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The Human race of our century is in gluttonous search for novel engineering
products which led to a skyrocketed progress in research and fabrication of filled
polymers. Recently, a big window has been opened up for speciality polymers
especially elastomers with promising properties. Among the many reasons why
rubbers are widely used in the process industries, three are considered as
important. Firstly, rubbers operate in a variety of environments and possess usable
ranges of deformity and durability and can be exploited through suitable and more
or less conventional equipment design principles. Secondly, rubber is an eminently
suitable construction material for protection against corrosion in the chemical plant
and equipment against various corrosive chemicals as, acids and alkalies and if
property tailored, can shield ionising radiations as X-rays and gamma rays in
medical industry, with  minimum maintenance lower down time, negligible
corrosion and a preferred choice for aggressive corroding and ionising
environment. Thirdly, rubber can readily and hastily, and at a relatively lower cost,
be converted into serviceable products, having intricate shapes and dimensions. In a
century’s gap, large employment of flexible polymer materials in the different
segments of industry has stimulated the development of new materials with special
properties, which paved its way to the synthesis of various nanoscale materials. At
nano scale, one makes an entry into a world where multidisciplinary sciences meet
and utilises the previously unapproached infinitesimal length scale, having
dimension which measure upto one billionth of a meter, to create novel properties.
The nano fillers augment the elastomers properties in an astonishing fashion due to
their multifunctional nature and unprecedented properties have been exhibited by
these polymer-nanocomposites just to beat the shortcomings of traditional micro
composites. The current research aims to investigate the possibility of using
synthesised nano barium sulphate for fabricating elastomer-based nanocomposites
and thereby imparting several properties to the rubber. In this thesis, nano
materials, their synthesis, structure, properties and applications are studied. The
properties of barium sulphate like chemical resistance and radiopacity have been
utilized in the present study and is imparted to the elastomers by preparing
composites.



The thesis is divided into nine chapters.

Chapterl gives a comprehensive introduction and literature review pertaining to
rubber composites, nanocomposites and nanofillers. It also includes the scope and
objectives of the present work

Chapter 2 gives details of materials used in the present work and the experimental
techniques employed for the preparation and characterization of the Rubber
nanocomposites. The instruments used are also discussed.

Chapter 3 deals with the wet chemical preparation of nano barium sulphate with
barium chloride and ammonium sulphate as precursors using polyvinyl alcohol as
the dispersing medium. The modifications of the powders were carried out using
stearic acid to impart surface activity to otherwise inert filler. Synthesized
powders were characterized. The particle size of the powder obtained was in the
range 23-25nm with spherical morphology. The powders had good radiopacity,
opacity being higher for modified nano powders.

Chapter 4 is divided into two parts:

Part a: deals with performance of unmodified nano barium sulphate (BN) and
modified nano barium sulphate (MBN) in natural rubber. The rubber
nanocomposites were prepared by mixing on a two-roll mill. In this chapter cure
characteristics, physico-mechanical properties, solvent sorption, thermal analysis
and phase morphology of the rubber nanocomposites (RNC’s) are included.

Part b:deals with performance of NR hybrid composites filled with modified nano
barium sulphate and carbon black. The rubber nanocomposites were prepared by
mill mixing. Synergistic effect of carbon and modified nano barium sulphate is
investigated in NR. In this chapter cure characteristics, physico-mechanical
properties, solvent sorption, thermal analysis and phase morphology of the hybrid
rubber nanocomposites (RNC’s) are included. The morphologies were
investigated using scanning electron microscopy (SEM) and atomic force
microscopy (AFM).

Chapter 5 is also divided into two parts:

Part a: deals with EPDM nanocomposites. The effect of modified and unmodified
nano barium sulphate loading on cure characteristics, physico-mechanical
properties, solvent sorption, thermal analysis and phase morphology are also



included. The effects of filler loading on mechanical properties and thermal
stability were investigated.

Part b: deals with performance of EPDM hybrid composites filled with modified
nano (MBN) barium sulphate and carbon black. The study aimed at fabricating
hybrid composites with 40phr carbon black-MBN (varied) system with
comparable properties to that of 50 phr carbon black, which enables replacement
of 10 phr carbon black in EPDM with modified nano barium sulphate. The
synergistic effect due to dual filler networks was researched.

Chapter 6 deals with the preparation of IIR based composites with modified and
unmodified nano barium sulphate. The effects of loading on cure characteristics,
physico-mechanical properties, solvent sorption, thermal analysis and phase
morphology were studied. The effects of filler loading on mechanical properties
and thermal stability were investigated. Carbon black filled composites were also
prepared and studied and the properties showed only a marginal increase. The
morphology was investigated using atomic force microscopy (AFM).

Chapter 7 deals with degradation and durability studies of elastomeric composites
containing nano barium sulphate on exposure to aqueous sulphuric acid. This
chapter is divided into three sections.

Section-a deals with study regarding the damage caused by acid to natural rubber
gum vulcanizates, filled vulcanizates containing modified nano barium sulphate
and hybrid system containing nano barium sulphate and carbon black.
Measurements of tensile strength and tear strength and crosslink densities have
been made in order to quantitatively estimate the extent of degradation at various
stages of acid attack. The fracture surfaces of failed tensile and tear specimens
have been investigated by means of SEM, both before and after acid ageing and
attempts have been made to correlate the changes in the surface topography with
the extent of fall in mechanical properties as a result of acid corrosion. The weight
changes associated with acid sorption was studied with rubber lined metal inserts
( prepared by adhering rubber to metal using chemlok 220 cover coat and 205
primer) and rubber samples by immersion method. From several concentration of
acids 50 % H,SO,4 was selected as medium and data pertaining to its behaviour
over 150 hrs was noted and MBN filled RNC’s exceed commercial barium
sulphate filled and black filled composites in resisting acid corrosion as seen by
retention in physical properties.



Section b: deals with the time dependent degradation of EPDM RNC’s and
impact of degradation was accounted in terms of retention of physical properties,
weight change measurements with rubber samples and Mild steel metal inserts
(prepared by adhering rubber to metal using chemlok 238 cover coat and 205
primer).The changes occurring in the composites were monitored over 15 weeks
and 60 % H,SO, was used and the chemical changes were traced via FTIR
analysis of aged samples and the mechanism of attack proposed for clarifying the
mode of hydrolytic attack. Morphology was investigated using SEM.

Section c: explains the acid degradation of IIR RNC’s. Its inherent resistance to
acids makes it suitable to be used in higher concentrations of acids and the study
of resistance to 75 % H,SO, was discussed in detail in the MBN filled RNC’s to
assess better acid resistance of IIR composites.

Chapter 8 is divided into three sections and these deals with the radiopacity
studies on NR, EPDM and IIR composites and application of these elastomeric
composites in the field of clinical X-ray analysis, where great attention is needed
for facilities that shield operating personals and patients from unwanted radiation
exposure. The X-ray generated by a general medical tube voltage is in the range
starting from 40Kev, so importantly; this is the regular energy region of X-ray
used for medical diagnosis. A series of nano barium sulphate-rubber composites
have been produced on a laboratory scale, and their X-ray shielding power
measured using a clinical X-ray. The X-ray radiographs were compared with that
of composites filled with commercial precipitated barium sulphate and also the
influence of nano modification on opacity analysed. The radiographic image was
obtained with varying sample thicknesses. X-ray shielding ability of the prepared
composites was also studied at different applied voltage (between 40-100 KeV)
and exposure times of X-ray machine at SmAs and conclusions are reached. The
optical density measurements and hence the calculated attenuation coefficients
supported the radiographic analyses

Part a: discusses the X-ray studies related to RCs of NR.
Part b: discusses the X-ray studies related to RCs of EPDM.

Part c: discusses the X-ray studies related to RCs of IIR.

Chapter 9 is the summary and conclusion and, future outlook of the study.
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|Chapter 1

INTRODUCTION

1.1 Introduction

1.2 Elastomers

1.3 Building blocks in Elastomer composite fabrication.
1.4 Nanotechnology

1.5 State-of-the ari research - Elastomer nano composites
1.6 ®Barium sulphate

1.7 Scope and Objectives of the present work,

1.1 Introduction

Discoveries and inventions have led to the progress of society towards the
blue, i.e. a tremendous progress from river valley civilizations to the so called
‘nano world’ of the present century. Spinning of continuous yarns is most likely
the important development of mankind, next to discovery of fire and invention of
the wheel, which enabled him to continue to exist in and outside the tropical
weather zones and extend his reign across the earth’s surface. Natural resources
as cotton, flax and jute have been exceedingly used in designing fabrics, soon
resulting in the first composites; i.e. the straw reinforced walls, and bows and
chariots made of layers of wood, animal bones and horns. More tough materials
as wood and metal were to soon replace these old-fashioned composites, which

finally paved its way into natural and synthetic polymer based composites.

Advancements in the field of materials science and technology have given
birth to fascinating and brilliant materials known as composites.With the
initiation of the Composite era, things changed and inventory started to be
concentrating in and around novel composites with enchanting properties. The
demand of speckled species of composites in various facets of industry and
society opened up a new door to the world of composites. A true renewal started
with use of composite structures for many technical solutions during the second

half of the 20" century. Apart from solely using these materials as insulators and
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radar-domes, using composites to improve the structural performance of
spacecraft and military aircraft became popular in the last two decades of the
previous century. Nowadays the composite world has grown tremendously that,
cost reduction during manufacturing and operation are the main technology
drivers with the aim of popularising them into commoners of the society. Latest
development is the use of composites to protect man against fire, radiations and
their aftermaths and a tendency to a more eco-friendly design, leading to the
return of natural fibers into the composite technology and utilisation of

nanofilled composites for novel performances.

To be simple with explanation, a composite is any material made of more
than a single component. Composite materials are solid multiphase materials,
formed through the permutation of materials with different structural, physical
and chemical properties. This makes composites different from the other multi
component systems such as blends and alloys. Composites are widely used in such
diverse applications as transportation, construction and consumer goods [1].
Composites offer dramatic combinations of component material properties such as
weight, strength, stiffness, permeability, electrical and optical properties that is
difficult to attain disjointedly by individual components. A composite material can
be custom tailored to have specific properties that will meet unique desires. The
optimum design of composite component materials and manufacturing process to

meet the target properties for particular engineering applications is vital.

The need of composites takes it birth from the fact that polymers on its
own are ineffective in providing all the superior properties like strength, low
thermal coefficients, resistance to shock loads, resistance to thermal, chemical
degradation and radiation etc. All these drawbacks can be remedied by
incorporation of a new range of additives into it. Fillers have important roles in
modifying properties of various polymers. Mineral fillers, metals and fibers have
been compounded into rubbers, and the effect of fillers on properties of the

polymers depends on their concentration, their particle size and shape as well on
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their interaction with matrix. Such a combination is referred to as composite. A
composite material can provide superior and unique mechanical and physical
properties because it combines the most desirable properties of its constituents
while suppressing their least desirable properties. The Composites are
combination of two materials, in which one of the material, called the
reinforcing phase, is in the form of fibers, sheets or particles and is embedded in
the other material called the matrix phase. The matrix gives the composites their
shape, surface appearance, environmental tolerance and overall durability while
the reinforcement carries most of the structural loads thus giving macroscopic
stiffness and strength and characteristic properties [2]. Typically the filler phase
is embedded in the host matrix phase to make a composite which has properties
a long way from either of the phases alone. Several matrices are available at
present to suit as matrices to filled composites and polymers often have
advantages over other materials such as metals and ceramics. They are widely
used in various technical applications because of their unique advantages such as
ease of production, light weight and ductility; however they have lower
mechanical, modulus and strength properties compared to that of metals and
ceramics. The commercial importance of polymers and their increasing use,
results in the continuous demand for improvement in their properties to meet the
necessary conditions. By means of the composite technology, polymer properties

are enhanced, whilst maintaining their light weight and ductile nature [3].

The composites are classified into various classes based on the various
desirous factors as: nature of matrix, their occurrences, size of fillers present and

structural components as summarised in the flow diagram Fig.1.1
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Figurel.1 Classification of composites

Nowadays, the application of polymer composites in industry has become
state of the art. Polymer composites with enhanced mechanical, thermal, barrier
and fire retardancy properties are widely used in very large quantities in diverse
applications. However by the application of conventional fillers such as talc,
calcium carbonate, fibers, etc, it often requires to use a large amount of filler in
the polymer matrix to have significant improvements in the composite properties
which may cause brittleness or loss of opacity [4]. The aspect ratio of the filler is
very important and crucial for many properties in composite such as electrical,
mechanical and thermal properties [5-8]. Polymer composites with the high
aspect ratio of nano-fillers such as platelet clays, carbon nanotubes and
nanofibers are receiving considerable attention due to their unique
multifunctional and highly enhanced properties. Combination of filler nanoscale

dimension and high aspect ratio with its nanoscale dispersion within polymer
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matrix leads to the important improvements in the polymer properties at very
low filler volume fractions. The final properties of reinforced polymers or the so
called composites are influenced by the nature, properties and content of
constituents, dimensions of components and micro structure of composite and
interfacial interactions between continuous and dispersed phase. The efficiency
of property improvements depends strongly on the properties of the filler, the
adhesion between matrix and filler and especially as mentioned earlier on the
aspect ratio of the filler. As a result of lower filler loading, the macroscopic
homogeneity is well retained in the ultimate nanocomposites. Polymer

nanocomposites are thus a new class of hybrid materials. [9].

