17l K-- 191 K

55 6.0

Log frequency(Hz)

GumNR vulcanisale

6.5 7.0

Fig 5.3 Dielectric constant versus log frequency of gum NR vulcanisate
at different temperatures.
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5.2.3. Dielectric Properties of gum nitrile rubber vulcanisate

The dielectric properties of gum nitrile rubber vulcanisate were also

evaluated. A dielectric constant of 13.7 was observed for nitrile rubber vulcanisate

at low frequencies and it decreased with increase in frequency. The high dielectric

constant of the nitrile rubber, compared to the natural rubber indicates that it is

superior in dielectric properties, compared to NR. The temperature dependence of

dielectric constant for the nitrile rubber matrix was also carried out. It showed a

slight increase in dielectric constant at low temperatures (13.9 at 313K) and then

decreased with increase in temperature. The increasing trend in dielectric values

was more pronounced at higher frequencies. At 2 MHz the dielectric value

increased with temperature up to 373K and then decreased slightly. The variation

pattern is shown in figure 5.4.

18,-----------------,

-- 303K
~ 313K
__ 333K

--- 3S3 K
__ 373K

-- 393K4

8

14r:S~~;:s~::;;::::~:=::",,~ Gum NORwlcanisate

7.08.58.0

Log l'rcqumcy (Hz)

5.5
2 +----...,......-----.-----,....----l

5.0

Fig 5.4 Dielectric constant versus log frequency of gum NBR vulcanisate

at different temperatures

5.3. DIELECTRIC STUDIES OF NATURAL RUBBER BASED RUBBER
FERRITE COMPOSITES

The dielectric properties of RFCs based on natural rubber were carried out at

different frequencies and temperatures. The dependence of dielectric constant on

various factors like frequency, temperature and loading of ferrite fillers and carbon
black were studied.
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5.3.1 Rubber Ferrite Composites containing barium ferrite

The RFCs containing BaF in natural rubber was prepared as cited in chapter

3. The dielectric properties of these RFCs and the effect of the addition of carbon

black were studied in detail.

5.3.1.1 Effect offrequency on dielectric properties ofRFC

The dielectric properties of natural rubber based RFCs with change in

frequency at different temperatures were carried out in detail. Almost similar

behaviour as that of the ceramic component present in the matrix was obtained in

the case of RFCs. The absolute values of the dielectric constant of the composites

were found to be greater than that of the gum NR vulcanisate, but less than that of

the ceramic BaF. It can be seen that the dielectric constant decreased with

frequency for composites containing different loadings of BaF. This behaviour is in

accordance with the Maxwell Wagner theory of interfacial polarization. Figures

5.5a to 5.5e shows the variation in dielectric constant of RFC with frequency at

different temperatures.
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Fig S.Sa Dielectric constant versus log frequency of NR based RFC
containing 40 phr BaF at different temperatures
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Figures 5.6a and 5.6b represents the variation in dielectric constant with

frequency for different loading ofBaF at 303K and 393 K respectively.
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Figures 5.7a and 5.7b depicts the variation in dielectric constant with

frequency for different loadings of carbon black at 303K and 393 K respectively. It
was observed that the variation in dielectric constant with frequency was more

pronounced at higher loadings of carbon black.
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Fig 5.7a Dielectric constant versus frequency ofNR based RFC containing 80
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5.3.1.2 Effect oftemperature on dielectric properties ofRFC

The effects of temperature on the dielectric properties of natural rubber

based RFCs containing BaF at various frequencies were studied. The dielectric

constant of rubber ferrite composites increased with increase in temperature. In
these composites the increase in dielectric constant with temperature was not so

prominent as in the case of ceramic samples. Representative graphs showing the

variation in dielectric constant with temperature for different loadings of BaF at

selected frequencies are shown in figures 5.8a to 5.8c.
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Fig 5.8a Dielectric constant versus temperature of NR based RFC

for different loadings of BaF at 100 KHz



Chapter 5
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But the RFC containing carbon black showed large increase in the

permittivity values, which is evident from the figures 5.9a t05.9c. It was also
observed that the variation of dielectric constant with temperature was more at

higher loading ofcarbon black.
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Fig 5.9c Dielectric constant versus temperature of NR based RFC containing
80 phr of BaF and different loadings of carbon black at 8 MOz

5.3.1.3 Effect ofloading on dielectric properties ofRFC

Variation in dielectric constant with the loading of BaF was also studied.
Figures 5.10a to S.IOf shows the variation in dielectric constant with loading of
BaF at different frequencies and temperatures. The dielectric constant was found to
increase with increase in weight fraction of the ferrite material. Dielectric constant
was found to be maximum for a loading of 120phr of BaF. It increased from 3.22
in the case ofNR gum vulcanisate to 4.86 for composite containing 120 phr ofBaF
at 100 KHz. As the frequency increased from 100 KHz to 8MHz the dielectric
constant decreased from 4.86 to 3.24.
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Fig 5.10a Dielectric constant versus loading of BaF in NR
for different frequencies at 303K
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8r---------------------,
313 K

5

2

o 20 40 80 80 lOO

lOllding of B.f (phr)

__ 100KHz

-- SooKHz
___ I MHz
__ 2MHz
__ 4MHz
__ 8MHz

120 140

Fig 5.10b Dielectric constant versus loading of BaF in NR

for different frequencles at 313K

8.,----------------------.
333K

2

o 20 40 60 80 100

__ 100KHz

-- 500K.Hz___ 1101Hz
__ 2101Hz

........ 4101Hz
__ 1101Hz

120 140

loadin. ofBaF (phr)

Fig 5.10c Dielectric constant versus loading of BaF in NR

for different frequencies at 333K



Clurpter5

6,..----------------------,

353 K
5

2

-+- 100KHz
-..- 500KHz
___ I MHz
__ 2MHz

-+- 4MHz
__ 8MHz

o 20 40 80 80 100 120 140

Loadingof OaF(phr)

Fig 5.10d Dielectric constant ve!sus loading of BaF in NR
for different frequencies at 353K

6.,---------------------.,
373 K

2

__ 100KHz

-4- ~ooKHz
__ IMHz

...- 2MHz
-+- 4MHz
__ BMHz

40 80 80 100 120 140

108

LoadingofBaF (phr)

Fig 5.10e Dielectric constant versus loading of BaF in NR
for different frequencies at 373K



Dielectric Properties of RFCs-
8

393 K

5

i 4

8
.~

] J

~ -.- 100KHz
-4- 500KHz
-.- I MH.

2 ____ 2 MHz

-.- 4 MHz
__ 8MHz

I
0 20 40 eo eo 100 120 140

laldinll ofBaF (pIIr)

Fig 5.10 f Dielectric constant versus loading of BaF in NR
for different frequencies at 393K

Moreover the addition of carbon black increased the dielectric constant
greatly. The variation pattern remains the same for all loadings of carbon black.
The RFC containing 80 phr of BaF, which has a dielectric constant of 4.55,
increased to 5.51 by the addition of 10 phr carbon black and it increased to 88.00
for a carbon black loading of 50 phr. Figures 5.11a to 5.11f depicts the variation in
dielectric constant with the loading of carbon black at different frequencies and
temperatures. The variation in dielectric constant with loading of carbon black was
more pronounced at lower frequencies than at higher frequencies.
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Fig 5.118 Dielectric constant versus loading of carbon black in NR based
RFC containing 80 pbr of BaF at various frequencies and 303K
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The variation in dielectric constant with the loading of BaF at different

temperatures is shown in figures 5.12a to 5.12f, which showed that the dielectric
constant values increase with the filler loading. The dielectric constant increased

from 4.86 to 4.92 in the temperature range of 303K to 393K for composites
containing 120 phr of BaF at IMHz. At 8 MHz it decreased from 3.24 to 3.16 for
the same temperature range. Hence at higher loading of BaF the effect of

temperature and frequency on dielectric constant was negligible.
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Fig 5.12a Dielectric constant versus loading of BaF in NR
for different temperatures at 100 KHz
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Fig 5.12b Dielectric constant versus loading of BaF in NR
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Fig 5.l2f Dielectric constant versus loading of BaF in NR
for different temperatures at 8 MHz

In the case of RFC containing 50 phr of carbon black the dielectric constant

increased from 88.00 to 135 in the temperature range of303K to 393K at 100 KHz,

whereas at higher frequency of 8MHz the dielectric constant increased from 17.20

to 26.60. Figures 5.13a to 5.13frepresent the variation in dielectric constant with

the loading of carbon black at different frequencies.
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Fig 5.13a Dielectric constant versus loading of carbon black in NR based
RFC containing 80 pbr ofBaF for various temperatures at 100 KHz



ChRpter5

100

500 KHz --+- 303K
80 -- 313K

-.- 333K

a
__ 3HK

60
--+-313K

g --+-3931(..
'fi .a1l
is

20

0
0 10 20 30 .a 50 80

LoIdingor carbonblack(phr)

Fig 5.13b Dielectric constant versus loading of carbon black in NR based
RFC containing 80 pbr of BaF for vario~ temperatures at 500 KHz

I MHz -+- 303 K
--....- 313 K
__ 333K

-- 353K
-- 373K
-+- 393 K

80

70

60

~ 50

§
.~

40

1l 30
is

20

10

0
0 10 20 30 40

loading of carbonblack(phr)

50 80

Fig 5.13c Dielectric constant versus loading of carbon black in NR based
RFC containing 80 pbr of BaF for various temperatures at IMHz

1 1 I:.



- Dielectric Properties of RFCs

110

2 MH~

50
__ 303K

-4- 313 K
-.- H3K

~
40

___ 3S3K
__ 373K

a __ 393 K
0
u

'S 30

~
is 20

10

0
0 10 20 30 .0 50 110

lolldinll ofcubon black (phr)

Fig 5.13d Dielectric constant versus loading of carbon black in NR based
RFC containing 80 phr of BaF for various temperatures at 2 MIIz

50

--4- 303K
4MHz ......... 313 K.0

..........- 333 K

......... 3S3K

I ~373K

30 --+- 393 K

,~
20

~

10

0
0 10 20 30 .0 110

Loading ofcubon black (phr)

Fig S.13e Dielectric constant versus loading of carbon black in NR based
RFC containing 80 pbr of BaF for various temperatures at 4 MIIz



Chapter 5

30

8MHz -- 303K
25 -- 313K

__ 333K

-- 3S3K

I
20 __ 373K

-- 393K

.~
15

~
is 10

5

0
0 10 20 30 40 50 60

Loadingof carbonblack(phr)

Fig S.13f Dielectric constant versus loading of carbon black in NR based
RFC containing 80 phr of BaF for various temperatures at 8 MHz

5.3.2 Rubber Ferrite Composites containing strontium ferrite

The RFCs based on natural rubber and strontium ferrite was prepared as

explained in chapter 3. The dielectric properties of these RFCs and its effect on the

addition ofcarbon black were studied in detail.

5.3.2.1 Effect offrequency on dielectric properties ofRFC

The variation in dielectric constant of the natural rubber based RFCs

containing strontium ferrite with frequency at different temperatures was studied.

Figure 5.14a represents the variation in dielectric constant with frequency for

different loadings of SrF at 393K, whereas figure 5.14b shows the variation in

dielectric constant with frequency of RFC containing 80 phr of SrF and different

loadings of carbon black at 393K. In this case also a similar behaviour as that of

the natural rubber based RFC containing BaF both with and with out carbon black

was observed in the temperature range of 303K to 393K.
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5.3.2.2 Effect oftemperature on dielectricproperties ofRFC

The temperature dependence on the dielectric properties of natural rubber

based rubber ferrite composites containing strontium ferrite at various frequencies

was studied. The effect of temperature on rubber ferrite composites containing

80phr of SrF and various loading of carbon black on RFC was also studied. Figure

5.l5a shows the variation in dielectric constant with temperature for different

loadings of strontium ferrite at 100 KHz.

The dielectric constant of rubber ferrite composites containing strontium

ferrite increased with increase in temperature. The addition of carbon black showed

considerable increase in the dielectric constant values, which is clear from the

figure 5.1Sb.
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Fig 5.15 a Dielectric constant versus temperature of NR based
RFC for different loadings of SrF at 100 KHz
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Fig S.lSb Dielectric constant versus temperature of NR based RFC containing
80 phr of SrF and different loadings of carbon black at 100 KHz

5.3.2.3 Effect ofloading offerrite on dielectric properties ofRFC

Variations in dielectric constant with loading of SrF in NR based RFCs were

also studied. Figures 5.16a and 5.16b shows the variation in dielectric constant with

loading of SrF and carbon black respectively at different frequencies and 303K. The

variation pattern was similar to that of the RFC containing BaF. Maximum value of

dielectric constant was observed for the loading of 120phr of SrF. The addition of

carbon black increased the dielectric constant to a greater extent The variation

pattern remained the same for all loading of carbon black. The RFC containing 80

phr of SrF had a dielectric constant of 5.89, which increased to 6.52 by the addition

of 10 phr carbon black. The carbon black is added up to 50 phr in steps of 10. The

resulting dielectric values at a frequency of lOO KHz were 10.2,25.6, 70.5 and 88.0

respectively. Thus it is evident that the addition of 10 phr of carbon black to RFC

containing 80 phr of SrF can enhance the dielectric constant that is obtained by the

incorporation of 120 phr of ferrite filler. It was also observed that the addition of 50

phr of carbon black to the RFC containing 80 phr of SrF gave the same dielectric

constant of 88.0 as that obtained by the incorporation of 50 phr of carbon black in

RFC containing 80 phr ofBaF.
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Fig 5.16a Dielectric constant versus loading of SrF in NR
for different frequencies at JOJK.

100

303 K

80

ig 80 __ 100KHz
U

--- 500KHz"'6 -..- I MHz

~ 40
__ 2MHz

'0 __ .cMHz
__ 8MHz

20

0
0 10 20 30 40 50 80

loadina ofcllbon black (phr)

Fig 5.16b Dielectric constant versus loading of carbon black in NR
based RFC containing SrF for various frequencies at JOJK
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The variation in dielectric constant with the loading ofSrF and carbon black at

different temperatures indicated that the permittivity values increased with the filler

loading. The dielectric constant increased from 6.45 at 303K to 8.22 at 393K for 120

phr loading of SrF at a frequency of 100 KHz. At 8 MHz the value increased from

3.71 to 4.62. The dielectric constant increased from 88.00 at 303K to 135 at 393K

with the addition of SO phr carbon black to RFC containing 80 phr of SrF at 100

KHz, whereas at a frequency of 8MHz the value increased from 17.7 to 19.60.

5.4 DIELECTRIC STUDIES OF NITRILE RUBBER BASED RUBBER
FERRITE COMPOSITES

The dielectric properties of nitrile rubber based RFCs were carried out at

different frequencies and temperatures. The effect ofdielectric constant on various

parameters such as frequency, temperature and loading of ferrite fillers and carbon
black were studied.

5.4.1 Nitrile rubber based RFCs containing barium ferrite

The rubber ferrite composites containing BaF in NBR was prepared as

explained in chapter 3. The effect of the incorporation of carbon black on the

dielectric properties of RFes was also studied in detail.

5.4.1.1 Frequency dependence on dielectric constant ofRFCs

The dielectric behaViour ofNBR based RFCs containing BaF with change in

frequency at different temperatures was studied. Figure 5.17a represent the

variation in dielectric constant with frequency for different loadings of BaF in NBR

at 393K. The absolute values of the dielectric constant of the composites were

found to be greater than that of the gum NBR vulcanisates but less than that of the

ceramic component. The dielectric constant decreased with increasing frequency

for composites containing different loadings of BaF, which is in accordance with

the Maxwell Wagner theory of interfacial polarization. Almost a similar behaviour

as that of the RFCs containing BaF in NR was obtained in this case also.
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Fig 5.17a Dielectric constant versus frequency of NBR based
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Figures 5.17b depicts the variation in dielectric constant with frequency for

different loadings of carbon black at 393K. It was observed that the variation in

dielectric constant with frequency was more at higher loadings of the carbon black.
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Fig 5.17b Dielectric constant versus frequency for NBR based RFC
containing BaF and different loadings of carbon black at 393K.
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5.4.1.2 Temperature dependence on dielectric constant ofRFCs

The effect of temperature on the dielectric constant of rubber ferrite

composites at various frequencies and different loading of barium ferrite and

carbon black was studied. The dielectric constant of rubber ferrite composites

containing barium ferrite in nitrile rubber increased initially with increase of

temperature and then decreased. This behaviour is different from that of the

natural rubber based RFCs. since nitrile rubber is a polar polymer and the

mobility of the dipole increases with temperature. Figure 5.18a illustrates the

variation in dielectric constant with temperature for different loadings of barium

ferrite at 100 KHz. The behaviour was similar for RFC containing carbon black

at lower loadings but at higher loading it showed an appreciable increase in the

permittivity values. Figure 5.l8b represents the variation in dielectric constant

with the loading ofcarbon black.
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Fig 5.18a Dielectric constant versus temperature for different
loadlngs of BaF In NBR at 100 KHZ
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5.4.1.3 Dependence ofBaF loading on dielectric constant ofRFCs

Variations in dielectric constant with the loading of barium ferrite and
carbon black were also studied. Figure 5.19a shows the variation in dielectric
constant with loading of BaF at different frequencies. The dielectric constant was
found to increase with the addition of the ferrite filler. As expected the maximum
value of dielectric constant was observed for a loading of 120phr of BaF.
Dielectric constant increased from 13.7 for NBR gum vulcanisate to 16.7 with 120
phr of BaF at 303K and a frequency of 100 KHz.
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Fig 5.19a Dielectrlc constant versus loading of BaF in NBR
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The incorporation of carbon black into RFC increased the dielectric constant

greatly. The variation pattern remained the same for all the loading of carbon

black. The RFC containing 80 phr of BaF had a dielectric constant of 16.2, which

increased to 17 by the addition of 10 phr carbon black at 303K and a frequency of

100 KHz. The dielectric constant of these composites increased from 27.3 for a

loading of 20 phr of carbon black to 219 for a loading of 50 phr of carbon black.