1.2 Elastomers

Of the several polymer matrices, elastomer based systems offer multifarious
properties meeting the demands of various industrial sectors. The history of
elastomers dates back from 1600 BC. Ancient Americans in the region of Central
Mexico extending south and east, including parts of Guatemala, Belize, Honduras
and Nicaragua were processing rubber during this period. It is known that at least
3,000 years before the first Europeans (Christopher Columbus was probably the
first European to see natural Rubber) saw natural rubber, these mesoamerican
communities had developed ways of collecting it and forming it into a variety of
objects such as toys, house hold products, and items related to ritual sacrifice to
tribute payments [10]. The mention of rubber trees is to be found in the eighth
decade of De Orbe Novo by Pietro Martire d Angliera published in Latin in 1516
[11]. Rubber was seldom utilised until 1823 when Charles Macintosh patented the
use of coal tar to dissolve natural rubber and used it to fabricate waterproof
apparels. However, rubber became an indispensable part of industry and of daily
life following one of the effective discoveries and developments of mankind,
namely the vulcanization technology in years 1839-1844 by Charles Goodyear
and Thomas Hancock, i.e., the makeover of a material, which is sticky when hot

and breakable when cold, to a high-deformable chemically cross-linked elastic
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solid. Since that time the rubber industry was established and has shown a
strikingly progressive development over the last period of more than a century.
Goodyear’s experiment of rubber with nitric acid aimed at discovering the
stiffness of rubber which later was achieved by sulphur vulcanization. This can be
considered as a predecessor to the study of chemical resistance of rubbers [12, 13].
By 1850, a wide range of rubber articles were developed. Many products such as
sheets were useful in the mineral and chemical processing industries owing to
rubber's elasticity and resilience. The wear and chemical resistances were the

critical properties as far as the process plant and equipment were concerned.

Prior to the discovery of vulcanization technique, the elastomer industry
had not flourished much. Once cured, rubber is a much more dimensionally
stable and also a heat resistant material. At one extreme, a single sulphur atom
connects the carbon atom of one chain to that of another and this single sulphur
atom is the prime link, and the rubber chemist knows that this is a result of using
an efficient vulcanization (EV) system. EV can be either achieved by adding to
the rubber formulation, a sulphur donor accelerator or by using small amounts of
elemental sulphur, about 0.3 to 0.8 phr, jointly with higher amounts of
accelerator (2-5 phr). At the other extreme is a conventional cure system
comprising 2-3 phr sulphur and smaller quantities of accelerator (~ 0.5-1.0 phr).
This results predominantly in multiple sulphur atoms in the cross-link, known as
polysulphidic cross-links. In between these two extremes lies the semi-EV
system using about 1.5 phr elemental sulphur and a correspondingly adjusted
accelerator level [14]. The first and by far the most important cross-linking agent
is sulphur, which is relatively inexpensive and plentiful, and yet vital to the
rubber industry. For a number of elastomers, the double bonds (unsaturation) are
in plentiful supply on the polymer chain. Sulphur links one chain to another
through these double bonds. Elastomers such as NR and SBR need only a low
level of unsaturation to be utilized to produce a useful product; however this

leaves the rest of unsaturation unused and therefore vulnerable to attack by
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oxygen, ozone and heat. Reaction of the small percentage of double bonds
actually used for vulcanization can be achieved with 2-3 phr of sulphur in a
conventional cure system. If more sulphur (30 phr) is added to the compound, it
becomes very stiff (without the aid of any filler) and the resulting material is

called ebonite.

Although sulphur is the best known and most relevant vulcanizing agent,
there is another class i.e. non-sulphur cross-linking agent. Peroxides belong to non-
sulphur crosslinking agent. They do not need the reactivity of a double bond to cure,
nor do they need accelerators, although chemicals known as coagents are often used
to improve overall crosslinking. Peroxides typically react with the elastomer chains
by removing hydrogen atoms from the carbon backbone of the polymer, thus
creating highly active sites on the chain, called radicals, which attach to a similar site
on another chain, creating a carbon to carbon (C-C) cross-link, which is stronger
than a carbon sulphur (C-S)link and more thermally stable. Peroxide curing can
crosslink certain elastomers which cannot be cured with sulphur, because of a total
lack of double bonds, for example the copolymer of ethylene and propylene rubber
(EPM). Elastomers which can be cured with peroxides are EPDM, EP, SBR, NR,
BR, CR, certain FKMs and silicones. Butyl rubber cannot be cured in this way, as
the peroxide causes degradation of the rubber. However bromobutyl rubber can be

peroxide cured for use in certain applications [15].

Electron beam curing helps to achieve some crosslinks in rubber with a
beam of electrons. Although not widely used throughout the industry such a
process has found a place in partially cross-linking components of tyres, as an
aid to tyre production, using a radiation dosage of about four mega rads [16].
Much higher doses would be needed to fully crosslink even thin rubber sections.
Work has been carried out on the post curing of an SBR compound with electron
beams, with claims of a significant improvement in resistance to ozone and crack
initiation [17]. Though Sulphur is the classical cross-linking agent for
unsaturated elastomers, such as NR, SBR, NBR, BR, and EPDM, in certain
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cases, such as halogen containing elastomers, the preferred agent is a metal
oxide. For example, CR is typically cured with a blend of the oxides of
magnesium and zinc, which crosslink® by removing some chlorine from the
polymer chain. CIIR can also be cured with zinc oxide. For both elastomers organic
chemicals are typically added to increase the rate of cure. Fluoroelastomers and
polyacrylates may be cured with certain amines, and alternatively with

bisphenols.

Advances in rubber technology have been continuous since the early
discoveries because of the curiosity it evoked. Most discoveries of wear and
abrasion were made with the tyre industry in mind, as it was the largest
consumer of rubbers in the civil and military transport systems during the first
and second world wars. Since many of these advances involved basic properties
such as abrasion, tear and flex resistance, these could be readily adopted by
rubber chemists who were designing products for the chemical, fertilizer,
mineral and ore processing industries. The high strength of natural rubber can be

attributed to its ability to undergo strain induced crystallization.

During 1927, Reimer and Tiemenn [18-22] published their work on amino
acids and in a short period this opened an entirely new vista for process
industries. Polymer technology became a new study and research work in these
avenues yielded a wide range of new materials. Research on the chemistry of
natural rubber revealed an isoprene link; a monomer of the terpene group very
much like the aminoacid links in large molecules of protein. Consequently,
polymerisation of isoprene yielded polyisoprene; which was found to have
similar properties to natural rubber. This started an avalanche of other polymers
using styrene, butadiene, chlorobutadiene, etc. Thus, the beginning of synthetic
rubber was announced. The scientific community felt the incongruity of the old
term ‘rubber’ and coined a new term to cover the entire range, called
‘elastomers’ which is a contraction of ‘elastic polymers’. Developments in the

field of synthetic elastomers have progressed so rapidly that the whole concept
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of rubber technology has changed several times and became adapted to changing
demands from society. As a part of innovative technologies, the elastomer alone
failed to supply the demands of industry. This problem opened up a new window
to the world of composites .Thus, rubber started to be applied as a matrix with a
dispersed phase incorporated within to enhance existing properties or to impart
novel properties. At present, most elastomers used in chemical and mineral
processing are used as composites due to their wide array of strength and
properties. Elastomers can be bonded to textile fibers such as nylon, polyesters,
polyaramides and others to increase strength and stiffness, with a loss in
elongation. They can be bonded to metals to combine the rigidity and the
strength of the steel equipment with the elasticity, corrosion and wear resistance
of the rubbers. An elastomer compound development is usually a compromise of
three P’s which can be shown as an equilateral triangle, as shown in Fig.1.2. The
rubber compounder tries to achieve the best compromise by choosing the
elastomer or blends of elastomers and then adding various fillers and chemicals of
which there are an almost infinite number of combinations. The mineral and
chemical processing engineers see only the performance and price part of the
triangle, but the rubber chemist has to deal with the processing through
compounding, mixing and forming such as extrusion, molding, hand lay-up

methods of forming and the vulcanizing steps [23-25].

Performance

Processing Price

Figure 1.2 The 3 P’s in Industry
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1.3 Building blocks in elastomer composite fabrication

The primary blocks of composite construction include a dispersion

medium, i.e. the matrix and the dispersed phase, i.e. the fillers:

1.3.1 Elastomers as matrix

Various elastomers have been used as matrices for filler reinforcement.
Typically, the matrix has considerably lower density, stiffness and strength than those
of the reinforcing filler material, but the combination of matrix and filler produces

high strength and stiffness, while still possessing a relatively low density.

In a composite the matrix is required to fulfil the following functions:

1) To bind together the fillers by virtue of its cohesive and adhesive

characteristics.
2)  To provide environmental resistances and enable ease of handling.
3)  To disperse the fillers and maintain the desired orientation and spacing.

4)  To transfer stresses to the fillers by adhesion and / or friction across
the filler-matrix interface when the composite is under load, and thus
to avoid any catastrophic propagation of cracks and subsequent

failure of the composites.
5)  To be chemically and thermally compatible with the reinforcing fillers.

6) To be compatible with the manufacturing methods which are

available to fabricate the desired composite components.

1.3.1.1 Natural Rubber

Natural rubber is a high molecular weight polymer of isoprene (2-methyl
1,3-butadiene) with a molecular weight of 10> to 10°. Polyisoprene has several
isomeric forms and, in natural rubber 98-100 percent of the isoprene monomers
in its macromolecule are joined in the cis 1, 4 configuration the structure of

which is as shown in Fig. 1.3.
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Figure 1.3 Structure of natural rubber (molecular weight of repeat unit: 68.12
g/mol)

It is an elastic hydrocarbon polymer that is found in nature as a milky
colloidal suspension, or latex, in the sap of some plants and is the oldest known
rubber and the most versatile one for fabrication into rubber goods [26]. The
major commercial source of natural rubber latex is the Para rubber tree, this tree
was called by the explorers as a “wonder tree” which received its botanical name
as Hevea Brasiliensis. This tree is found in abundance in areas with tropical
climate, such as Brazil, Venezuela, Malaysia and India and East coast African
countries. The traditional method of slitting the bark and letting the milk drip to
form solid mass called latex continues to be the sole method of obtaining natural
rubber. The principal component of natural rubber is the rubber hydrocarbon
(91-96 percent), a polyisoprene with the general formula (CsHg),. Natural rubber
also contains 2.2-3.8 percent proteins and amino acids; 1.5-4.0 percent acetone-
soluble substances (acetone extracts: oleic acid, stearic acid, linoleic acid,
carotene); compounds of metals of variable valence, such as copper, manganese,

iron (to 0.01 percent), sand and certain impurities.

Currently, a large number of activities are directed to improve fuel
economy, having in mind that world population is growing and the demand for
transportation vehicles is increasing rapidly, especially in developing countries.
During the era of exploration in the botanical sciences, many people were
seeking unknown plant species that could be useful to humanity, of which rubber
tree is of prime impact. Natural rubber was the only high polymeric material

serving humanity until the advent of polymer technology. The vulcanized
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products made from NR retain high mechanical strength and can be compounded
to own excellent elasticity. NR has very good abrasion resistance which, along
with its low relative cost, makes it a major choice for slurry pump liners and
impellers as well as for tank linings. It has very good dynamic mechanical
properties and is therefore used in tyres, rubber springs and vibration mounts.
Inherent weather resistance provided by the raw gum elastomer is poor.
Significant components of weather, from the rubber technologist’s point of view,
are UV light and ozone. Addition of carbon black to a compound gives
resistance to UV, and antiozonants, waxes; helps with ozone resistance. Ozone
attack is of most concern for thin products and those that are subjected to
stretching in service. Electrical insulation is very good and, like all elastomers, is
dependant on compounding. Resistance to dilute mineral acid (although not
oxidizing acids such as nitric) and dilute bases are good. The resistance to
petroleum oils is poor, while resistance to alcohols (such as ethanol and
methanol) and ketones (such as methyl ethyl ketone and acetone) is much better.
Synthetic polyisoprene (IR) has basically similar properties to those of its natural
counterpart and has a more consistent rate of curing and processing
characteristics, at a current slightly higher price. Among various rubbers, natural
rubber is very important since it possess the general features of other rubbers in
addition to the following specific characteristics. Since it is of biological origin,
it is renewable, inexpensive and creates no health hazard problems. It possesses
high tensile strength due to strain induced crystallization. It also possesses
superior building tack and good crack propagation resistance. Apart from the
conventional rubber products, NR finds a few specialized applications. NR is a
versatile and adaptable material which has been successfully used for transport and
engineering applications such as automobile tyres, aero tyres, off-the-road and
aerospace industries, civil engineering, railways, vibration engineering etc.
Reinforcement of NR using particulate fillers and short fibers has been studied [26-
28]. Cure characteristic and mechanical properties of natural rubber short nylon

fiber composites were studied by Sreeja et al.,[29] Atsushi et al.,[30] studied
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about the nanostructure in traditional composites of natural rubber . Yoshitaka
and co workers [31] investigated the friction of short fiber-reinforced rubber on
wet surfaces. Short fibers of natural occurrence have been selectively used for
reinforcement of NR [32-36].

1.3.1.2 Butyl Rubber (IIR)

IIR is a copolymer of mainly isobutylene (~98%) and a small portion of
isoprene (~2%) (Fig.1.4.) This Isobutylene- isoprene chain is responsible for
butyl’s major properties such as good resistance to oxidative and ozone

degradation, to corrosive chemicals and low gas permeability.

CH3 CH3 CH; CHy

| |

..... CH; - C ~lCHs = CH:—C 2 CH—CH;—CH;— C »
I

CHa CHa |, CHa

Figure 1.4 Structure of Isobutylene-Isoprene Rubber

It is non-polar and therefore resistant to polar chemicals, especially acids
and bases at higher temperatures, and concentrations when compared with NR
compounds. Mechanical properties are good enough and resilience at room
temperature is very low and this leads to low resistance to impinging abrasion. Its
main use in mineral and chemical processing industries is in the lining of tanks
and pipes and pumps. IR is incompatible with diene rubbers such as NR,SBR and
BR. Small amounts of an IIR compound can contaminate other compounds and
can be easily contaminated by other compounds. So the manufacturing facilities
demands high degree of care to avoid such contamination. Chlorobutyl (CIIR) and
Bromobutyl (BIIR) are prepared by halogenation of the butyl rubber.
Halogenation gives increased reactivity. As a result, improvement occurs in
vulcanization rates resulting in improved properties, superior to that of butyl

rubber. The state of cure and reversion resistance and covulcanization with other
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diene rubbers can also be suitably monitored. CIIR and BIIR vulcanizates have
lower gas permeability, better weather and ozone resistance, higher hysteresis,
better resistance to chemicals, better heat resistance and better adhesion to other
rubbers than those of IIR. CIIR and BIIR vulcanizates are used in almost all
applications met by IIR and have even replaced IIR in many applications such as

belts, hoses and tank lining of digesters in rare earth and sand complex units.