Figure 5.19b depicts the variation in dielectric constant with the loading of carbon

black at different frequencies. The variation in dielectric constant with loading of

carbon black was more pronounced at lower frequencies than at higher frequencies.
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Fig 5.19b Dielectric constant versus loading of carbon black

in NBR based RFC containing BaF at 303K

5.4.2 Nitrile rubber based RFCs containing strontium ferrite

The rubber ferrite composites containing strontium ferrite and carbon black

in nitrile rubber was prepared as explained in chapter 3 and the dielectric studies

were carried out. The dependence on the dielectric constant of RFCs on various

factors like frequency, temperature and loading of SrF and carbon black were

studied.
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5.4.2.1 Frequency dependence on dielectric constant ofRFCs

The variation in dielectric constant of NBR based RFCs containing

strontium ferrite with frequency at different temperatures was studied. It can be

seen that the dielectric constant decreased with frequency for different loadings of

SrF. The absolute values of the dielectric constant of the composites were found to

be in between that of the gum NBR vulcanisate and the ceramic SrF. Figure 5.20a

represent the variation in dielectric constant with frequency for different loadings

of strontium ferrite at 393 K. This behaviour was similar to that of the NBR based

RFCs containing BaF.
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Fig 5.20a Dielectric constant versus frequency for various

loadings of SrF In NBR at 393K.

Figure 5.20b represent the variation in dielectric constant with frequency for

different loadings of SrF at 393K. For higher loadings of SrF the decrease in

dielectric constant was more pronounced at lower frequency range than at higher

frequency range.
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Fig 5.20b Dielectric constant versus frequency for different loadings
of carbon black containing 80 phr SrF in NBR at 393K.

5.4.2.2 Temperature dependence on dielectric constant ofRFC

The effect of temperature on the dielectric properties of nitrile rubber based
rubber ferrite composites containing strontium ferrite and carbon black was
studied. The dielectric constant of rubber ferrite composites containing strontium
ferrite increased initially with increase in temperature and then decreased.
Figure5.21a illustrates the variation in dielectric constant with temperature for
different loadings of strontium ferrite at 100 KHz. This behaviour was similar to
that of the nitrile rubber based rubber ferrite composites containing barium ferrite.
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Fig 5.21a Dielectric constant versus temperature for various
loadings of SrF in NBR at 100 KHz
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The addition of carbon black caused appreciable increase in the dielectric

constant. Figure 5.21b represents the variation in dielectric constant with

temperature for various loading of carbon black. It was observed that the increase

in dielectric constant with temperature was more at higher loadings of the carbon

black.
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Fig S.21b Dielectric constant versus temperature for NBR based RFCs

containing 80 phr SrF and various Joadings of carbon black.

5.4.2.3 Dependence ofSrF loading on dielectric constant ofRFC

Studies on the variation in dielectric constant with the addition of strontium

ferrite were also carried out. It was observed that the dielectric constant increases

with increase of volume fraction of the ferrite material. Dielectric constant was

maximum for a loading of l20phr of strontium ferrite. At 303K the dielectric

constant of the nitrile rubber gum vulcanisate increased from 13.7 to 18.5 for a

loading of 120 phr of SrF at 100 KHz. The dielectric constant of these rubber

ferrite composites decreased as the frequency increases. Figure 5.22a shows the

variation in dielectric constant with loading of strontium ferrite for different

frequencies at 303K.
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Fig 5.22a Dielectric constant versus loading of SrF in NBR
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The addition of carbon black significantly increased the dielectric constant.

The RFC containing 80 phr of SrF showed a dielectric constant of t6.6, which

increased to 19.5 by the addition of 10 phr carbon black at 100KHz. Further

addition of carbon black in steps of 10 up to 50 phr, the dielectric constant

increased to 31, 42, 106 and 196 respectively. Figure 5.22b represent the variation

in dielectric constant with the loading of carbon black on NBR based RFCs

containing 80 phr of strontium ferrite at different frequencies and 303K. The

increase in dielectric constant with loading of carbon black was more pronounced

at lower frequencies than at higher frequencies.
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5.5 AC CONDUCTIVITY STUDIES

The ac conductivity of the ceramic BaF and SrF, NR and NBR gum

vulcanisates and composites containing these ferrites are evaluated using the data

obtained from the dielectric measurements.

5.5.1 Introduction

Every materials conduct electricity to a greater or lesser extent. Ferrites are

an important group of magnetic materials with a wide range of applications due to

their magnetic properties and low dielectric loss. The electrical properties are

significant for ferrites and composites containing these ferrites. The study of ac

electrical conductivity gives an idea about the behaviour of charge carriers under
an ac field, their mobility and the mechanism of conduction 24-31.

Rubber ferrite composites are important class of materials made by

incorporating ferrite filler in natural rubber or synthetic rubber. Their applications

range from electronic and electric industries, motor stators and rotors, information
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technology, printing and decoration. The size, shape and magnetisation pattern can

be designed according to user's need. Though literature on the ac conductivity of

ceramic ferrite fillers exists, data on rubber ferrite composites are rather scarce.

RFCs are essentially dielectric materials and their electrical properties are very

important from the application point of view. Hence studies on ac conductivity on

RFC and the correlation with that of the corresponding fillers assumes significance.

It was reported that the electron hopping between Fe2
+ and Fe3+ is

responsible for conduction in ferrites. The conductivity studies on ferrites carried

out by various researchers proved its semiconducting behaviour and also proved

the dependence of electrical conductivity on preparation condition, sintering time,

temperature and the types of impurities 32.37.

The evaluation of ac electrical conductivity of ceramic BaF and SrF, NR and

NBRgum vulcanisate, as well as the rubber ferrite composites was calculated using

the data obtained from the dielectric measurements as explained in chapter 2.

Their dielectric constant and dielectric loss were evaluated by parallel plate

capacitor method by using a dielectric cell and an Impedance analyzer (HP

4285A). The acquisition of tanf values from dielectric permittivity measurements

and subsequent evaluation of ac conductivity have been made automatic.

From the dielectric loss and dielectric constant, ac conductivity of these

samples were evaluated using the relation

crac = 21tf tanf Eo Er (5.3)

where f is the frequency of the applied field, Eo is the absolute permittivity, Er

is the relative permittivity and tano is the loss factor.

AC conductivity of the ceramic samples, NR and NBR gum vulcanisates and

RFCs were evaluated in the frequency range from 100KHz to 8MHz. The

measurements were done at different temperatures of 303, 313, 333, 353,373 and

393K. The RFCs studied were based on NR containing various loading of SrF and

carbon black.
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5.5.2 Effed of frequency on ac conductivity

The frequency dependence on the ac conductivity of the ceramic ferrites, NR

and NBR gum vulcanisate were evaluated from the dielectric measurement data

employing the equation 5.3.

5.5.2.1 Ceramic samples

The ac electrical conductivity of both ceramic BaF and SrF were calculated

from the dielectric constant and dielectric loss values at different frequencies. The

ac conductivity increased with frequency for both samples.

In ferrites the low conductivity is associated with the simultaneous presence

of ferrous and ferric ions on equivalent lattice sites (usually octahedral sites). In
such a situation the mechanism of conduction that comes into play is the Verwey

type conduction or hopping conduction. The electrical conduction in BaF and SrF

with the structural formula BaFelZOl9 and SrFel20lJ respectively is explained by

the hopping mechanism. The extra electron on a ferrous ion requires only very

small energy to move to a similarly situated ferric ion. The valence states of the

two ions are interchanged. Under the influence of an electric field these extra

electrons can be considered to constitute the conduction current by hopping or

jumping from one 'iron' ion to the other. Depending on the sintering conditions

such ions with different valence states can be produced during preparation of ferrite

samples. Also a partial reduction of Fe3
+ to Fez

+ ions is possible at elevated firing

temperatures of the order of 1000K.

The variation in ac conductivity with frequency at 303K for the ceramic BaF

and SrF samples are given in figures 5.23 and 5.24 respectively. The ac

conductivity showed an increasing trend with increase in frequency for both the

samples. But at frequencies above 5MHz the ac conductivity values showed a

decreasing trend. This behaviour can be explained as follows.

The dielectric structure of ferrites is given by Koops Phenomenological

theory and Maxell-Wagner theory. According to this theory dielectric structure was

formed by a first layer of fairly well conducting ferrous ions, which is separated by

a thin layer of poorly conducting grain boundary formed by oxygen ions. At lower

frequencies these grain boundaries are more active and hence hopping of FeZ'" and
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Fe3+ ion is less. As the frequency of the applied field increases the conductive

grains become more active by promoting the hopping between Fe2+ and Fe3
+ ions,

there by increasing the hopping conduction. Thus a gradual increase in

conductivity with frequency is observed. At higher frequencies the frequency of

the hopping ions could not follow the frequency of the applied field and it lags

behind it. This causes a dip in conductivity at higher frequencies.
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Fig 5.23 Variation in ac conductivity of ceramic BaF versus

log frequency at various temperatures
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Fig 5.24 Variation in ac conductivity of ceramic SrF versus
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5.5.2.2 Natural rubbergum vulcanisate

In most polymers it is difficult to detect any electrical conductivity and most
of the conductivities observed is due to the presence ofnon rubber constituents like
ions from impurities such as catalyst residues, dissociable end groups and
degradable products. Unvulcanised natural rubber is nonconducting and the
vulcanised rubber contains different compounding ingredients which may act as
carriers for conduction. Also polymers are known to be semicrystalline and natural
rubber can be thought of as a continuous matrix of an amorphous polymer in which
properties are modified by the crystalline regions that act as the reinforcing centres.
As far as the electrical properties are considered the crystalline centres lower the
conductivity. If the conduction is ionic, ion mobility through the crystalline region
will be low and in the case of electronic conduction the crystalline amorphous
interface may act as a trapping region. Thus it can be considered similar to
Maxwell-Wagner two layer model4

ll-4i .

The variation in ac conductivity with frequency for NR gum vulcanisate is
given in figure 5.25. It can be observed that the ac conductivity increases with
increase in frequency and drops after reaching a maximum at higher frequencies.
At lower frequencies the crystalline-amorphous interface may be more active and
as the frequency increases the ions are able to move across this interface. which in
turn will increase the conductivity. High frequency limit is reached when applied
frequency is greater than maximum hopping rate.
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Fig 5.25 Variation in ac conductivity versus log frequency of NR gum
vulcanisate at various temperatures
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5.5.2.3 Nitrile rubber gum vulcanisate

The ac conductivity of the NBR gum vu1canisate has been obtained from the

dielectric measurements. The variation in ac conductivity with frequency for NBR

gum vulcanisate is given in figure 5.26. It can be observed that the ac conductivity

increases with increase in frequency and drops after reaching a maximum at higher

frequencies, especially at high temperatures.
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Fig 5.26 Variation in ac conductivity versus log frequency ofNBR gum
vulcanisate at various temperatures

5.5.3 AC conductivity studies of NR based rubber ferrite composites

Using the data obtained from the dielectric measurements, the ac conductivity

of the NR based RFCs containing 40,60,80,100 and 120 phr ofSrF were calculated.

The effect of carbon black on the ac conductivity of RFCs containing 80 phr of SrF

and 10, 20,30,40 and 50 phr of carbon black was also studied.

5.5.3.1 Frequency dependence on AC conductivity ofRFCs

The ac conductivity of the NR based RFC containing SrF was done at

different temperatures and frequencies. The RFCs also showed the same trend as

that of the ceramic ferrites. The figure 5.27 depicts a representative graph showing

the variation in ac conductivity versus log frequency of the RFCs.
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Fig 5.27 Variation in ae conductivity versus log frequency of NR
based RFC containing 60 phr of SrF at various temperatures.

Figure 5.28 depicts the variation in ac conductivity versus log frequency of NR

based RFCs containing various loading of SrF at 303K. The ac conductivity increased

with frequency for all the samples including the NR gum vulcanisate and then showed

a dip at higher frequencies. The decrease in conductivity at high frequencies is due to

the lag in hopping of the charge carriers with the applied field frequency.
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Fig 5.28 Variation in ac conductivity versus log frequency ofNR
based RFC containing various loading of SrF at 303K
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Since the incorporation of carbon black is found to enhance the micro wave
absorbing properties, the NR based RFCs containing 80 phr of SrF and various

loading of carbon black were prepared and the ac conductivity was studied. Figure

5.29 shows the variation in ac conductivity of these RFCs with frequency for various

loading of carbon black. The ac conductivity increased with increasing frequency

and showed a slight dip at higher frequencies. More over the ac conductivities

increased with the loading of carbon black. This is because carbon black acts as
semiconducting materials.
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Fig 5.29 Variation in ac conductivity with log frequency of NR based
RFC containing 80 phr of SrF and various loading of carbon black.

5.5.3.2 Temperature dependence on AC conductivity ofRFCs

The temperature dependence on the NR based RFC containing 40,60, 80,

100 and 120 phr of SrF was evaluated at a frequency of IMHz. The figure 5.30

depicts a representative graph showing the variation in ac conductivity of RFCs

with temperature.

The ac conductivity of the RFCs showed a slight increase with increase in

temperature. This is due to increase in hopping between Fe2
+ and Fe]+- ions at

higher temperatures. In the case of NR gum vulcanisate a decrease in conductivity

is noticed due to its nonconductive nature.
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Fig 5.30 Variation in ae conductivity versus temperature ofNR
based RFC containing different loading of SrF at 1MHz.

The temperature dependence on the ac conductivity of the RFCs containing

carbon black was studied using the dielectric parameters. Figure 5.31 shows the

variation in ac conductivity of these composites with temperature at IMHz.The

addition of carbon black into the RFCs slightly enhanced the ac conductivity with

increase in temperature up to 353K. At lower loading of carbon black the increase

in ac conductivity with temperature was not so prominent.
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5.5.3.3 Dependence offiller loading on ac conductivity

The effect of loading of SrF on ac conductivity NR based RFCs was also

carried out within the frequency range of 100 KHz to 8 MHz at 303K. The figure

5.32 depicts the variation in ac conductivity versus temperature of the RFCs

containing various loading of SrF at 303K. The ac conductivity of the RFCs

increased with the increasing loading of SrF, which is due to the increase in weight

fraction of the ferrite filler in the composites. The ac conductivity of these

composites increased with the increase in frequency.
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Fig 5.32 Variation in ac conductivity versus loading of SrF in NR
for different frequencies at 303K..

The effect of loading of carbon black on the NR based RFCs containing 80 phr

ofSRF was also studied. Figure 5.33 depicts the variation in ac conductivity versus

loading of carbon black in NR based RFCs containing 80 phr of SrF at 303K.
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Fig 5.33 Variation in ac conductivity versus loading of carbon black in NR
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The ac conductivity of the carbon black containing RFCs steadily increased

with the increasing loading of carbon black. The conductivity values showed an

increa,se with increasing frequency due to the higher hopping conduction at higher

frequencies.

5.6 CONCLUSION

The rubber ferrite composites intended for microwave applications warrants

appropriate dielectric and mechanical properties. For applications involving RFCs

at high frequencies it is necessary to modify the magnetic and dielectric properties.

The dielectric constant decreased with increase of frequency for ceramic

samples of BaF and SrF, natural rubber and nitrile rubber gum vulcanisate and for

the RFC samples, both with and without carbon black. The dielectric constant of

these materials increased with increase in temperature. But for composites

containing BaF and SrF the increase in dielectric constant with temperature was not

so prominent as in the case of ceramic samples, whereas in the case of RFCs

containing carbon black it showed an appreciable increase with the temperature.

The dielectric constant of NBR gum vulcanisate was found to be greater than that

......
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of NR gum vulcanisate, which indicated that that NBR is superior in dielectric

properties compared to NR.