1.3.1.3 Ethylene Propylene Rubbers (EPM and EPDM)

The Ethylene propylene polymers commercialized were merely the random
copolymers of ethylene and propylene (EPM). As a result of the absence of
unsaturation, the compound could only be crosslinked with peroxides. The
peroxide cures did not satisfy the needs of the rubber industry owing to their
limitations. To increase the reactivity for crosslinking, a third monomer, a diene is
introduced during polymerization and the resulting rubber, the EPDM terpolymer
combines a saturated polymer backbone with residual unsaturation in side groups
and can be vulcanized with sulphur giving more flexibility in curing. A large series
of dienes has been studied, but 5-ethylidene-2-norbornene (upto 10wt%ENB),
dicyclopentadiene (upto 5 wt% DCPD), and 5-vinylidene-2-norbornene(less than
Iwt %) are currently the dienes used in commercial EPDM’s. One of the most
popular grades of EPDM is that with ENB as diene (Fig. 1.5).

CHj3

I
{CHE EH;}‘ {CHE CH :}} { CH—CH—:}:
CH;

CH—CH;
Figure 1.5 Structure of EPDM containing ENB as diene

EPDM rubber is much more commonly and frequently used in the process

industries. Since EPDM’s have fully saturated backbones (the unsaturation of the
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diene is in the side chain), the resistance to ozone and oxygen is excellent. As non-
polar hydrocarbon elastomers with an amorphous nature, EPDM rubbers have good
electrical properties. The non-polar nature gives resistance to polar materials such
as phosphate esters, many ketones and alcohols, many acids and bases, water and
steam. Resistance to chlorinated solvents is fair enough. Resistance to non-polar oils,
gasoline etc., is very poor although compounds with high loadings of carbon black
and oil have lower volume swell, compared to other hydrocarbon elastomers.
Resilience of EPDM is not appreciable and so resistance to impinging abrasion is
much less when compared with NR vulcanizates, but much better than butyl
vulcanizates and as such butyl rubber has been replaced in many applications
requiring such abrasion resistance. Resistance to sliding abrasion where shearing
forces come into play is good. EPDM rubber is called as crackless rubber in
chemical and mining industry circles because of its excellent resistance to tear.
Compression set property particularly at high temperatures is good, if properly
compounded. Heat resistance of up to 200°C is achievable for special applications
with proper compounding. Processing of this rubber is generally good except for the
lack of building tack. This severely limits the use of EPDM in hand lay-up
applications such as liners. However, with the use of proper solvents and adhesives
this can be alleviated. Since EPDM rubber is costly and the price fluctuates widely,
high filler and oil loadings are resorted to, to achieve relatively low cost
compounds. But these compounds tend to have poor strength and abrasion
resistance. High quality stocks, especially those with peroxide cures, are
considerably more expensive than NR, BR or SBR stocks. EPDM is used in belts
and hoses meant for conveying hot materials because of its excellent heat
resistance. Its excellent chemical resistance makes it a preferred rubber for

specialty belts, chemical hoses and pump liners [37-38].

1.3.2 Fillers

Elastomers are filled with small and hard particles to form composites, aiming

at improving the mechanical properties like elastic modulus or resistance to
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abrasion. The term filler is very broad and encompasses a very wide range of
materials as, a variety of solid particulate materials (inorganic, organic) that may be
irregular, circular, fibrous, or plate-like and are used in reasonably large volumes.
There is a significant diversity in chemical structures, forms, shapes, sizes, and
inherent properties of these compounds used as fillers. They are usually rigid
materials, immiscible with the matrix in both molten and solid states, and, as such,
form distinct dispersed morphologies. Their common characteristic is that they are
used at relatively high concentrations (>5% by volume), although some surface
modifiers and processing aids are used at lower concentrations. Fillers used in
rubber industries may be classified on the basis of sources, properties and colour.
Those grouped on the basis of sources could be organic or inorganic fillers and
can further be subdivided according to chemical family (Table 1.1) or according
to their shape and size or aspect ratio. Wypych [39] reported more than 70 types
of particulates or flakes and more than 15 types of fibers of natural or synthetic
origin that have been used or evaluated as fillers in thermoplastics and

thermosets.

Table 1.1 Chemical families to which various fillers belongs to

Chemical family Examples
Inorganics
Oxides Glass (fibers, spheres, hollow spheres, and flakes),
MgO, SiO,, Sby03, Al,O3, and ZnO
Hydroxides Al(OH); and Mg(OH),
Salts CaCOyj, BaSO,, CaSO,, phosphates, and hydrotalcite
Silicates Talc, mica, kaolin, wollastonite, montmorillonite, feldspar, and asbestos
Metals Boron and steel
Organics

Carbon, graphite  Carbon fibers, graphite fibers and flakes, carbon nanotubes,

and carbon black
Natural polymers  Cellulose fibers, wood flour and fibers, flax, cotton, sisal, and starch
Synthetic polymers Polyamide, polyester, aramid, and polyvinyl alcohol fibers
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Traditionally, most fillers were considered as additives, which, because of
their unfavourable geometrical features, surface area, or surface chemical
composition, could only moderately increase the modulus of the polymer, whereas
strength (tensile, flexural) remained unchanged or even decreased. Their major
contribution was in lowering the cost of materials by replacing the most expensive
polymer; other possible economic advantages were faster molding cycles as a result
of increased thermal conductivity and fewer rejected parts. Depending on the type of
filler, other polymer properties could be affected. The most commonly used
particulate fillers are industrial minerals, such as talc, calcium carbonate, mica, kaolin,
wollastonite, feldspar, and aluminum hydroxide. The most commonly used fibrous
fillers are glass fibers and, recently, a variety of natural fibers. Carbon black and
mineral fillers such as silica has been widely used in rubber industry for the past
decades to develop enhanced properties. However, due to the high structure of
carbon black strong shear fields or filler modifications are needed to ensure fine
dispersion. Apart from carbon black, modified carbonized forms of natural materials
are also well studied [40]. More recent additions, rapidly moving to commercial
markets, are nanoclays such as montmorillonite and hydrotalcite,a variety of oxides,
and nanofibers such as single- or multiple-wall carbon nanotubes. Graphene sheets
and halloysite nanotubes are potential additives in advanced nanocomposites; the
first are single layers of carbon atoms tightly packed in a honeycomb structure [41],
whereas the second are naturally occurring nanotubes produced by surface

weathering of aluminosilicate minerals [42].

A fine dispersion of filler resulting in good adhesion at the polymer/ filler
interface is the basic requirement for attaining optimum reinforcement and low
hysteresis in elastomers. The particle ‘size’, ‘structure’ and ‘surface’ characteristics
of reinforcing materials are the three S-factors that influence and hence decide the
reinforcing ability of a filler and, the filler particle size has the most noteworthy

influence among the three S’s [43-46].
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During the past decades, where reinforcement of the polymer was not a
mainstream of concern to the rubber technologist, different types of clay minerals,
barites, whitings etc. have been used as fillers to reduce the cost of the host matrix
and impart certain properties to the so called rubber composites. Particulate fillers
used in rubber industry in general can be classified as "Black" and "Non-black",
depending on their origin, the former being mostly produced from petroleum feed
stock and the latter from mineral sources. A wide range of black and non-black
fillers have been incorporated into various rubber matrices with the aim of
strengthening the matrix. Generally non-black particulate fillers are added to rubber
compounds to improve the cured physical properties, reduce cost, and impart colour
to the rubber products and along side opacity to corrosive acids and radiations were
enabled. The most important particulate fillers being used in rubber industry are
carbon black and silica. Silicates, barium sulphate, clays, whiting (calcium
carbonate) and other mineral fillers are used extensively where a high degree of
reinforcement is not essential. Most of these fillers have polar surfaces. Conversely,
many polymers are hydrophobic; these will not readily wet hydrophilic fillers. It is
therefore necessary to treat the filler surface to facilitate intimate polymer-mineral
contact. Surface modification using coupling agents as silanes and surface
treatments using fatty acids can improve the dispersion of the filler in the matrix and
there by modify the characteristics of the filled polymer. Many of these additives
work by reducing the polarity of the filler surface and thus improve wetting and

dispersion in non-polar polymers [47].

The chemical composition and its effect on physical properties of the
rubber compound typically result in classifying particulate fillers into three

broad categories.

1)  Non-reinforcing fillers or diluents
2)  Semi-reinforcing fillers or extenders

3)  Reinforcing fillers
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Of the three classifications non-reinforcing filler is unable to provide any
increase on these properties and it functions only as diluent [48]. Semi-reinforcing
filler is a particulate material that is able to moderately improve the tensile strength
and the tear strength, but does not improve the abrasion resistance. Reinforcing
filler is a particulate material that is able to increase the tensile strength, the tear
strength and abrasion resistance of natural/synthetic rubber. The term reinforcing
filler has been coined to describe discontinuous additives, the form, shape, and/or
surface activity of which have been suitably modified with the intention of
improving the mechanical properties of the polymer, particularly strength.
Inorganic reinforcing fillers are stiffer than the matrix and deform less, causing
an overall reduction in the matrix strain, especially in the vicinity of the particle
as a result of the particle—matrix interface. "Reinforcement" here refers to an
improvement in end-use performance of the rubber compound associated with an
increase in modulus and in the so-called ultimate properties including tensile

strength, tear resistance and abrasion resistance [49].

1.3.2.1 Particle size and its role in reinforcement

The particle size of the filler may be considered as a physical contribution to
reinforcement. Depending on the size of the filler particles, the composites are
classified into macro, micro and nano composites. Improvement in the physical
properties of the rubber vulcanizate is directly related to the particle size of the filler.
The increase of tensile modulus and tensile strength is to an immense extent
influenced by the particle size of the filler; smaller the particle size of the
incorporated fillers greater the extent of reinforcement to the rubber compound than
the coarse ones. The particle size on other hand is related directly to the reciprocal of
surface area of the filler, an increase in surface area that is in contact with the rubber
phase probably leads to the increase in reinforcing nature. Particulate fillers with a
broadened particle-size distribution have better compact packing in the rubber
matrix, which results in a reduced viscosity than that provided by the same volume

of filler with a narrow particle size distribution. This phenomenon is an indication of
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the fact that, reduction in particle size results in an increased polymer-filler
interaction and average particle size; and the particle-size distribution also have a
significant influence on reinforcement of the matrices. Another cause of concern is
the presence of large particles or agglomerates in the rubber. The agglomerates
reduces the surface area of contact between filler and rubber matrix and at the same
time functions as failure initiation sites which would lead to premature failure of

materials.

1.3.2.2 The Particle structure

The smallest individual building block is called as a particle and clusters
of these particles fuse together to form aggregates. These primary aggregates
flocculate together to form larger secondary agglomerates. These agglomerates are
held together by vanderwaals forces of attraction. The detailed morphology of filler,
especially carbon black is defined as the structure of the filler aggregate. Particle
structure and anisometry of filler aggregate in addition to the surface area; the filler
particle shape is an important factor that affects the performance of a rubber
compound. Inorganic and mineral fillers possess considerable difference in
geometry, depending on the crystal form in which it exists. Anisometry is at its
minimum with materials that form crystals with nearly equal dimension in all the
three directions. More anisometric are particles in which one dimension is much
smaller than the two others, i.e. platelets. Anisometry is at its maximum in
particles which have two dimensions much smaller than the third, so that they
are rod-shaped. In compounds containing fillers having identical surface area
and chemical nature but differing in shape, modulus increases with increasing
anisometry [50]. Particles with a high aspect ratio, such as platelets or fibrous
particles have a higher surface-to volume ratio, which results in higher
reinforcement of the rubber compound. The greatest hardness is also provided by
rod-shaped or plate-like particles, which can line up parallel to one another
during processing, compared to spherical particles of similar diameter. Particle

shape has a more pronounced effect on processing behaviour than on reinforcement

\\\\ Department of Pofymer Science and Ryubber Technology, CUSAT _.



Introduction

potential and provides important benefits in processing. It can also
significantly increase modulus due to occlusion or shielding of some of the
rubber phase in highly structured fillers such as structural aggregates of carbon
black or silica [45]. An oil furnace black like N110, is highly reinforcing due to
its fairly high structure. A thermal black like N990 has a large particle size,
and low structure resulting in a much lower level of reinforcement but higher

resilience.

1.3.2.3 Surface activity and filler performances

Filler surface activity provides the chemical contribution to the performance
of the filler, while particle size provides physical contribution. When the filler
effectively interacts with the matrix, chemical bonds will be formed, which results
in better strength properties of polymer composites. When the polymer is
physically absorbed on the surface of the filler, the mobility of the rubber
molecules near the surface of the filler will be reduced in the absence of strong
coupling bonds. Polymer-filler bonding develops through active sites on the
filler surface resulting in 'bound rubber' attached to the filler surface. Bound
rubber is the result of rubber to filler interactions which can be considered as a
measure of the surface activity of the filler. The surface activity of the filler is
reflected in the mechanical properties of the rubber composites such as tensile
strength, modulus, abrasion and tear resistance [51]. Adhesion between polymer
and filler may also be induced by using a coupling agent, which involves in the
vulcanisation reaction to form polymer-filler networks and this mechanism of
increasing strength is well established with both mineral fillers and carbon
blacks [48]. Both mechanisms, lead to the formation of high modulus
compounds, which clearly indicate that polymer filler bonding has taken place.
Silane coupling agents have been successfully utilized to further increase the
physical properties of a number of non-black fillers including calcium silicate,

clay, mica, silica and talc [52].
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1.3.2.4 Surface area and reinforcement

The most important factor, determining the degree of reinforcement, is the
development of a large polymer - filler interface. It can be provided only by
colloidal particle. Spherical particles 1um size having a specific surface area of

6m>/cm’

constitutes approximately the lower limit for significant reinforcement
and the upper limit of useful surface area is of the order of 300-400m?/cm” and it
is decided on the basis of considerations of dispensability and processability of
the uncured compound and serious loss of rubbery characteristics of the
composite [53]. The surface area of particulate solid is related to its particle size.
If all the particles are considered as spheres of the same size, the surface area S
per gram of filler can be calculated from the equation, S= 6/dp, where d is the
diameter and p the density of the filler particle. In reality, particles have a
distribution of size and are usually far from symmetrically distributed spheres.
Different fillers of the same particle size may not impart the same reinforcement,
e.g., carbon black and silica. The shape of particle also may be different for

different fillers, viz., spheroidal, cubic/ prismatic, tubular, flaky or elongated.

Non - spherical particles can also impart superior reinforcement [54].

1.4 Nanotechnology

Nanotechnology is one of the most vital technologies for interdisciplinary
sciences and innovative industries. In the realm of material science and engineering,
nanotechnology products can be synthesised from unit materials such as atoms and
molecules to build ceramics, catalysts, and semiconductors. Therefore
nanotechnology is one of the most attractive research areas. Nanoscale materials
are commonly characterized by at least one dimension in the nanometer range (1
nm = 10 m) [55] (Fig. 1.6). By simple calculations, it can be estimated that the
volume of one Bacillus cereus bacterium which is in the micrometer range could
hold one million of 5 nm nanoparticles [56]. In the nano-scale range, the material

structures and properties differ significantly from those of single atoms or
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molecules but also from bulk materials. These unique properties bring nano-

scale materials into an emerging wide area of applications.
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Figure 1.6 Nano scale materials existing in nature
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One of the interesting properties of nano-scale materials is the decreasing
melting temperatures with decreasing size as an effect of the increasing number
of surface atoms. Since the number of surface atoms increases with smaller
particles, these atoms can be more easily rearranged than those in the centre
of the particles, and thus the melting process can start earlier [56]. The
outcome of the ever-increasing number of surface atoms with decreasing
particle size also makes small metal nanoparticles becoming a highly reactive

catalyst.

The nano-scale materials are categorized generally on the basis of number
of dimensions which exist in the nanometer range. By reason of this dependence
on the dimensions, nano-scale materials can be classified as: zero-dimensional
(e.g. nanopores), one-dimensional (e.g. laminate structure), two-dimensional
(e.g.nanowires/nanotubes), and three-dimensional structure (e.g. super lattices)
(Fig. 1.7.) This classification system is useful one describing the type of

structure of the nano-scale materials one would like to produce.

Nanolayers

> 100nm Nanotubes
=<100nm

3 nanoparticles

o IQCD> D @ S OW

Figure 1.7 Dimensional classification of nanomaterials

1.4.1 Synthesis of nano-scale materials

Plentiful ways are available for nano-scale material synthesis. A broad
classification divides these methods in general into two processes.The first is one
which build materials from ‘bottom up’, i.e. atom by atom, in which the material

is synthesised from atomic or molecular species via chemical reactions, allowing
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for the precursor particles to grow in size. Second is one in which the
nanomaterial is constructed ‘top down’ using processes that involves the
reformation or the restructuring of atoms to generate the looked-for structures
i.e. in this process we start with a bulk material and then break it into smaller
pieces using mechanical, chemical or other form of energy [57]. The two

approaches are schematically represented in block diagrams as in Fig. 1.8.

: 7 Atom/lon/

Bulk materials Nano-scale materials Molecules
& &
> - _. o

Top-down Bottom-up

Figure 1.8 Schematic representation of Nano scale filler synthesis

The top-down routes are included in the typical solid-state processing of
the materials. These routes are based on the reduction of micro sized materials

into the nanosized ones.

High energy ball milling or microfluidizers are used to break down
dispersed solids down to 100nm. Materials like metals, ceramic, and polymers in
the form of powders having coarse-grained particles are crushed mechanically in
ball milling applying hard materials such as steel or tungsten carbide [58]. This
continual deformation due to applied forces results in large reduction of grain
size since energy is being incessantly pumped into crystalline structures to
generate lattice defects. This route is not apt for preparing uniformly shaped
materials, and it is very tricky to realize very small particles even with high

energy consumption.

Bottom-up routes are frequently used for preparing majority of the nano-

scale materials, with their unique ability to yield a uniform size, shape, and
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distribution of particles. Bottom-up routes effectively cover chemical synthesis,
the precisely controlled deposition and well structured growth of materials. Within
that bottom-up route, physical/aerosol and wet/chemical synthesis are widely used
for particle creation. Physical vapour synthesis is most often used for the
preparation of carbon black, colour pigments and fumed silica, using thermal
plasma and lasers as heat sources [59]. This method involves the conversion of
solid materials into gaseous components by physical processes. The gaseous
material is cooled and thereafter re-deposited on a substrate with achievable
modifications; such as reaction with another gas. Among the several nano
material synthesis methods employed, wet precipitation is the simplest and cost
effective method of material synthesis. Wet synthesis includes classical
crystallization, bulk precipitation or emulsion precipitation. These routes involve
the reaction of chemical reactants with other reactants in either an aqueous
solution or non-aqueous solution. These chemical reactants react and self-
assemble to produce a supersaturated solution with the product. This
supersaturated solution at certain conditions results in particle nucleation. These

initial nuclei then grow into nanometer size particles.

In the case of precipitation in bulk phase, solid particles can be generated
from precipitation and crystallization processes based on the wet/chemical route.
For that reason the theoretical basics of precipitation processes is to be
discussed. The phase transformation of dissolved liquid molecules into a solid
phase proceeds by a crystallization process and is relatively slow as the
necessary super saturation is created by a reduction of temperature or by
evaporation of solvent. On the other hand in case of classical precipitation, two
chemical reactants are mixed. Then, a fast chemical reaction initiates the
formation of a supersaturated solution which leads to the formation of solid
particles as the result of the low solubility of the formed product. Precipitation is
one of the oldest unit operations widely used in the chemical industry to produce

defined solid particles. The Solvay process, which precipitates sodium bicarbonate,
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is an interesting old example for precipitation, which is still widely used in large-
scale production. [60]. Sol-gel methods are widely used for fine chemical
preparation [61, 62]. These routes involve the reaction of chemical reactants with
other reactants in either an aqueous or non-aqueous solution. These chemical
reactants react and self-assemble [63] to produce a supersaturated solution with the
product. This supersaturated solution at certain conditions results in particle
nucleation. These initial nuclei then grow into nanometer size particles., Apart from
this ,spray pyrolysis and drying [64], RF plasma synthesis [65], supercritical-water
processing [66], vapour transport process [67], sonochemical or microwave-assisted

synthesis [68] are also available for synthesis of nano materials.

1.4.2 Diversity in Morphologies of nano materials

Depending on the preparation method and selection of synthetic medium,
wide variety of morphologies of the same material can be materialised which
includes prismatic forms , bipyramidal dumbbell-like , ellipsoidal, spheres,
nanorods, nanowires, whiskers [69-75], nanotubes [76] and columnar hexagonal-

shaped nanomaterials [77]. Few among them are shown in Fig. 1.9 [78-79].
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Figure 1.9 Diverse morphologies of nanoparticles
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1.4.3 Nanocomposites

Nanocomposites are a new class of composites that are filled polymers
which contains in it, at least one dimension of the dispersed particles in the

nanometer regime; in order to improve performance properties [80-82].

In the case of nanocomposites, the properties of the material are more tied to
the interface, so the control and manipulation of micro structural evolution is
essential for the growth of a strong polymer—filler interface in such nanocomposites.
And all one have to deal with while working on nano composites is in the atomic
dimensions and hence, the properties of nanoclusters or particles are reflective of
atoms rather than those in the bulk. The outstanding reinforcement of
nanocomposite is primarily attributed to the large interfacial area per unit volume
or weight of the distributed phase. The nanolayers has much superior aspect ratio
than typical microscopic aggregates [83-84]. The aspect ratio (=H/R) is based on
approximating particles as cylinders (area/volume = 1/H+1/R) and is represented
in logarithmic scale. Aspect ratios larger than one correlate to nanorods
(Iength/diameter) and less than one to nanoplates (height/diameter) [11]. It is
worth to mention, for example, that fully exfoliated and dispersed high-aspect ratio
plates or rods, such as montmorillonite or SWNTSs, breed internal interfacial area
comparable to that of macromolecular structures, such as dendrimers or proteins,
and two to three orders of magnitude more than traditional mineral fillers.
Furthermore, another advantage of nanofillers is not only to reinforce the rubber
matrix but also to impart a number of other properties such as barrier properties,
flammability resistance, electrical / electronic and membrane properties, and
polymer blend compatibility. In spite of tremendous research activities in the field
of polymer nanocomposites for the duration of the last two decades, elastomeric
nanocomposites are still in a stage of babyhood as far as their application is
concerned. The major challenge in this regard is the replacement of vast portion
of carbon black and silica which are mostly used in bulk amount in rubber

compositions by a small amount of nanofillers to achieve desirable combination
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of properties. Insightful research has combined the advances in diverse
disciplines to elucidate the structure—property relationship in polymer
nanocomposites. Developments in synthesis and processing have enabled
formation and monitoring of engineered nano assemblies, while giant steps in
analytical techniques such as microscopy and diffraction studies have enabled
the precise determination of structural evolution across various length scales in

the rubber material.

In general, three types of nanocomposites can be classified depending
upon the number of dimensions of the dispersed phase in the nanometer range
[82] as follows: 1) Nanocomposites that can be reinforced by isodimensional
nanofillers which have three dimensions in the nanometer range. eg:-Spherical
nanoparticles obtained by in-situ sol-gel methods [85,86] or by polymerization
promoted directly from their surface [87]. 2) Nanocomposites which can be
reinforced by fillers which have only two dimensions in the nanometer scale.
eg:-carbon nanotube [88, 89] or cellulose [90, 91], 3) The reinforcing phase, in
the shape of platelets, has only one dimension on a nano level. eg:- nano clays

and layered silicates.

In the nanoparticles filled system, the distance between particles is
comparable to the size of the interfacial region because of the increased number
density of particles, and as a result, the relative volume fraction of interfacial

material to bulk is drastically increased as the size becomes smaller.

Major advantages of nanocomposites:

. Lighter weight owing to low filler loading

. Reduced cost due to fewer amount of filler use

= Improved mechanical, thermal, optical, electrical, barrier properties,
compared with conventional composites at very low levels of filler

loading.
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Methods for preparation and processing of various nanocomposites:

The incorporation of nanoscale particles into polymer can generally be

done in five ways as follows:

a)

b)

d)

Solution method: involves dissolution of polymers in sufficient
solvent with nanoscale particles and evaporation of solvent or

precipitation.

Melt mixing: In this, the polymer is directly melt-mixed with

nanoparticle.

In-situ polymerization: here, the nanoparticles are first dispersed in
liquid monomer or monomer solution. Polymerization is carried out

in presence of nanoscale particles.

Template synthesis: This method is completely different from other
methods. It uses polymers as template, and the nanoscale particles

are synthesised from precursor solution.

Mechanical mixing on a two roll mill: This is the classical method of
compounding rubber matrices followed by incorporation of nano

fillers on an open two roll mill [92].

1.5 State of the art research - elastomer nano composites

In the last two decades, the incorporation of nanomaterials in polymeric

systems has opened up a new vista of nanostructured polymeric materials. The

commendable interfacial interaction between the matrix and the nanofiller

particles, recognized by the smaller size and enhanced surface area of these

smart nano’s imparts amazing properties to the matrices in which they are

incorporated. These organic—inorganic hybrid materials play an important role as

structural composites and, the developments in the field of synthetic elastomers

have progressed so rapidly that the whole concept of rubber technology has

changed several times. Polymer based organic and inorganic nanocomposites
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have gained increasing attention in the field of interdisciplinary sciences [93-96].
Even if the consumption of synthetic rubber is increasing, it is a genuine fact that
natural rubber is the most fascinating and industrially relevant rubbery material.
The foremost reasons behind it include its high green strength owing to the non
rubber constituents as, phospholipids and proteins, strain-induced crystallization
behavior, amneability to vulcanization and stereoregularity. In order to attain
good mechanical properties in accordance with the end use, the elastomers have
to be reinforced with particulate fillers as carbon black and silica. Usually high
percentages, around 40 wt% conventional fillers are needed to get ample
reinforcement depending on application. These traditionally filled rubbers have
high filler content and hence reduce the processability and increase the weight of
the final product. In these state of affairs, the nano concept is highly important
for rubber compounds since their application lies in its ability to provide
reinforcement [97-103]. Apart from solely constructing a nanocomposite, works
have been carried out in fabricating so called hybrid nano composites, by
incorporating more than one filler which may be either in the nano or macro
region, inorder to derive the benefit of both nano and conventional fillers. Okada
et al. [104] found that 10 phr of organoclay is enough to achieve a tensile
strength in NBR equivalent to 40 phr carbon black loaded NBR and Arroyo et
al. [101] have compared the reinforcement imparted in NR by organoclay and
carbon black dual systems by constructing hybrid composites. A number of
methods have been employed by scientists and industrialists for nanocomposites
fabrication, such as melt mixing [105-108], two-roll mill mixing [109-114],
solution mixing [115-121], latex stage mixing followed by coagulation method
[122—-129] and polymerization around fillers [128, 129].

Rubber/layered silicate nanocomposites exhibited excellent properties
due to the high aspect ratio of layered silicates arising from their lamellar
structure. In the presence of these fillers, rubber nanocomposites can form

either intercalated or exfoliated structure or partly intercalated and exfoliated
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structure [130, 131]. The maximum properties of these composites, due to the
incompatibility between the organic (rubber) and inorganic (silicates)
components, can only be attained by the organic modification of the silicates.
Thus the interaction between hydrophobic rubber and hydrophilic filler has
been improved to get unique physical and chemical properties. Commonly
rubber industry concentrates on montmorrillonite (MMT), hectorite, saponite
and organically modified MMT. The literature reveals that unprecedented
improvement in properties has been observed in elastomers with these
nanofillers [101-103, 105-110, 115,122, 132-134]. Jeon et al. [135] have
synthesised a modified Na-MMT using polyethylene glycol monooleate and
polyethylene glycol diacrylate as modifiers to enhance the fine dispersion in
rubber matrix. It has been revealed that the organic modification enhanced the
fine dispersion of MMT effectively in the hydrophobic rubber matrix. Jia et al.
[136] have observed a significant improvement in properties of SBR-clay
nanocomposites. For the past few years, researchers have employed both natural
and synthetic rubbers for the preparation of nanocomposites, viz, natural rubber
[101,108,118-121, 137-144], SBR and XSBR [111, 145-151], HNBR and NBR
[124,152—-157], IR and ENR [105, 108], EPDM [100, 158, 159], EVA [160-163]

and so on.