The additionoffenite fillersto both naturaland nitrilerubber increased thedielectric

constant. It was observed that the dielectric constant increases with increase in

volume fraction of the ferrite material. Maximum value of dielectric constant was

observed for a loading of 120phr of ferrite filler. The incorporationof carbon black

into these RFCs increased the dielectric constant values to a greater extent. The dielectric

constant increased substantially even with addition of 10 phr of carbon black into RFCs

containing 80 phr of ferrite fillers. The RFCs containing BaF/SrF in NBR along with

carbon black is superior when compared to RFCs based on NR for dielectricapplications

The ac conductivity increased with frequency for ceramic samples, NR and

NBR gum vulcanisates and rubber ferrite composites containing SrF with and

without carbon black. For the ceramic BaF and SrF the ac conductivity were found

to be almost the same. NBR gum vulcanisate showed high ac conductivity than that

of NR gum vulcanisate. The ac conductivity of the RFCs increased with the

increasing loading of SrF. In the case of carbon black containing RFCs the ac

conductivity steadily increased with the increasing loading of carbon black.

Thus addition of ferrite fillers and appropriate loading of carbon black into

natural and nitrile rubber matrix can modify the dielectric property of the

composites. Microwave absorbers with optimum dielectric and mechanical

properties can be prepared by incorporating BaF and SrF, along with suitable

loading of carbon black in both natural and nitrile rubber matrix.
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Chapter 6

MAGNETIC PROPERTIES OF RUBBER
FERRITE COMPOSITES

6.1 INTRODUCTION

It is well known that polycrystalline ferrite ceramic powders can be

incorporated in various elastomer matrixes to produce rubber ferrite composites 1.7,

The incorporation of these ferrite powders can be carried out both in natural and

synthetic rubber matrix to produce flexible magnets. They have the special

advantage of easy processability into complex shapes, which is not possible with

conventional ceramic materials. The impregnation of magnetic fillers in the

polymer matrixes can, not only bring economy but also imparts magnetic

properties to the matrix. They also modify the dielectric and mechanical properties

of the composites 8.9. These flexible elastomer magnets find extensive applications

in microwave absorbers and other devices, where flexibility and mouldability are

important criteria. For applications involving microwave absorption it is essential

that the materials warrant an appropriate permittivity and a desirable magnetic

property 8.13. This can be achieved in single step by synthesising rubber ferrite

composites.

Rubber ferrite composites can be synthesised by the incorporation of ferrite

powders in natural or synthetic rubber matrixes. Both the soft and hard ferrites can be

embedded in the rubber matrix. It has been reported that flexible magnets with

appropriate magnetic properties can be made by judicious choice of soft ferrites like
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nickel zinc ferrite and manganese zinc ferrite in both natural and butyl rubber

matrix":", The incorporation of hard ferrites in the elastomer matrix can produce

flexible permanent magnets, which find widespread applications. The preparation of

RFCs and evaluation of various properties such as magnetic, dielectric and

mechanical assumes significance not only in tailor making composites but also in

understanding the fundamental aspects that govern these properties. The results of

investigation on the magnetic properties of ceramic barium ferrite and strontium

ferrite and RFCs containing these ferrites are discussed in this chapter.

Hard ferrites namely barium ferrite and strontium ferrite have been prepared

using ceramic processing techniques. The details are described in chapter 3. These

hexagonal ferrites were then incorporated in natural rubber and nitrile rubber matrix

at different loadings according to a specific recipe as cited in chapter 3. The RFCs

containing various loading of carbon black were also prepared. Magnetic properties

were evaluated for BaF, SrF and rubber ferrite composites with and without carbon

black. From the magnetic data obtained for the ceramic fillers and RFCs, the

variation in magnetic properties with loading of ferrite filler and carbon black were

studied. A general relationship connecting the magnetic property of the ceramic filler

and the composites were correlated using equation 6.1. The validity of the equation

was then checked using observed data and the calculated values of magnetisation.

6.2 MAGNETIC MEASUREMENTS

Magnetic measurements of the ceramic barium ferrite, strontium ferrite and

rubber ferrite composites with and without carbon black were carried out using

Vibrating Sample Magnetometer (VSM) model:4500 (EG&G PARC) at room

temperature, as explained in chapter2. The hysteresis loop parameters namely

saturation magnetisation (Ms), magnetic remanence or retentivity (Mr) and

coercivity (Hc) were evaluated.

6.2.1 Ceramic samples.

Magnetic properties of the ceramic barium ferrite and strontium ferrite were

evaluated at room temperature (303K). Figures 6.1 and 6.2 shows the hysteresis

loop for the ceramic barium ferrite and strontium ferrite respectively.
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Fig 6.1 Hysteresis loop of ceramic BaF

The hysteresis loop parameters of the ceramic ferrites have confirmed the

magnetic character. The saturation magnetisation (Ms) and coercivity (He) of BaF

is slightly higher than that ofthe SrF, whereas the magnetic remanence (Mr) ofBaF
is slightly lower than that of SrF. The measured values of saturation magnetisation

of these ceramic ferrites matched well with that of the reported values.
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Fig 6.2 Hysteresis loop of ceramic SrF
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6.2.2 Magnetic measurements of rubber ferrite composites based on natural
rubber.

The hysteresis loops and magnetic parameters of NR based rubber ferrite

composites containing various loading of barium ferrite and strontium ferrite were

studied. The effect of carbon black on the magnetic properties of these RFCs was

also studied.

6.2.1.1 Rubberferrite composites containing barium ferrite

The rubber ferrite composites containing 40,60,80, t00 and t20 phr ofBaF in

natural rubber were prepared as explained in chapter 3. The magnetic parameters

of these RFCs have shown that they are magnetic in nature. The table 6.1 shows

the hysteresis loop parameters of natural rubber based RFCs containing barium

ferrite. Hysteresis loop for rubber ferrite composites containing 120 phr of BaF is

shown in figure 6.3.

Table 6.1. Hysteresis loop parameters of NR based RFCs containing BaF

Barium ferrite
Coercivity, He

Magnetic Saturation
loading remanence, M, magnetisation, M, Mr'Ms

(phr) (Nm)
(Am2/Kg) (Am2/Kg)

40 3458 8.10 14.94 0.54

60 3468 11.57 21.01 0.55

80 3468 13.68 24.81 0.55

100 3468 15.49 28.25 0.55

120 3468 17.44 31.71 0.55

Ceramic BaF 3468 30.52 58.83 0.52

From the table 6.1 it is cleat that the magnetic properties increased with the

loading of BaF filler. The saturation magnetisation and the magnetic remanence

values increased steadily with the filler loading.
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Fig 6.3 Hysteresis loop of natural rubber based RFC
containing 120 phr of BaF

The variation in magnetic remanence with loading of BaF in NR based RFCs

is shown in figure 6.4. It increased with the loading of ferrite filler.
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Fig 6.4 Variation in magnetic remanence versus
loading of BaF in NR
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The variation in coercivity with loading of BaF in natural rubber is shown in

figure 6.5. It showed almost same value as that of the ceramic component. It is

reported that the coercivity of ceramic samples mainly depend on parameters like

sintering conditions and particle size 2,16. The slight variations in coercivity

between the ceramic and composites can occur due to the particle size reduction

that takes place during compounding and mixing. However this variation is

negligible. From this observation it can be concluded that loading of BaF has no

effect on coercivity of RFCs.
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Fig 6.5 Variation in coercivity with loading ofBaF in natural rubber

6.2.2.2 Effect ofcarbon black on the magnetic properties ofRFC containing

barium ferrite

Carbon black was incorporated into NR based RFC containing 80 phr of BaF

and its magnetic properties were evaluated. The table 6.2 shows the hysteresis loop

parameters of these rubber ferrite composites. It indicated that the saturation

magnetisation and the magnetic remanence decreased with increase in the loading of

carbon black. The decrease in the magnetic properties with the incorporation of

carbon black is due to the reduction in the weight fraction of the magnetic component

in the RFCs. However the coercivity values did not show much variation with the

addition ofcarbon black.
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Table 6.2 Magnetic properties of NR based RFCs containing 80 phr of BaF
and various loading of carbon black

Carbon black
Coercivity, He Magnetic Saturation

loading remanence, M, magnetisation.M, M/Ms
(phr) (Nm)

(Am21K.~) (Am21K.~)

0 3468 13.68 24.81 0.55

10 3509 13.08 23.98 0.55

20 3509 12.48 22.79 0.55

30 3509 11.65 21.56 0.54

40 3509 11.07 20.18 0.55

50 3509 10.41 18.76 0.56

Even though the saturation magnetisation and magnetic remanence

decreased, the RFCs containing carbon black still possessed appreciable

magnetisation values. This can be utilised for the preparation of RFCs intended for

microwave applications, which warrants an appropriate magnetic and dielectric

properties. Figure 6.6 depicts the hysteresis loop of NR based rubber ferrite

composites containing 80 phr BaF and 50 phr of carbon black.
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·20

10000 15000

H in Oersted

Fig 6.6 Hysteresis loop of NR based rubber ferrite composites
containing 80 phr BaF and 50 phr of carbon black.
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6.2.2.3 Rubber ferrite composites containing strontium ferrite

The natural rubber based RFCs containing 40,60,80,100 and 120 phr of SrF

were prepared as explained in chapter 3. The magnetic measurements at room

temperature were studied using VSM. The table 6.3 shows the magnetisation

parameters of natural rubber containing strontium ferrite.