Carbon nanotubes have been used as reinforcing filler in elastomers
instead of conventional fillers such as carbon black and silica. Liliane et al.
[164-169] have studied the reinforcing effect of multiwalled carbon nanotubes
in SBR, they have also compared the reinforcement of SBR by single fillers of
carbon black and multiwalled carbon nanotubes and by mixture of carbon black
and MWNTs. Jacob and coworkers [170] synthesised the nanocomposite of
crosslinked natural rubber and single walled nanotubes. Studies have also been
carried out with SiC nanoparticles and single-walled carbon nanotubes in natural
rubber [171] and found that the tensile strength of the nanocomposite was enhanced

even at lower concentration (1.5 wt%).Researchers have paid much interest in
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nancomposites of various rubbers and carbon nanotubes (SWNTs and MWNTs)
such as NR [172-176], SBR [177, 178], HNBR [179], EPDM [180], PUR [181—
188] and silicone rubbers [189—191]. Bhattacharyya et al.[192] have reinforced
natural rubber using carboxylated multiwalled carbon nanotubes (c-MWCNT)

dispersed with sodium dodecyl sulfate.

Nano silica have been employed by number of researchers to fabricate
elastomers based composites both nanocomposites and hybrid nanocomposites.
Nano inorganic spherical filler silica has been extensively used in the rubber
industry. The introduction of ‘Green Tyres’ has enhanced the demand for silica
particles and focus is now on in situ generation of silica particles to synthesise
nanocomposites of polymer and silica particles [193]. Liu et al. [194] have used
modified silica using basic cyclohexylamine. The physical property of the
copolymer of LDPE-EV A was improved by the incorporation of pristine nanosilica.
The interaction of hydrophilic silica filler with the copolymer has been improved
in the presence of silane coupling agents [195]. A number of hybrid composites
of nano silica and carbon black revealing synergy as earlier studied with nano

clay- black systems have been reported [196-202].

Polyhedral oligomeric silsesquioxane (POSS) is a class of nanofillers with
functional groups that are widely used in thermoplastics and thermosets as
reinforcing agents. Sahoo et al. [203] have synthesised POSS with hydroxyl
functional groups with an average diameter of 50 nm. They have used POSS
nanoparticles as curing agent in certain functionalized rubbers such as
fluorocarbon rubber (FKM) and carboxylated nitrile rubber (XNBR) and
analyzed the physical properties. The results revealed that the POSS
nanoparticles cross linked effectively in FKM and XNBR. Composites of
silicone rubber and POSS were prepared by melt blending with special interest
in the thermal stability of POSS macromers and the effects of mixing
temperature and the subsequent vulcanization of polysiloxane [204]. The results

showed that the condensation reaction could be possible at higher temperature,
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leading to a partially amorphous structure of crystalline POSS; however, it was

recrystallized upon cooling.

Nowadays efficient and environmentally friendly nanofillers are being
developed from natural fibers and starch.NR filled with waxy maize starch
nanocrystals showed that upto a loading of 20 wt% the physical properties were
found to be higher. At 20 wt% the relaxed modulus at room temperature was 75-
fold higher than that of unfilled matrix [205]. Apart from these reinforcing fillers
the emergences of non-reinforcing fillers as effective reinforcement when their
size is reduced to nano size realms have been widely applied. Mishra et al.[206]
have compared the effect of commercial and nano CaSOQ, filler particles on the
mechanical, physical and thermal properties of SBR. The matrix SBR has been
reinforced with nano filler via in situ deposition technique. They have observed
an enhancement in properties of SBR with nano CaSO, up to a filler loading of
10 wt%. According to them at higher loading all properties of SBR decreased
due to the agglomeration of filler particles. Reports on the use of barium
sulphate nanomaterials by Wang et al. [207,208] in PBD systems and by Zhao
et al. in NR are seen in literature. Reinforcing effect of nano CaCOj; in different
compounds—NR and NR/NBR blend used in sports goods (laminated sheet for
inflated balls), NR based cycle tube, bromobutyl based pharmaceutical closures
and CPE/CSM blend used for coated fabric have been reported earlier [209-211].

1.6 Barium sulphate

Barium was first isolated by Sir Humphry Davy, an English chemist, in
1808 through the electrolysis of molten baryta (BaO). Barium is never found free
in nature since it reacts with oxygen in the air, forming barium oxide (BaO), and
with water, forming barium hydroxide [Ba(OH),] and hydrogen gas (H,). Barium is
most commonly found as the mineral barite (BaSO,) and witherite (BaCOs) and
is primarily produced through the electrolysis of barium chloride (BaCl,).
Barium sulphate, a common barium compound, is used as a filler for rubber,

plastics and resins. It can be combined with zinc oxide to make a white pigment
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known as lithophone or with sodium sulphate (Na,SO,) to make another white
pigment known as blanc fixe. Industrial barium sulphate is usually colourless or
milky white, but its colour can vary depending on the impurities trapped in the
crystals during their formation. Barite is a mineral composed of barium sulfate,
BaSO4 1t is relatively soft, measuring 3 to 3.5 on Moh’s scale of hardness. It is
unusually heavy for a non-metallic mineral. The high density is responsible for
its significance in various realms of applications. Commercially barite is
chemically inert and insoluble. BaSQO, is the most common mineral of barium.
Barite is used in the production of wallpaper and in the manufacture of white
paints. Barite, a name derived from the Greek word "barus"(heavy), is the
mineralogical name for barium sulfate. Although barite contains a "heavy" metal
(barium), it is a non-toxic chemical under Section 313 of the Emergency
Planning and Community Right-to-Know Act of 1986, because it is very

insoluble.

The commercial significance of barite is related almost entirely to its high
specific gravity. As far as the modern industry is considered barium sulfate is
widely used as a shading material for the X-ray photography being a good
absorber of X-rays, a gamma-ray absorber, a white pigment, coupled with its
characteristics harmlessness to humans and its strong shielding capability.
Although all barium compounds are poisonous, barium sulfate can be safely
ingested since it does not dissolve in water. It continues to be the most important
radio-opaque component in radiographic contrast materials used for visualizing the
intestinal tract. Numerous new barium sulfate preparations and corresponding
patents confirm the unsurpassed basic suitability of this radio-opaque compound.
Barium sulfate ceramic is a superlative optical reflector, and may soon become a
viable component of optical circuits. Barium sulfate powder is also used in
polymer system as fillers. For using as a filler, nanosized and superfine barium
sulfate powder is expected to enhance the materials properties. And these fine

barium sulfate powders are relatively highly sinterable which is very important
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for preparation of BaSO, ceramic. Barium sulphate particles can lead to a
significant improvement of optical characteristics and flow behaviour, and have
been used widely in pigments, printing inks, and medicine. BaSO4 has an
orthorhombic crystal structure, the unit cell are a = 8.88 A, b=5.46 A, and ¢c =
7.16 A. Fig. 1.10, below shows the BaSO, morphology as predicted using
Cerius2® software [Van-Leuween, 1998][212-213].

Figure 1.10 The predicted morphology of orthorhombic crystal structure of
barium sulphate from the unit cell dimensions a = 8.88 A, b = 5.46
A, and ¢ = 7.16 A. The indicated faces are A = {101}, B = {011},
C ={200}, D = {111}, and E = {210} [redrawn from Van-Leeuwen,
1998].

1.6.1 Uses of barium sulphate

Annual production of bariumsulphate worldwide is approximately 5.4
million metric tons, dominated by China(33%), India(11%), and Morocco (8%).
Ground barite for well drilling fluids accounts for 90% of all production. The
balance is used in the manufacture of barium chemicals and glass and in filler

applications.
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Therapeutic Medicines and clinical X-rays: Because barium sulphate is
insoluble and opaque to X-rays, blanc fixe meeting pharmacopeia specifications
is used as an indicator in medical X-ray photography. Natural barite is used in
concrete for the construction of facilities handling nuclear materials because it

absorbs gamma radiation.

Coatings: Paints and primers represent the largest use for filler-grade barite.
High-brightness micronized barite is used as an extender to provide the weight
that customers equate with quality and because of its low binder demand, which
allows high loadings. They function instead as extenders and spacers, keeping
the pigment particles separated and uniformly disseminated to optimize light

scattering.

Well drilling fluids: Drilling fluids are designed to cool the drill bit, lubricate the
drill stem, seal the walls of the well hole, remove cuttings, and confine high oil and
gas pressures by the hydrostatic head of the fluid column. In most drilling fluids

barite is the major ingredient by weight percent.

Glass: In glassmaking barite saves fuel by reducing the heat-insulating froth on
the melt surface, it reduces seeds and annealing time and improves glass

toughness, brilliance, and clarity.

Polymers: Finely ground barite is used in rubber, where its weight, inertness,
isometric particle shape, and low binder demand are advantageous. It has little
effect on cure, hardness, stiffness, or aging. It is used in acid-resistant
compounds, in white sidewalls for tyres, and in floor mats. Blanc fixe of semi-
reinforcing nature is used to provide the same compound softness and resilience
as barite but better tensile strength and tear resistance. Barite is used in PVC and
polyurethane foam backings for carpeting and sheet flooring because of its
ability to form dense coatings due to its high specific gravity and its ability to be
used at high loadings.
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Other uses: Micronized white barite and blanc fixe are used as fillers and extenders,
primarily to add weight, in bristolboard, playing cards, and heavy printing papers.
Blanc fixe is used in the base coat of photographic papers to supply an inert
substrate for the silver halide emulsion coat. Finely ground (~325 mesh) barite is

used as an inert filler in brake linings and clutch plates [214-217].

1.6.2 Surface activity of barium sulphate:

Precipitated barium sulphate is a known pigment, which can be used as a
filler in the rubber industry, as an opacifier in art printing and photographic
papers and in the polymer industry, and as a brightening agent and a fiber —
dulling agent in the textile industry. Barium sulphate is produced in known
manner from water soluble barium salts and water soluble sulphates by a wet
chemical precipitating process. These conventional precipitating processes
involve more or less time consuming crystallization from isothermally
supersaturated solutions. Owing to the very low solubility of the precipitates the
crystals are very small and the conversion almost amounts to about 100%. The
optimum properties of pigments and extenders from the aspect of application
technology will be achieved with certain particle size distributions. For this
reasons, it is by no means enough to form the desired barium sulphate precipitate
in a prescribed chemical composition but, the wet chemical process must be
inhibited to result in the desired primary particle size. Precipitated barium
sulphate is used as an inert pigment in numerous fields. Known fields of
application includes the use of the precipitated barium sulphate as filler in the
dyestuff and paint industry, in the plastic and rubber industry, or the use as a
dulling agent in the fiber industry.

In these fields the barium sulphate is substantially used as inert white filler
based upon the fact that it is substantially inert chemically and physically. In
other applications, the filler is required to have functional properties in order to
impart certain property profile to the system in which the filler is used. This is

generally accomplished with so called active fillers, such as silicates, oxides,
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carbonblack, sulphur, which may be of natural origin mineral or may be
synthetically produced. All so called active fillers are characterised by having a
surface reactivity owing to the presence of esterifiable hydroxyl groups, reducible

carbonyl or carboxyl groups or radical splittable molecules (e.g, polysulphides)

Barium sulphate lacks such a surface activity. In the SO4” tetrahedron, the
central atom has its highest oxidation number. This high charge density of the Ba*
ions ensures a saturation of the bond sites on the crystal surface by the Ba®" ions. A
known as well as a widespread measure of providing surface reactivity consisting of
an after treatment with inorganic and/or organic adjuvants, such as a silanization,
will not produce the desired results with barium sulphates because, by contrast with
other oxide pigments, such as TiO,, ZnO and SiO,, and by contrast also with carbon,
a particle of BaSQOj, has no surface centres which can be esterified and/or complexed
and this deficiency inhibits the after treating agent and thus they cannot be fixed
with formation of covalent bond. A strictly physical-mechanical application, such as
the application of additional components by a simple admixing, will not produce the
desired result. When coated barium sulphate is incorporated in a polymer system,
the alternating agent bonded by physical sorption will be detached from the surface.
In order to prevent a subsequent detaching, the after treating agent must be
chemically fixed to the barium sulphate surface by a covalent bond or must be

electro statically fixed to a surface.

Surface treatment, on the other hand, is the association of a processing aid
with the mineral’s surface only. One part of the treating agent molecule has an
affinity for the mineral surface and the other for the organic medium. Surface
treatments to hydrophobize the filler surfaces can be attained by using organic or
inorganic surface treating agents. The commonly used inorganic and organic
agents fall into the group of alkali silicates and organic ones may be alkyl/aryl
sulphonates, sulphites or phosphoric acid esters and a mixture of any two or
simply fatty acid. Properties of inorganic fillers can be further enhanced by

treatment with organic stearates to make the particles hydrophobic. The suitable
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method of modifying the surface of barium sulphate is to form a modifier
coating on these precipitates by using certain inorganic or organic reagents. In a
patent reporting the use of surface modifiers for barium sulphate, inorganic
compounds selected from aluminium, barium, antimony, calcium, cerium,
chlorine, cobalt, iron, phosphorous, carbon, manganese, oxygen, sulphur
compounds or salts were used whereas organic modification used organic
compounds from the group of alkyl sulphonic acid salt, sodium polyvinyl

sulfonate, sodium dodecyl benzene sulfonate, or higher fatty acids [218-220].