Table 6.3 Magnetisation parameters of natural rubber based RFCs containing

various loading of SrF

Strontium
Coercivity, He Magnetic Saturation

MIMsferrite loading rernanence, M, magnetisation.M,
(phr)

(Nm)
(Am21K~) (Am21K~)

40 3054 10.03 17.82 0.56

60 3054 12.82 - 22.24 0.58

80 3054 15.06 26.83 0.56

100 3054 17.21 30.90 0.56

120 3054 18.57 33.44 0.56

Ceramic SrF 3059 32.17 58.04 0.55

From tables 6.1 and 6.3 it can be observed that the ceramic SrF shows a

lower coercivity value than the ceramic BaF. The saturation magnetisation and

the magnetic remanence of these ceramic ferrites are found to be almost same.

The hysteresis loop of rubber ferrite composites containing 40 phr of SrF is

shown in figure 6.7.
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Fig 6.7 Hysteresis loop of NR based rubber ferrite

composites containing 40 phr of SrF

The table 6.3 shows that the magnetic properties of these composites increase

with the loading of SrF filler. The saturation magnetisation and the magnetic

remanence values increased steadily with the loading of SrF. The variation of M, and

M, for different loading ofSrF is shown in figures 6.8 and 6.9 respectively.
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The coercivity values of the RFCs containing SrF also showed a similar

behaviour as that of the ceramic component. The variation in coercivity of NR

based RFCs with loading of SrF is shown in fig. 6.10.

3058.0

30555

! 30550

u
:c

:t 3054.5

~ 3054.0U

3053.5

3053.0
0 20

•

40

•

60

•

80

•

100

•

120 140

loading of SrF (phr)

Fig 6.10 Variation in coercivity with loading ofSrF

in natural rubber based RFCs
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The magnetic property measurements ofNR based composites indicated that

the SrF filled materials are having a higher M, and M, value than that of the RFCs

based on BaF.

6.2.2.4 Effect ofcarbon black on the magnetic properties ofRFCs containing

strontium ferrite

The NR based RFCs with 80 phr of SrF and 10, 20,30,40 and 50 phr loading

of carbon black were prepared as explained in chapter 3. The VSM studies

indicated that the saturation magnetisation and the magnetic remanence decreased

with the loading of carbon black. As in the case of RFC containing BaF, the

decrease in the magnetic properties is due the decrease in weight fraction of the

magnetic component in the rubber ferrite composites. The coercivity values do not

vary with the increase in loading of carbon black.

The variation in saturation magnetisation and magnetic remanence for

different loading of carbon black in NR containing 80phr of SrF is shown in figures

6.11 and 6.12 respectively.
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Fig 6.11 Variation in saturation magnetisation with the loading of

carbon black in NR containing 80pbr of SrF
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Figure 6.13 shows the hysteresis loop ofNR based rubber ferrite composites

containing 80 phr ofSrF and 50 phr of carbon black.
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Fig 6.13 Hysteresis loop of NR based RFCs containing
80 phr SrF and SO phr of carbon black
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6.2.3 Magnetic measurements of nitrile rubber based RFCs.

The nitrile rubber based RFCs containing various loading of ferrite fillers

and carbon black were prepared as per the procedure explained in chapter 3. The

hysteresis loops and the magnetic parameters of these composites were measured

using the Vibrating Sample Magnetometer at room temperature.

6.2.3.1 Rubberferrite composites containing barium ferrite

The rubber ferrite composites based on NBR containing 40,60,80, I00 and

120 phr of BaF were prepared and magnetic measurements were carried out as

explained in chapter 2. Table 6.4 shows the hysteresis loop parameters of these

nitrile rubber based RFCs.

Table 6.4. Hysteresis loop parameters of nitrile rubber based RFCs containing BaF

Barium ferrite Coercivity.H, Magnetic Saturation
loading remanence, M, magnetisation,M, M,IMs

(phr)
(Nm)

(Am2/K2) (Am2/Kg)

40 2933 8.75 16.89 0.52

60 2943 llA5 23.15 0.50

80 2933 14.74 28.22 0.52

100 2943 15.55 30.31 0.51

120 2943 16.56 33.08 0.50

The table 6.4 indicated that the saturation magnetisation and the magnetic

remanence values of RFCs increased with the loading of BaF filler. The coercivity

values of RFCs were less than that of the ceramic BaF, but did not vary with the

different loading of BaF. Hysteresis loop of the NBR based rubber ferrite

composite containing 40 phr ofBaF is shown in figure 6.14.
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Fig 6.14 Hysteresis loop of the NBR based RFC containing 40 phr of BaF

The variation in saturation magnetisation and magnetic remanence with

loading ofBaF in NBR is shown in figures 6.15 and 6.16 respectively.
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Fig 6.16 Variation in magnetic remanence with the loading of BaF in NBR

6.2.3.2 Effect ofcarbon black on the magneticproperties ofRFCs containing

barium ferrite

The RFCs containing 80 phr of BaF and various loading of carbon black in

NBR was prepared and the magnetic properties were studied as explained in

chapter 2. The table 6.5 shows the hysteresis loop parameters of these rubber

ferrite composites.

Table 6.5 Hysterisis loop parameters of NBR based RFC containing 80 phr

BaF and different loading of carbon black.

Carbon black
Coercivity, He Magnetic Saturation

loading remanence, Mr magnetisation, Ms M,IMs
(phr) (Nm) (Am2fKg) (Am2/Kg)

0 2933 14.74 28.22 0.52

10 2934 13.85 26.12 0.53

20 2934 12.08 24.19 0.50

30 2933 11.66 23.15 0.54

40 2933 11.45 22.39 0.51

50 2933 11.23 22.16 0.51
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Table 6.5 indicated that the saturation magnetisation and the magnetic

remanence values decreased with the loading of carbon black. However the

coercivity values remained the same for these composites. Even though the RFCs

containing carbon black shows slightly lower magnetisation values they are useful in

making devices, which requires good mechanical and dielectric properties. Figure

6.17 depicts the hysteresis loop for NBR based rubber ferrite composites containing

80 phr BaF and 50 phr ofcarbon black.
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Fig 6.17 Hysteresis loop for NBR based RFCs containing

80 phr BaF and 50 phr of carbon black.

6.2.3.3 Rubber ferrite composites containing strontium ferrite

The NBR based rubber ferrite composites containing 40,60,80,100 and 120

phr of SrF were prepared as explained in chapter3. The magnetic measurements at

room temperature were studied using VSM. The table 6.6 shows the magnetic

properties ofRFCs containing various loading ofSrF.

1f\?
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Table 6.6. Magnetic properties of nitrile rubber based RFCs containing SrF.

Strontium ferrite
Coercivity, He Magnetic Saturation

MlMsloading remanence, M, magnetisation,M,
(phr)

(AIm) (Am1/Kg) (Am1/Kg)

40 2653 7.93 17.51 0.45

60 2663 10.37 22.76 0.46

80 2663 13.51 27.47 0.49

100 2665 15.18 30.61 0.50

120 2664 16.49 33.53 0.49

The variation in saturation magnetisation and magnetic remanence for

different loading of SrF in nitrile rubber is shown in figures 6.18 and 6.19

respectively. It can be observed that the saturation magnetisation and magnetic

remanence increases with the loading of strontium ferrite.
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6.1.3.4 Effect ofcarbon black on the magnetic properties ofREes containing

strontium ferrite

The rubber ferrite composites containing 10,20,30,40 and 50 phr loading of

carbon black along with 80 phr of strontium ferrite in nitrile rubber were prepared

as explained in chapter 3. The VSM studies indicated that the saturation

magnetisation and the magnetic remenance values decreased with the loading of

carbon black, which can be explained by the decrease in the weight fraction of the

ferrite material in the composites. The coercivity values remained constant for the

increase in loading of carbon black. The table 6.7 shows the hysteresis loop

parameters of nitrile rubber containing strontium ferrite and various loading of

carbon black. From tables 6.1 to 6.7, it can be observed that the MMs values of

the rubber ferrite composites both with and without carbon black remains almost

the same as that of the ceramic ferrites.
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Table 6.7. Magnetic properties of nitrile rubber based RFCs containing 80
pbr of SrF and various loading of carbon black.

Carbon black
Coercivity.H,

Magnetic Saturation
MMsloading remanence, M, magnetisation.M,

(phr) (Nm)
(Am2/K g) (Am2/Kg)

0 2663 13.51 27.47 0.49

10 2653 13.26 26.55 0.50

20 2655 12.76 24.95 0.51

30 2655 12.60 23.56 0.54

40 2653 11.98 22.14 0.54

50 2653 11.19 21.35 0.52

The variation in saturation magnetisation and magnetic remanence for

different loadings of carbon black in nitrile rubber with 80 phr of SrF and various

loading of carbon black is shown in figures 6.20 and 6.21 respectively.
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carbon black in NBR based RFCs containing 80 phr SrF.

6.3 TAILORING OF MAGNETIC PROPERTIES OF RUBBER FERRITE
COMPOSITES (SATURATION MAGNETISATION)

Rubber ferrite composites with predetermined properties are mandatory
when designing RFCs for special purpose applications. Hence attempts were made
to tailor the magnetic properties of the composites from the known values of the
saturation magnetisation (Ms) of the ceramic fillers. If the M, values of the ceramic
fillers are known a simple mixture equation of the general form (equation 6.1)
involving the weight fractions of the filler can be employed for estimating the M,
of the composite samples.

(6.1)

where W, is the weight fraction of filler, M, is the saturation magnetisation of the
filler, W2 is the weight fraction of the polymer matrix and M2 is the saturation
magnetisation of the matrix. Since the matrix namely NR and NBR is nonmagnetic
this equation can be reduced to the following form

(6.2)

The variation in saturation magnetisation of the NR based RFCs with the
loading of the barium ferrite was studied. Figure 6.22 shows the variation in
magnetisation values of RFCs with loading of BaF. The solid line represents the
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experimental and the dotted line represents the calculated values. From the figure it
is clear that the experimental values and the calculated values using equation.6.2
are in good agreement.
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Fig 6.22 Experimental and calculated values of saturation
magnetisation of NR based RFCs containing BaF

Figure 6.23 depicts the variation in experimental and calculated values of
saturation magnetisation with the loading of carbon black in the RFC containing 80
phr barium ferrite.
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Fig 6.23 Experimental and calculated values of saturation magnetisation of
NR based RFCs containing 80 phr SrF and various loading of carbon black
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As expected the values decreased due to the decrease in the weight fraction

of the magnetic component. The saturation magnetisation of RFCs containing

different loading of carbon black was calculated by employing equation 6.2

considering carbon black as non magnetic filler. These were then compared with

the experimental values. From the figure it was found that that the experimental

values agreed well with the calculated values

6.4 CONCLUSION

Rubber ferrite composites containing barium ferrite and strontium ferrite in

natural rubber and nitrile rubber matrix were prepared. Magnetic parameters of the

ceramic ferrites as well as that of the RFCs were studied. Study of the magnetic

properties indicated the formation of elastomer magnets with suitable saturation

magnetisation and magnetic remanence. The saturation magnetisation and the

magnetic remanence increased with increase in the loading of barium ferrite and

strontium ferrite. The coercivity of the RFCs remained almost same as that of the

ceramic component. The effect of carbon black on the magnetic properties of these

RFCs was also studied. The magnetic measurements indicated that the saturation

magnetisation and the magnetic remanence decreased with the loading of carbon

black. However the coercivity was not affected with increasing loading of carbon

black. From the magnetic property studies of both natural and nitrile rubber based

RFCs containing barium ferrite and strontium ferrite, it can be observed that the

matrix material does not have significant effect on saturation magnetisation and

magnetic remanence.

By synthesising RFCs, we have the exceptional advantage of modifying

saturation magnetisation and magnetic remanence according to the requirement.

Hence the desired magnetic property can be imparted by appropriate loading of

ferrite fillers. The calculated values tally well with the experimental values of the

saturation magnetisation, which indicate that it is possible to modify materials with

a definite magnetisation value by appropriate loading of barium ferrite and

strontium ferrite filler in both the NR and NBR matrix. Hence the relationship

connecting the magnetisation (Ms) of RFC with the magnetisation of the respective

fillers can be employed to tailor magnetic properties
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Chapter 7

SUMMARY AND CONCLUSION

This concluding chapter provides a glimpse of the conclusions drawn from

the work carried out on the subject of rubber ferrite composites and the scope for

the future work on rubber ferrite composites (RFC).

Composites play a major role in the science and technology of the present

day. The magnetic polymer composites especially rubber ferrite composites is one

of the many composite materials in which the scientist and engineers are interested

and find scope for possible exploitation of commercial applications. Here attempts

have been made to prepare magnetic rubber composites. Ferrites are ferrimagnetic

materials and come under a group of technologically important magnetic materials,

which has received the greatest attention and cannot be easily replaced by any

other magnetic materials as they are stable, economical and possess a wide range

of applications. Brittleness of the ceramic magnetic materials is one of the

difficulties faced in the application point of view. Here the magnetic composites

can play a very crucial role. Rubber ferrite composites are magnetic polymer

composites made of ferrite fillers and natural or synthetic rubber matrix. This

rubber ferrite composite has the advantage of easy fabrication into complex shapes.

Flexibility with the required mechanical strength is another hallmark of these

composites. These composites can be used as potential microwave absorbers in a

wide range of frequencies due to its dielectric properties, low cost, lightweight and
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design flexibility. Therefore, preparation and characterisation ofRFCs is important

and assumes significance

7.1 SUMMARY

The main focus of this study was to synthesise, characterise and investigate

the magnetic, dielectric and mechanical properties of rubber ferrite composites

based on natural rubber (NR) and nitrile rubber (NBR). Hard ferrites namely

barium ferrite (BaF) and strontium ferrite (SrF) in the monophasic form were

prepared and characterised. These precharacterised magnetic fillers are then

incorporated into two different matrixes, natural and nitrile rubber separately, to

produce rubber ferrite composites. The hard ferrites are selected, to produce

flexible permanent magnets. The natural rubber is chosen as one of the polymer

matrixes because of its easy availability and low cost, whereas the nitrile rubber is

selected as the other matrix material considering its superior properties and special

purpose application.

The thesis consists of seven chapters, where the Chapter 1 gives a general

introduction to the polymers, rubber ferrite composites, magnetic materials, their

classification, applications and the main objectives of the thesis. Chapter 2 presents

a general discussion of the materials used and the experimental techniques employed

for the preparation and characterisation of the samples. Chapter 3 to 6 gives the

details of the findings of the work carried out on RFCs. The present chapter gives the

summary and conclusions of the findings described in each chapter.

Chapter 3 described the preparation and characterisation of the ferrites and

its incorporation into rubber matrixes to produce the rubber ferrite composites.

Hexagonal hard ferrites namely barium ferrite and strontium ferrites were prepared

by the ceramic techniques. Structural evaluations of the prepared BaF and SrF

samples were carried out using X-ray diffraction (XRD) method. These samples

were checked for their monophasic characteristics before they were incorporated in

to the rubber matrixes. RFCs were prepared by incorporating these

precharacterised powder samples into NR and NBR matrixes for various loadings

according to a specific recipe. The addition of carbon black is known to reinforce

the rubber matrix; moreover studies have indicated that the addition of fillers like
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carbon black on rubber ferrite composites enhances the microwave absorbing

properties of the composites. Hence the carbon black filled RFCs were prepared by

incorporating varying amount of carbon black into RFC containing an optimum

quantity of ferrite.

The Cure Characteristics and mechanical properties of the of rubber ferrite

composites are discussed in Chapter 4. Evaluation of the cure characteristics

indicated that RFCs containing barium ferrite and strontium ferrite with and

without carbon black reduces both the scorch time and cure time, whereas the

minimum and maximum torque values increases with the addition of these

materials. The studies also revealed that the processability of the composites is not

much affected even up to a loading of 120 phr of ferrite fillers.

Evaluation of the mechanical properties has shown that the addition of

magnetic fillers improves the modulus and hardness but slightly reduces the

elongation at break. The addition of the ferrites into the natural rubber matrix

reduced the tensile strength slightly, because of the inhibition in stress induced

crystallization of the NR matrix. But in the case of NBR, the addition of ferrites

increases the tensile strength, since it reinforces the NBR matrix. The tensile

strength reduced at higher loading of the ferrite filler due to the dilution effect.

The incorporation of carbon black to both natural and nitrile rubber

increased the tensile strength significantly, since it is a good reinforcing filler. The

studies also indicated that the percolation threshold was not reached for a

maximum loading of 120 phr of the filler. Hence after attaining the required

magnetic property, if the percolation limit is not reached, the mechanical properties

of RFCs can be enhanced by the addition of appropriate amount of carbon black

The dielectric properties of the rubber ferrite composites both with and

without carbon black are evaluated and discussed in Chapter 5. RFCs intended for

microwave applications necessitates an appropriate permeability and permittivity.