1.7 Scope and objectives of the present work:

Elastomeric composites with special properties are highly important in that
they can suit situations demanding strength and flexibility and they can be formed
into any shape of choice; simple or complex. In recent decades researchers have
been seeking new reinforcing fillers for elastomers that are environment friendly,
inexpensive and readily available to act as reinforcement and also as partial
replacement for carbon black. Manufacture of carbon black is dependent on non-
sustainable supplies of petroleum and whose preparation and processing are
hazardous and consume lot of energy. On the one hand replacement aims at cost
reduction and on the other hand a synergistic effect of different fillers may be
obtained due to cooperative interactions. Barium sulphate is widely used as filler in
polymer industry and is eco-friendly and as a filler, it possess two inherent
characteristics that could be transferred to an elastomer matrix once filled within. Of
its strengths, one is its inherent resistance to chemicals especially acids and other
one is its ability to be rendered opaque to radiations. The former property depends
basically on the polymer characteristics initially and can be enhanced by
incorporation of barium sulphate, where as the latter property is solely imparted by
the filler and varies depending on filler’s particle size and modifications. The
general fields of application of filled acid resistant elastomers [221-224] are mainly
in the fertiliser industry and fuel cell assemblies and as and when the sustenance of

polymer property is necessary, these diluents fail to meet the purpose.
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The vulnerability to ionising degradation depends on nature of polymer
and almost all polymers are radiolucent and opacity to radiation depends mainly
on nature of filler used, or exactly on nature of opacifier material incorporated.
The traditional materials used to impart acid resistance and radiopacity in
industrial applications are in majority based on lead materials. Lead brick linings
were provided to act as corrosion resistant acid shields and lead based garments
and screens, used as protection against X-rays for operating personals in clinical
analysis. Though lead based materials excelled in their task, they have
disadvantages such as heavy weight, easy crack formation and corrosion and
poor processability and finally the menace of disposal once damaged. Irradiated
lead becomes a mixed hazardous waste, the disposal of which is a cause of
environmental concern. As far as aprons, garments and shields are concerned
high weight factor is too risky [225]. Barium sulphate can act as a replacement
for Pb based materials in clinical X-ray field, since its K-edge is such that it
screens radiations from 37kVp to 60kVp which is the normal energy range used
for whole body X-ray imaging. In such a situation, radiopaque elastomer
composite based on barium sulphate filled composites assume significance. A
literature survey conducted on barium sulphate filled composites reveals that,
studies on barium sulphate filled composites are scarce or seldom published. In
the reported works of composites filled with barium sulphate, it could be seen
that even though the processability and technological properties of filled
composites are attained, the property of the host polymer was not even retained
and state even worsened at high loadings. Introduction of a non-reinforcing filler
that too at higher loadings as a rule will deteriorate its property due to inert
surface. But if its size is reduced and surface area increased, improvement in
mechanical properties is expected. This material has been stamped under the
category of non-reinforcing filler and its potential in imparting reinforcement has
not yet been revealed under smaller length scales which is mainly attributed to
its draw back i.e., lack of surface activity. Generally barium sulphate is

chemically inert but introduction of surface activity into it by surface treatment
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can impart improved wettability by polymer which can improve material
properties amazingly and add essence to the inherent properties attributed to by
barium sulphate as, radiopacity and acid resistance, owing to the reduced size
and activated surface. Once surface activity has been imparted things will
change and the filler can impart better strength properties in addition to opacities
and resistance to acid. Apart from all these applications the nano barium sulphate
filler synthesis aims at achieving amazing properties at these shorter length
scales and a scope of using it as reinforcement in selected elastomers. Under
these circumstances, when functional properties are to be introduced into
polymers along with material strength use of nano fillers can help a lot. Nano
fillers due to size reduction can act as reinforcement and at the same time can
impart superior properties too. It can also assist in at least partially replacing the

carbon black from numerable composite structures if properly tailored.

In the present work the possibility of using barium sulphate having
nanoparticular dimension as a reinforcement in elastomers and the synergistic
effect in the presence of barium sulphate in carbon black filled composites
have also been explored, it is expected that the presence of dual filler network
will enhance filler dispersability in elastomers. Since barium sulphate is inert it
will not be able to enhance strength properties drastically. Inorder to improve
its interaction with elastomers, a surface treatment has been made using
stearate modifiers. The use of modified barium sulphate nano filler is to
improve the mechanical strength of elastomers and synergistic effect of dual
fillers in carbon black filled system is expected. Improvements in radiopacity

and acid resistance are also expected.

The specific objectives of the present work are:

. Synthesis and characterization of nano barium sulphate and its
modification via surface treatment using fatty acid to convert its

surface from hydrophilic to hydrophobic.
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Fabrication of nano composites of unmodified and modified barium
sulphate by incorporating them in elastomers like natural rubber,
ethylene propylene diene rubber and isobutylene isoprene rubber
and exploring the influence of these fillers in reinforcing the
matrices and imparting strength properties, solvent resistance and

thermal stabilities.

Hybrid composite fabrication is another objective: Adding carbon
black(HAF) to the elastomers at higher loadings and attempting to
partially replace this filler with low loadings of nano barium
sulphate, in such a way that, the resultant polymer composites offer

better or comparable properties with that of black filled systems.

Evaluation of resistance of these nanocomposites as well as hybrid
composites on immersion in sulphuric acid and exploration of the
various mechanisms involved, if any in acid degradation of rubbers
through various parameters like weight change, property change and

emergence of neo-functionalities using Infrared spectroscopy.

Determination of radiopacities of the composites with modified,
unmodified barium sulphate of smaller particle size and
commercially available forms of filler at higher loadings and
determination of optical densities and corresponding attenuation
coefficient to assess their shielding effectiveness to X-rays generated

from a medical source.
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chaer 2

Chapter
MATERIALS AND EXPERIMENTAL METHODS
2.1 Materials
2.2 Experimental
2.3 Characterization methods
2.1 Materials

2.1.1 Elastomers
a)  Natural rubber (NR)

The natural rubber used in the study was solid block rubber ISNR-5 of
Mooney viscosity ML (1+4) at 100°C = 85, obtained from the Rubber
Research Institute of India, Kottayam. The Bureau of Indian Standards

specifications for the grade of rubber are given below

Parameter Value
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, Po (min.) 30.00
Plasticity retention Index (PRI) (min.) 60.00

b)  Isobutylene-isoprene rubber (IIR): The detailed properties obtained

from the technical brochure of Polysar butyl Exon: 301 are as follows:

Parameter Value
Isobutene content 98wt%
Isoprene 2wt%
Molecular weight distribution Narrow
Mooney viscosity, ML(1+8) 125°C 51IMU
Ash content at 550 °C >0.4%
Volatile matter 0.3%
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c) Ethylene-propylene-diene monomer rubber (EPDM)
Nordel IP - 4640 hydrocarbon rubber, a product of Dupont dow elastomers
was supplied by Vajra rubber products, Thrissur. The other properties of

EPDM are as given below.
Parameter Value
Mooney Viscosity, ML (1 + 4 )at 125°C 40
Ethylene ,mass% 55
Propylene, mass% 40
ENB,mass% 5
Molecular weight distribution Medium
Product Density, g/cc 0.86
Product Form bale

2.1.2 Fillers used

a) Commercial Barium sulphate(precipitated)

Barium sulphate used for the study was obtained from Merck India, cochin Ltd.

b)  High abrasion furnace black (HAF, N330)
High abrasion furnace black (N330) used in the study was supplied by M/s
Philips carbon black India Ltd., Kochi, India. It had the following

specifications.
Parameter Value
Appearance Black granules
DBP absorption 102 cc/100g
Pour density 376 Kg/m’
Iodine number 82

2.1.3 Accelerators used

a)  N-Cyclohexyl-2-benzothiazolesulfenamide (CBS)
CBS was obtained from Merchem Ltd., Cochin, India. The specification of
CBS is given below,
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Parameter Value
Appearance, Colour Pellets, Off white
Melting point 103°C

Flash point 177°C
Density(25°C) 1200K g/m’

Bulk density 540-580 Kg/m’

b)  Tetramethylthiuram disulfide (TMTD)
TMTD was obtained from Merchem Ltd., Cochin, India. The specification of

TMTD is given below,
Parameter Value
Parameter Value
Appearance, Colour White powder, Light cream
Melting point 136°C
Specific gravity 1.4

c)  Zinc diethyldithiocarbamate (ZDEC)
ZDEC was obtained from Merchem Ltd., Cochin, India. The specification of

ZDEC is as follows
Parameter Value
Appearance White powder
Melting point 172°C

2.1.4 Plasticizers used

a) Paraffinic oil
M/s. Hindustan Petroleum Ltd., India, supplied paraffinic oil. It had the

following specifications

Parameter Value
Viscosity gravity constant (VGC) 0.85
Aniline point 96°C
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b) Aromatic oil
Aromatic oil was supplied by M/S.Hindustan Organic Chemicals (with
specific gravity 0.95-0.98), Cochin. It had the following specifications.
Parameter Value
Aniline point 38°C
Viscosity gravity constant 0.91
c) Naphthenic oil

Obtained from M/S.Hindustan Organic Chemicals, Cochin. It had the

following specifications.

Parameter Value
Aniline point 38°C
Viscosity gravity constant 0.85-0.9

2.1.5 Antioxidants

a)

b)

Vulkanox HS
Commercial antioxidant vulkanox HS (1, 2-dihydro-2, 2, 4-trimethyl
quinoline, polymerized) was obtained from Bayer India Ltd. Mumbai, It is

having a specific gravity of 1.1

Para-phenylenediamine derivative

6PPD [N- (1, 3-dimethyl butyl)-N'-phenyl-p-phenylenediamine], was
obtained from NOCIL Ltd., Thane, India and had a melting point of 141°C.

2.1.6 Other compounding ingredients used

a)

Zinc oxide (ZnO)
Zinc oxide (activator) was supplied by M/s Meta Zinc Ltd., Mumbai and

had the following specifications.

Parameter Value
Specific gravity 5.5
Zinc oxide content (%) 98
Heat loss, max (2h at 100°C) 0.5%
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b.  Stearic acid
Stearic acid (co-activator) was supplied by Godrej soaps Pvt. Ltd,

Mumbai and had the following specifications.

Parameter Value
Specific gravity 0.85
Melting point 50-69°C
Acid number 185-210
Iodine number 9.5
Ash content 0.1%

c)  Sulphur

Sulphur (crosslinking agent), was supplied by Standard chemicals Co. Pvt.
Ltd., Chennai and had the following specifications.

Parameter Value
Specific gravity 2.05
Acidity, max 0.01%
Ash, max 0.015%
Solubility in CS, 98%

2.1.7 Solvents used

a) Toluene
Toluene was supplied by SD Fine chemicals Ltd., Mumbai and had the

following specifications.

Parameter Value
Boiling point 95°C
Acidity 0.012
Alkalinity 0.012
Non-volatile matter 0.002%

b)  Sulphuric acid
AR grade sulphuric acid used for the preparations was supplied by

Qualigens Fine Chemicals. It had the following specifications.
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Parameter Value
Molecular Weight 98.08
Assay (acidimetric),% 97-99
Wt. per ml at 20°C, (g) 1.835

2.2 Experimental
2.2.1 Mixing and homogenization of the compound

Mixes were prepared on a laboratory size two roll mixing mill (Santosh, SMX
lab 613) (6 x 12 inch) as per ASTM D 3182-89(2011) [1] at a friction ratio of
1:1.25. The mill opening was set at 0.2 mm and the elastomer was passed through
the rolls twice without banding. This was then banded on the slow roll with mill
opening at 1.4 mm and was increased to 1.9 mm as the band became smooth. The
temperature of the rolls was maintained at 70+5 °C. The compounding ingredients
were added as per procedure given in ASTM D 3184-89 and ASTM D 3182-89 in
the following order: activator, filler, accelerator and curing agents. Before the
addition of accelerator and sulphur, the batch was thoroughly cooled. After mixing
all the ingredients, homogenization of the compound was carried out by passing the
rolled stock end wise six times at a mill opening of 0.8 mm. The mill was opened to
give a minimum stock thickness of 6 mm and the stock was passed through the rolls

four times folding it back on itself each time and kept for 24 hours for maturation.

2.2.2 Cure characteristics

The cure characteristics of the mixes were determined using Rubber
Processing Analyser, RPA 2000 supplied by Alpha Technologies, USA, as per
ASTM D 2084-01 [2]. It is a computer controlled torsional dynamic rheometer with
a unique test gap design, an advanced temperature control system and fully
automated operation modes. A biconical die with a die gap of 0.487 mm was used to
achieve a constant shear gradient over the entire sample chamber. The sample of
approximately 5 g was placed in the lower die that is oscillated through a small
deformation angle +0.2° at a frequency of 50 oscillations per minute. The torque

transducer on the upper die senses the forces being transmitted through the rubber.
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Subsequently, the rubber compounds were vulcanized up to the optimum cure time
at a pressure of 200 Kg/cm”. The mouldings were cooled quickly in water at the end

of the curing cycle and stored for maturation in a cool dark place for 24 h prior to

physical testing.
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Figure 2.1 Typical cure curve obtained from RPA 2000

The following data can be taken from the time-torque curves. (Fig. 2.1)

a)  Minimum torque (Dp,): Measure of the stiffness of unvulcanized
test specimen. It is the torque shown by the mix at the test

temperature before the onset of cure.

b)  Maximum torque (Dp.x): Measure of the stiffness or shear modulus of
the fully vulcanized test specimen at the vulcanization temperature. It is

the torque recorded once curing of the mix is completed.

c) Scorch time (Tp): It is the time taken for attaining 10% of the

maximum torque.

d) Optimum cure time (Tq): Time taken for attaining 90% of the
maximum torque. It is the time corresponding to a torque = 0.9(Dp.x
- Dmin) +Dmin~

e)  Cure rate index (CRI): It is a measure of the rate of cure and was
calculated using the formula, CRI= 100/ (Tgo- T1¢)
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2.2.3 Filler dispersion

a) Lee’sapproach:

The dispersion of filler within the matrix and formation of filler
agglomerates were studied in detail by B.L.Lee[3]. This method is
applicable for carbon black composites. In Lee’s approach a new

parameter ‘L’ is introduced which is defined as
L= nr‘Mr (2 1)

Where nr=Df min/Dmin and M;=D10/DCmin where D denotes the torque and
the superscripts f and 0 are related to the loaded and unloaded polymer,

respectively.