Hence it is essential to modify the magnetic and dielectric properties. The study of

dielectric constant indicated that it decreased with increase of frequency for

ceramic samples (BaF and SrF), gum vulcanisates (NR and NBR) and the rubber

ferrite composites containing these ferrites both with and without carbon black.

The temperature dependence on dielectric constant was also studied and it was
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observed that composites were stable up to a maximum temperature of 393K with

no visible sign of degradation. The dielectric constant of these materials increased

with increasing temperature. But in RFC containing BaF and SrF, the increase in

dielectric constant with increase in temperature was not so prominent as in the case

of ceramic samples. The carbon black containing RFCs showed a large increase in

dielectric constant with temperature.

The dielectric constant ofNBR has been found to be greater than that ofNR.,

which indicates that NBR is superior in dielectric properties compared to NR. The

addition of the ferrite fillers to both natural and nitrile rubber increased the

dielectric constants. The absolute values of the dielectric constant of the

composites are found to be greater than that of the gum vulcanisates, but less than

that of the ceramic component. It was observed that the dielectric constant

increases with increase of volume fraction of the ferrite material. Dielectric

constant was found to be maximum for a loading of 120phr. The incorporation of

carbon black into these RFCs increased the dielectric constants to a greater extent.

In all the cases the dielectric constants increased to a higher value even with the

addition of 10 phr of carbon black. Maximum dielectric constant was obtained for a

loading of 50phr of carbon black. Moreover the RFCs containing BaF/SrF in nitrile

rubber along with carbon black is superior when compared to RFCs based on natural

rubber fordielectric applications

The ac conductivity of the ceramic samples, gum vulcanisates and rubber

ferrite composites containing SrF with and without carbon black was estimated using

the data obtained from the dielectric measurements. The ac conductivity increased

with frequency for these materials. NBR gum vulcanisate showed high ac

conductivity than that of NR gum vulcanisate. The ac conductivity of the RFCs

increased with the increasing loading of SrF. For carbon black containing RFCs the

ac conductivity steadily increased with the increasing loading ofcarbon black.

Magnetic properties of both ceramic fillers and RFCs are evaluated and dealt

in Chapter 6. The studies of the magnetic properties indicated the formation of

elastomer magnets with appropriate value of saturation magnetisation (M.) and

magnetic remanence (M), The saturation magnetisation and the magnetic remanence

increase with the increase in the loading of both barium ferrite and strontium ferrite.
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The coercivity of these magnetic composites remains almost the same as that of the

ceramic ferrite filler. The magnetic properties of the carbon black containing RFCs

indicated that the saturation magnetization and the magnetic remanence values

decreases with the loading of carbon black. However the coercivity <H<) values

remains constant with the increase in loading ofcarbon black.

The desired saturation magnetisation and magnetic remanence can be

imparted by the appropriate loading of ferrite fillers in the rubber matrix. The

saturation magnetisation of RFCs can be calculated using the empirical relationship

M rfc = W.M I + W2M2' connecting the saturation magnetisation of the RFCs

(Mrfc ) with the magnetisation of the respective fillers. The calculated values of the

saturation magnetisation agree well with that of the measured values. Hence it is

possible to modify these composite materials so as to have a suitable magnetisation

value by the appropriate loading of ferrite filler in both the natural and nitrile

rubber matrix.

The investigations revealed that the rubber ferrite composites with the

required dielectric and magnetic properties can be obtained by the incorporation of

ferrite fillers into the rubber matrix, without compromising much on the

processability and mechanical properties.

List of abbreviations and symbols are given at the end of the thesis and

references at the end of each chapter.

7.2 CONCLUSION

The following conclusions are derived from this work.

)00 Hard ferrites namely barium ferrite and Strontium ferrite were prepared by

the ceramic method.

» These ferrites were characterised usmg the X-ray powder diffraction

technique (XRD).

» Rubber ferrite composites were synthesised by the incorporation of these

ferrites into both natural and nitrile rubber.

''''A
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» The carbon black filled RFCs were prepared by incorporating varying

amount of carbon black into the RFC containing an optimum quantity of

ferrite.

» The processability of RFCs was not much affected by the filler

incorporation.

» The mechanical properties of the RFCs were enhanced by the

incorporation of both ferrite filler and carbon black.

» The dielectric constant decreased with frequency for the ceramic ferrites

and the composites containing different loadings ofBaF and SrF.

» The dielectric constant of RFCs increased with the increasing loading of

ferrite fillers

» The dielectric constant of the ceramic samples and RFCs increased with

increasing temperature.

» Addition of carbon black into RFCs increased the dielectric constant sharply.

» The dielectric constants were studied up to 393K and it was found that the

composites were stable with no visible sign of degradation.

» The ac conductivity of ceramic ferrites and rubber ferrite composites

containing SrF with and without carbon black increased with increasing

frequency.

» Addition of ferrite fillers impartedmagneticproperty to the rubber matrixes.

» The saturation magnetisation and the magnetic remanence increased

withincrease in theloading ofbarium ferrite andstrontium ferrite.

» RFCs can be designed with suitable magnetisation values by the appropriate

loading of ferrite filler in both the natural and nitrile rubber matrix.
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Summary and Conclusion

7.3 FUTURE OUTLOOK

The study of ferrites and rubber ferrite composites is an area, which requires

extensive research in the coming years. The techniques like sol-gel, cryochemical,

microemulsion, liquid mix and lyophilization can produce ferrites of finer particle

size at a lower temperature. Incorporation of these ferrites into different matrixes

can lead to the development of magnetic composites with special properties. Some

of the areas where more detailed studies required are:

~ Embedding of magnetic fillers into Nylon matrix and evaluation of the

mechanical, dielectric and magnetic properties is an area having enormous

potential.

~ Permeability is a determining factor as far as the microwave absorbing

properties are concemed. Investigations on the determination of

permeability could be undertaken as an extension of the present work.

~ Further, scope also exists for incorporating barium and strontium ferrites in

matrixes like butyl rubber, polystyrene, polyurethane, polyester etc.

~ Morphological studies using optical microscope and scanning electron

microscopy can be used to assess the dispersion of the fillers.

~ In the present investigation the dielectric studies were limited in the mid­

frequency range up to 8MHz. Scope exist to carry out further

measurements using network analyser and evaluate the bandwidth of

absorption.



List OfAbbreviations

A

AR

ASTM

BaF

CB

cas
cps

d

D

DOP

f

F

FOD

h

HAF

He

Hz

ISNR

K

Kg

M

min

ML (1+4) 100°C

Area of test sample

Analytical reagent

American Society for Testing and Materials

Barium ferrite

Carbon black

N-Cyclohexyl benzthiazyl sulphenamide

Centi poise

Thickness of the sample

Particle size

Dioctyl phthalate

Frequency of the applied field

Farad

Ferrous oxalate dihydrate

Hours

High abrasion furnace black

Coercivity

Hertz

Indian Standard Natural Rubber

Anisotropy constant

Kilogram

Magnetic moment of the specimen

Minutes

Mooney Viscosity determined using large rotor,

a preheating time of one minute and rotor run for 4

minutes at 100° C



List ofAbbreviations

mm MilIimeter

MPa Mega Pascal

Mr Magnetic remanence or retentivity

Ms Saturation magnetisation

n Number of turns per unit length of coil

NBR Acrylonitrile butadiene rubber

nm Nano meter

Nm Newton meter

NR Natural rubber

Phr Parts per hundred rubber

RFC Rubber ferrite composite J

rpm Revolutions per minute

S Siemens

SrF Strontium ferrite

~o Optimum cure time

tlo Scorch time

ts Induction time

T Absolute temperature

UHF Ultra high frequency

UTM Universal testing machine

V Volume loss

VHF Very high frequency

VSM Vibrating sample magnetometer

XRD X-ray powder diffraction

ZnO Zinc Oxide
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~

X.

Cand 9

P

M1

cc

E

tan 0

Relative permeability

Susceptibility

Curie Weiss constants.

Wavelength of the X-ray radiation

Full width half maximum of the intensity

Density of the sample

Mass loss

Magnetic flux

Permeability of free space

Geometric moment decided by position of

moment with respect to coil as well as shape of coil.

Dielectric constant

Relative permittivity

Permittivity of free space

Real part of dielectric permittivity

Imaginary part of the dielectric permittivity

Dielectric loss

ac conductivity

Angular frequency'
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