For ideal dispersions of fillers, n,=M,. This happens when the individual
particles are well dispersed in the matrix. In the case of non-ideal
dispersions, the value of L changes slowly at low filler loadings, but above
a certain limit, it increases sharply. The rapid rise of the index L at high
filler loadings may be ascribed to the predominance of agglomerates
remaining relatively undispersed in the rubber matrix. In such a situation,
it is assumed that the filler concentration has now reached the point where

there is not enough rubber to fill the available voids in the filler.

b)  Westlinning-Wolff’s equation:

A mathematical expression has been proposed by Wolf in terms of
rheometric data to characterize the filler structure present in rubber
vulcanizates [4,5]. When a filler is incorporated into a compound, the

maximum torque variation, observed during vulcanization increases.
f _f f
AD" =D'yax - D min (2.2)

The ratio between AD' and AD’ i.e., the torque variations for the loaded

and unloaded compounds, respectively, is directly proportional to filler loading
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by plotting the relative torque as a function of filler loading, a straight line is
obtained whose slope was defined by Wolf as ay, according to Westlinning-

Wolff’s equation given below .
(Dfmax - Df min )/ (Domax - Domin )7 1: Oof (mf/ mp) (23)

where mp is the mass of polymer in the compound and mf is the mass of filler in
the compound and oy is a specific constant for the filler, which is independent of
the cure system and closely related to the morphology of the filler. The
parameter oy represents the final structure of the filler as it exists in the
vulcanizates after all possible structure breakdowns that occurred during mixing
and vulcanization. The reinforcement build-up and crosslinking reaction both
take place during curing without affecting each other. The application of
equation allows the definition of a filler specific constant, related to the filler
structure, and also predicts whether or not crosslink density is unaffected by the
presence of the filler, in which case, a straight line is obtained. The equation also
shows that based on a single test, af can be calculated from the changes in the
torque which occur during vulcanization of two compounds, the unloaded and

loaded composition [6-9].

2.2.4 Strain-sweep studies

The strain sweep measurements on green compound were conducted to
study the rubber-filler interaction. Rubber Process Analyzer (RPA 2000-Alpha
Technologies) is a purposely modified commercial dynamic rheometer [10].
Such instrument was modified for capturing strain and torque signals, with the
assistance of appropriate software. Filled rubber compounds exhibit strong non-
linear viscoelastic behaviour, the well-known Payne effect, i.e., the reduction of
elastic modulus with increasing strain amplitude [11]. RPA can do strain sweep tests
in which the variation of storage modulus (G'), loss modulus (G") and complex
modulus (G*) with change in strain amplitude are measured. With respect to its

measuring principle, the RPA cavity must be loaded with a volume excess of test

r Radiopacity and Cliemical resistance of Elastomer-Barium sulphiate nanocomposites //,I
witlh special reférence to Natural Rubber, Etfiylene Propylene Rubber and Isobutylene Isoprene Rubber



Chapter 2

material. According to ASTM D 5289, the manufacturer recommends to load
samples of about 5.0 g (4.4 cm’) for a standard filled rubber compound with a
specific gravity of 1.14 g/cm®. Samples for RPA testing were consequently prepared
by die cutting 46 mm diameter disks out of around 2 mm thick sheets of materials.
The testing temperature was selected as 100°C; a temperature below the curing
temperature and the shear strain was varied from 0.5 to 100% keeping the frequency

measurements at 0.5 Hz.

For strain sweep studies of the cured samples, uncured samples were taken
and immediately after a cure cycle at their optimum cure times within the RPA

cavity strain sweep at 60°C was carried out.

2.2.5 Vulcanization

Vulcanization of various test samples marked with mill gain direction
were carried out on an electrically heated hydraulic press(Santosh, SMP-50)
having 45cm x 45cm platen at corresponding curing temperatures at a pressure
of 200 kg /cm* on the mould(15cm x15¢m x 2cm) up to optimum cure times as
obtained from RPA. After curing, pressure was released and stripped off sheets
were cooled immediately by plunging into cold water, removed and stored in a

dark place for 24 h, prior to testing.

2.3 Characterization methods
The following characterization methods were adopted for the vulcanizates.

2.3.1 Physical testing

a)  Stress-strain properties
The measurements were carried out on a Shimadzu Universal testing machine
(10 KN) with a grip separation of 40 mm, using a crosshead speed of 500 mm
/ min in agreement with ASTM D 412 [12].The tensile strength, elongation at
break and modulus at different elongations were determined using dumb-bell

shaped specimens punched out from the vulcanized sheets.
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b)

d)

Tear resistance

Tear resistance of the samples were tested in agreement with ASTM D
624-1998, using un-nicked 90° angle test specimens that were punched out
from the moulded sheets, along the mill grain direction. The measurements
were carried out at a crosshead speed of 500mm per minute on a Shimadzu
Model Universal testing machine according to ASTM D 412-68 and D
624-54 respectively. The tear strength was reported in N/mm.

Hardness

The hardness (Shore A) of the moulded samples was determined as per
ASTM D 2240-03[13] using Shore A type Durometer. The tests were
performed on unstressed samples of 30 mm diameter and 6 mm thickness.
Readings were taken after 15 seconds of the indentation when firm contact

has been established with the specimens.

Abrasion resistance

The abrasion resistance of the samples was determined using a DIN
Abrader (DIN 53,516). Samples having a diameter of 6+0.2 mm and a
thickness of 6 mm were kept on a rotating sample holder and a 10N load
was applied. Initially a pre run was given for the sample and its weight
taken. The weight after final run was also noted. The abrasion loss in

cc’/h was calculated using the formula, (2.4),
Abrasion loss = (weight loss/specific gravity) x (27.27) (2.4)

Compression set

The samples (1.25cm thick and 2.8cm diameter) in duplicate compressed to a
constant deflection (25%) were kept in an air oven at 70 °C for 22h.
(ASTM D 395-1998 Method B) [14]. The samples were taken out,
cooled to room temperature for half an hour and the final thickness

measured. The compression set was calculated using the equation (2.5),

B
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Compression set (%) = [(Ti-Tf)/(Ti-Ts)]x 100 (2.5)

Where, Ti & Tf are the initial and final thickness of the specimen and Ts is the

thickness of the spacer bar used.

2.3.2 Hot air aging studies
Measuring the tensile properties after ageing at 70, 100 °C for 24, 48, 96

hours in a hot air oven to assess resistance of the sample to ageing.

2.3.3 Solvent sorption experiments

Circular specimen of 20 mm diameter and 1 mm thickness were die cut
using a sharp edged disc shaped die from the vulcanized rubber sheet. The
samples were immersed in airtight diffusion bottles containing about 20 ml of
toluene maintained at constant temperature (25°C). Samples were removed
periodically and the surface absorbed solvent drops were wiped off carefully by
placing them between filter wraps. The weighing was done within 30-40 seconds
to minimize the error due to evaporation of other than surface adsorbed liquid
.The mass of the sorbed sample was determined immediately on a digital
balance with an accuracy of +0.01 mg. The weighing was continued till the
point of equilibrium swelling is attained. The desorbed weights of the samples
were also taken after complete removal of the solvent. The mole percent uptake
of the sample is calculated from the diffusion data. The Q; values were

determined as equation (2.6).

Q = (Wt.of thesolventsorbedat a given time)/(Mol.wt.of thesolvent) (2.6)
t .

(Initial wt. of the rubberspecimenx 100)

At equilibrium swelling Q; becomes Q, The mechanism of diffusion was

investigated using the equation (2.7),

logQ/Q = logk+nlogt 2.7)
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The value of k depends on the structural features of polymer, whereas the
value of n determines diffusion mechanism. In the Fickian mode, case 1, the
value of n is 0.5 and it occurs when the rate of diffusion of penetrant molecules
is much less than the relaxation rate of the polymer chains. In case 2 or non-
Fickian transport, where the n value is 1, the diffusion is rapid when compared
with the simultaneous relaxation. However in the case of anomalous transport
where the n value is in between 0.5 and 1, both solvent diffusion and polymer
relaxation rate are comparable. The effective diffusivity, D of the rubber solvent
system was calculated from the initial portion of the sorption curves using the
equation (2.8) [15,16],

D=n[h0/4Q, T (2.8)

Where h is the initial thickness of rubber sample, 0 the slope of the linear portion
of the sorption curve Qt versus t “, The permeation of a solvent into a polymer
membrane will also depend on the sorptivity of the penetrant in the membrane.

Hence sorption coefficient S has been calculated using the relation (2.9) [17],

S=Ws/W (2.9)

Where Ws is the weight of the solvent at equilibrium swelling and W the initial
weight of the polymer sample. Since the permeability depends on both
diffusivity and sorptivity, the permeation coefficient has been determined using
the relation(2.10) [18],

P=Dx$S (2.10)

As diffusion is influenced by polymer morphology, the molar mass
between cross links Mc from the sorption data is also determined. The rubber
solvent interaction parameter y, which is needed for the estimation, has been

calculated using the equation(2.11) [19],

¥ =P +Vs/RT(3s-5p)* (2.11)
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Where Vs is the molar volume of the solvent 6s and dp are solubility parameters
of solvent and polymer taken from the polymer handbook. R is the universal gas
constant and T the absolute temperature, B is the lattice constant and is 0.38 in
the calculation. Using y values the molar mass between crosslinks (Mc) of the

polymer was estimated from the Flory Rehner equation (2.12) [20,21],

1/3
T A A\Aip)

= (2.12)
[(In(1-V,)+(V,)+X(V,)’]

The volume fraction of rubber in the deswollen network was then

calculated using the equation (2.13)[22],

d—fw)p. ™
Vr = ( _l)p P (2.13)
(d—fw)p,  +A0p,

2.3.4 X-ray diffraction analysis

X-ray diffraction finds application in finger print characterization of
crystalline materials and their structure determination. It is one of the most
magnificent tools for characterization in solid state and realms of material
sciences. Powder X-ray diffraction is a standard method for the characterization
and has been used to determine the crystalline phases, solid solutions, that are
present and to measure the particle size and shape. The XRD patterns of the
prepared nano powders i.e., modified and un modified barium sulphate were
recorded on a diffractometer Rigaku Geiger flex with nickel filtered Cu Ka
(A=1.54 A) as a radiation source and at a 20 scan speed of 1°/min at 30 kV and
20 mA. Monochromatic X-rays, incident on a crystalline solid are diffracted
owing to the crystal structure of the solid. For a maximum to occur in the
diffraction pattern at a particular angle of incidence 6 with respect to lattice

planes (hkl), the Bragg equation (2.14),
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must be satisfied: nA=2dsin0 (2.14)
where, d -interplanar distance between (hkl) planes, n-order

of diffraction and A-wave length of incident X-rays. Crystallite size D was
calculated using the Scherrer equation (2.15),where A-wave length of incident X-
rays,0.9 is shape factor (K) , line broadening at half the maximum intensity is the
(FWHM) in radians, 6 is the Bragg angle.

D=0.91180/ tFWHMcos6 (2.15)
2.3.5 Infrared Spectroscopy

Infrared spectra are generated by the absorption of electromagnetic radiation
in the frequency range 400 to 4000 cm™ by a sample placed in the path of IR beam.
Different functional groups and structural features in the molecules absorb energy at
characteristic frequencies. It is based on the principle that molecules have specific
frequencies at which they vibrate or rotate corresponding to discrete energy levels.
The frequency and intensity of absorption are the indication of the bond strength and
structural geometry in the molecule. The surface characteristics; i.e., existence of
functional groups on the specimens were recorded with Bruker FT-5DX (Nicolet)

spectrophotometer (infrared spectra) at wave numbers of 4000-400 cm .

2.3.6 Bulk density

Bulk density is defined as the weight per unit volume of a material. It is
primarily used for powders or pellets. The test can provide a gross measure of size
and dispersion of particles, which can affect material flow consistency and reflect
packaging. The measurement requires (ASTM D 1895) a measuring cup, a
cylindrical cup of 100 + 0.5 ml capacity having a diameter equal to half of the
height. Typically 39.9 mm inside diameter by 79.8 mm inside height. Funnel,
having a 9.5 mm diameter opening at the bottom and mounted at a height 38 mm
above the measuring cup. Close the small end of the funnel with hand or a suitable
flat strip and pour (115 £ 5 cm®) samples into the funnel. Open the bottom of the
funnel quickly and allow the material to flow freely into the cup. Weigh the material

cup to the nearest 0.1g. Calculate the weight in grams of 1 cm” of the material.
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2.3.7 BET adsorption

Surface area of the fillers can be determined by the BET method using
nitrogen isotherm on a Micromeritics Tristar 3000, surface area and porosity
analyzer, at SUD-Chemie Ltd. Edayar, EKM. Surface area was determined using

the equation
S BET:4-353 Vm (216)

where S ger is the surface area in m %/ g and V,, is the molar volume of adsorbate
gas (N,) at STP.

2.3.8 Thermogravimetric analysis

Thermogravimetric analysis of the samples were carried out in TGA Q-
50 thermo gravimetric analyzer (TA Instruments) under nitrogen atmosphere.
It is performed to analyse the weight change of samples relative to change in
temperature and such an analysis relies upon high precision in measurement of
weight, temperature and temperature change. The thermal analyser usually
comprises of a high precision balance with a pan loaded with the sample. The
sample is in a small electrically heated oven with thermocouple for accurate
measurement of temperature. Temperature was gradually increased and a plot

of temperature and weight change was made for analytical purpose.

The sample weight varied from 5-10mg. The samples were heated from
room temperature to 800°C at a heating rate of 20°C/min and a nitrogen gas flow
rate of 40-60 ml/min, to remove all corrosive gases formed during degradation
and to avoid further thermo-oxidative degradation.The onset of degradation
temperature, Ti, the temperature at which weight loss is maximum (Tp,y), and

residual weight in percentage were evaluated.

2.3.9 Differential scanning calorimetry(DSC)

It is a technique for measuring the energy necessary to establish a nearly zero

temperature difference between a substance and an inert reference material, as the
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two specimens are subjected to identical temperature regimes in an environment
heated or cooled at a controlled rate. Both the sample and the reference are
maintained at nearly the same temperature throughout the experiment. The basic
principle underlying this technique is that, when the sample undergoes a physical
transformation such as phase transition, more (or less) heat will need to flow to it
than the reference material to maintain both at the same temperature. Whether more
or less heat must flow to the sample depends upon whether the sample is exothermic
or endothermic. By observing the difference in heat flow between the sample and
the reference, differential scanning calorimeters are able to measure the amount of

heat absorbed or released during such transitions.

The sample was sealed in an aluminium pan with a perforated lid. The
sample pan was placed in a differential scanning calorimetry cell Q-100, TA
instruments calorimeter, under a dry nitrogen purge. The samples (~6mg) nano

powders were used in our present study to confirm absence of phase transitions.

2.3.10 Scanning electron microscopy (SEM)

Scanning electron microscope is a very useful tool in polymer research
for morphology studies and the procedure helps in detailing the topography,
composition and microstructural informations of materials. Scanning electron
microscopic studies of the tensile fractured surfaces of the vulcanizates was
done on a Scanning electron microscope (JEOL JSM-6390L). In a typical
SEM technique, thermionically emitted electrons from tungsten or lanthanum
hexaboride cathode are accelerated towards anode. The electron beam moves
in a raster fashion scanning the specimen resulting in back scattering of
electrons of high energy, secondary electrons of low energy and X-rays.
These signals are monitored by detectors (photomultiplier tube) and then
magnified. An image of the investigated microscopic region of the specimen

is thus observed in a cathode ray tube and photographed.
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The SEM photographs reported in this work were made on the fractured
surface of the tensile specimens of rubber samples and barium sulphate powders
were placed in minute volumes on stub. The specimens were prepared and
mounted on a metallic stub with the help of a conductive carbon tape in the
upright position. The samples were rendered conductive by ultra thin gold

coating before being subjected to SEM.

2.3.11 Transmission electron microscopy

The Transmission electron microscopy (TEM) imaging for the nano
powders was carried out using a Transmission Electron Microscope CM-200 of
Philips Technology. TEM was used in order to visualize the morphology and

particle dimension of the synthesised nanopowders.

2.3.12 Atomic Force Microscopy

The samples were imaged using Nanosurf easy scan 2 operating in contact
mode using NSC14/Cr-Au cantilever. The representative scans of the composite
surface (each at 70 x70 um?) at three different locations were obtained for each
sample. Images were recorded in the constant force mode, under ambient
conditions in air. In this mode, an electronic feedback circuit maintains a
constant cantilever deflection while the tip is scanned over the surface by
adjusting the height of the sample. In this way, a three dimensional image is
produced by recording the z direction while scanning the sample in the x and y
direction. It can also be used for studying filled systems for the shape of filler
particles [22], filler distribution and also filler aggregation.

2.3.13 Acid immersion Tests

Inorder to assess the various parameters influencing the rubber composites
in acidic environment, the samples were exposed to acid solutions; two kinds of

immersion tests were carried out according to standards available:
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).

Rubber samples were dipped in different concentrations of acids to assess
the weight changes according to the international standard for immersion
testing of rubber, dealing with change in weight of rubber samples when
they are immersed in corrosive liquids. The testing was carried out at 25°C
and duration of the test according to specification BS ISO 1817(British)
Rubber, vulcanized-Determination of effect of liquids, vary as follows: 24hrs,
48hrs, 96hrs, 168hrs and 30 days. The immersion test was carried out in the
absence of direct sunlight in order to avoid atmospheric oxidation and the
volume of immersion solution was adequate to immerse the sample of rubber.
The test pieces were buffed smooth after die cut from rubber lining. The
change in volume as well as weight of the test piece specimen after immersion
with respect to time is recorded. The test chemicals and reagents used in
immersion test are the combinations of following solvents , and the nature of
attack are given in Table 1.1. From the results, i.e., the weight percentage
obtained after immersion for chosen period of time, the compounds were

graded according to the criterion presented in the Table 2.2 below.

Table 2.1 Immersion liquids and nature of attack

Name of chemicals Nature Density Main type of
present in medium attack on rubber

Water Neutral 1.0 Diffusion
Sulphuric acid Acidic 1.84 Diffusion

Table 2.2 Percentage weight variation of rubber samples over 28 days immersion

in liquid media

No: Variation of Grade @ Remarks
weight(%0)

1 <1 A This compound is eminently suitable

2 >1to <3 B This compound is also suitable and
serves the purpose reasonably.

3 >3 to <4 C This compound is suitable only when the
lining is protected over with brick lining.

4 >4 D Cannot be recommended for rubber

lining at all even with brick lining
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2).

The main field of application of acid resistance of elastomer based
compounds is, the realm of acid resistant linings, in which the rubber
composites covers the metal surface and provides sacrificial protection to
the steel vessels beneath it. For assessing the fate of rubber covered mild
steel in acid, cured rubber sheets were adhered on a (5x5)mild steel
specimen. Natural rubber sheets were adhered to MS plates coated with
chemlok 205 primer, using chemlok 220 as cover coat system. EPDM and
butyl rubber were adhered using chemlok 238NW as cover coat system.
The method followed in immersion testing of these samples followed one
chemical consulting company, Andritz-Ruthner in Vienna, stipulated a
method in which the percentage weight is not considered alone but it is
combined with the area of the sample as well as the number of days of
immersion. According to this procedure, vulcanised rubber sheets
completely covered over mild steel(MS) plate samples of (5 x 5)are kept
dipped in the chemical media and the weight of the sample in grams
during the periods of immersion (of 12 days, 40 days or 80 days) are
recorded and referred as ‘g’. The days are recorded as ‘D’. The surface
areas of the samples are noted before commencing the test and this is

referred as m?.

From the data obtained a graph is plotted as g/m? against D or g/m” square
root of D, against D. For a good quality rubber lining compound, the curve
should be as near to the X axis as possible, i.e., it should have a low slope.
Similarly, for the same quality of rubber lining the curve drawn with latter
X,Y axes will exhibit a rise in the beginning but later on, it should fall off
rapidly. Swelling of elastomers by liquid is known to be a diffusion
controlled process and up to the equilibrium swelling ratio, the volume of
liquid absorbed is proportional to the square root of the time during which
the elastomer has been immersed in the liquid. SEM photographs and IR
analysis as mentioned in previous sections also assists in accounting
degradation[23-24].
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2.3.14 Radiopacity studies

In diagnostic radiography, X-rays are produced when high-energy
electrons collide with a target in an X-ray tube (Fig. 2.2). In the X-ray tube, by
thermionic emission, electrons are generated at the filament end of the X-ray
tube. Then a kinetic energy is given to them by applying a high voltage between
the filament and the target and, if a voltage of 100,000 volts (100 kVp) is applied
to the X-ray tube, the electrons will strike the target producing X-rays with
energies ranging from 0 to 100 keV. Here, kVp is the voltage applied to the X-
ray tube and keV is the energy of the X-ray. With increasing kVp, the intensity
of the X-ray beam increases, i.e., more X-rays of all energies are generated. The
energy of the X-rays is determined by the voltage applied to the tube, kVp,
quantity of X-rays by the milliamps (mA) of current flowing in the X-ray tube.
The higher the mA, the higher the radiation dose and one of the factors that
affect image quality is the number of X-rays reaching the film. The goal is to
keep the mA as low as possible and the kVp as high as possible to achieve a
compromise between the the number of photons reaching the film and optimum

image i.e., the image contrast.
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Figure 2.2. Generation of X-rays
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Radiopacity of different systems were studied using X-rays from a general
clinical X-ray instrument Collimex-1I, GE medical systems DXD-300/DX 300
X-ray generator. In this technique, the radiation from X-ray tube is transmitted
through the material and reaches the film(Film used : speed class 200, Kodak
(BaSrSO4:Eu, neutral dye in the blue spectral emission). After processing the
film (the radiograph) the negative image is obtained. The filled radiopaque NR
vulcanizates were compression moulded to 1 c¢cm thick and 60 mm diameter for

radiopacity studies.

2.3.14.1 Optical density measurements

The optical density was measured using densitometer. It is a device for
determining the degree of darkening of X-ray film or photographic film and
hence the amount of radiation received. This instrument consists of a light
source, a tiny aperture through which the light is directed and a light detector
(photocell) to measure the light intensity transmitted through the film. The
term optical density refers to the degree of blackening of the film. The degree
of blackness is directly related to the intensity of radiation. In other words the
measurement of blackness is called photographic density or optical density
(OD).

Optical density = log;o(Io/I¢) 2.17)

Where I, is the intensity of light incident on the film .It is the intensity of the
light transmitted through the film. The optical density of X-ray films were
measured using a CDIT densitometer. The optical density is directly proportional

to radiation exposure [25].

2.3.14.2 Attenuation coefficient.

For the determination of attenuation coefficient, the X-ray photographs

were taken using collimator in order to reduce scattering. The attenuation
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coefficient was calculated using the equation. The attenuation coefficient of the

sample was calculated using the equation given below,
lp=e™* (2.18)

For the calculation of the value of , optical density of background of the film was
taken as Iy and optical density of the sample was taken as I. 'x' the thickness of the
sample and p the attenuation coefficient. Attenuation is the reduction in the
intensity of an X-ray beam as it traverses matter by either the absorption or
deflection of photons from the beam. Attenuation coefficient is a measure of the
quantity of radiation attenuated by a given thickness of an absorber, specifically

referred to as linear attenuation coefficient.

2.3.14.3 Half-value layer

Half value layer measures the intensity of a beam. The half-value layer is
the absorber thicknesss required to reduce the intensity of the original beam by
one half. The product of the linear attenuation coefficient and half value layer is
equal to 0.693.

HVL=0.693/p (2.19)

The determination of half-value layer is a commonly used method in
calculating barrier requirements for diagnostic installations. It is the thickness of
a specific substance that, when introduced into the path of beam of radiation,

reduces the exposure rate by one half.
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PREPARATION, SURFACE MODIFICATION AND
CHARACTERISATION OF NANO BARIUM SULPHATE

3.1 Introduction

3.2 Experimental

3.3 (Characterisation

3.4  Results and discussion
3.5  Conclusions

Monodispersed spheroid Barium Sulphate (BaSO,) nano-powders with
porous structures were prepared via, facile single step procedure. Liquid-
liquid chemosynthesis involving direct precipitation of barium sulphate from
barium chloride (BaCl,) and ammonium sulphate (NH4),SO, in aqueous
polyvinyl alcohol (PVA) was employed. PVA, a polymeric surfactant acts like
a template for particle growth and assists morphology control and can be
easily removed after synthesis by calcination. The dried and calcined nano
powders were characterised by X-ray diffraction (XRD), Infrared
Spectroscopy (IR), UV- spectra, X-ray studies, Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), and Thermo
Gravimetric Analysis (TGA). The studies revealed that the porous nature and
size of the particles were highly governed by PVA content and calcination
temperatures. The powder synthesized in 3% w/v PVA showed an average
particle size ranging from 20-23 nm. The Monodispersed porous powders
were stable and showed spheroid like structures up to 600°C; after which the
nanostructure is lost drastically and agglomeration leads to structure
collapse forming lumpy flakes. The surface treatment of optimised nano
powders were carried out using stearic acid as modifier and characterised.

NishaNandakumar, PhilipKurian; Powder Technology 2012,224:51.
doi:10.1016/j.powtec.2012.02.022
A part of this work have been presented at:

National Seminar on Quantum Chemistry and Nano Techniques - SNM college Malliankara,
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3.1 Introduction

Nanotechnology can be considered as a wonderful realm of science which
combines chemistry, physics, material science, electronics and biosciences. It is
an enchanting technology of the twenty first century, ranging from novel
building materials in aerospace technology to life saving medicines. Normally,
the term nano encompasses the range 1-100 nm. With respect to diversity in the
application, nanotechnology offers uniqueness and flexibility not observed in

any other field of technological innovations.

Barium sulphate, which is commonly named as barite is used far and wide
because of its high specific gravity (4.5), X-ray opacity, inertness and whiteness
[1,2]. Its precipitated form is a known pigment, which can be used as filler in
rubbers, as an opacifier in art printing and photographic papers and in the plastic
industry, and as a brightening agent and a fiber-dulling agent in the textile field.
Barium sulphate has been integrated into epoxy resins to form electrically
insulating composites with X-ray attenuation properties. It is also applied in the
bio-mineralization and molecular recognition realms of research[3-5]. It is a very
good thermo luminescence material, which is used in the radiation dosimeter
field. Owing to the very low solubility of the precipitates, the conversion almost

always amounts to about 100% with small crystals.

At present, the development of a well-controlled large-scale production of
nanoparticles is a very important facet in nanotechnology. The optimal
properties of pigments and extenders from the side of application technology
will be achieved with certain particle size distributions. For this reason it is by no
means adequate to form the desired barium sulphate precipitate in a prescribed
chemical composition, but the aqueous chemical process must be controlled to
result in the desired particle size. Crystallization and precipitation processes are
extensively used in the chemical industry. One of the most celebrated crystallization
processes is the reaction of barium (Ba>") and sulphate (SO4 ) ions into barium
sulphate (BaSQOy,), as shown in Eq. 3.1 [6,7],
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Ba?" (aq) + SO4 *(aq) — BaSO4(s) | (3.1)

Liquid/liquid reaction is the focal method of the preparation of nano-
BaSO,. This technique has some divisions such as direct precipitation[8], micro
emulsion, membrane separation, micro channel reaction and impinging
streams[9]. Preparation of BaSO, particles has been extensively studied in order
to weigh up the effect of mixing, precipitation models, agitator speed and feed
position on particle size distribution, crystal growth and morphology. BaSO, as
a model system is excellent since a considerable body of information exists as
seen from process mentioned in literature on barite morphology control, possibly
due to the importance of this mineral in cosmetics, paper making and offshore oil
field applications [10-21]. Up to this date, many different approaches have been
projected to produce BaSO, nanoparticles, as- precipitation [22], micro emulsion
[23], filtration dispersion method [24], modifying different organic acids [25],
membrane dispersion [26], presence of polymeric additives [27] addition of different
additives,[28-31] induction by LB (Langmuir-Blodgett technique) monolayer
otherwise known as LB films and micro emulsion [32]. These methods resulted in
a noteworthy change in morphology, but the size was normally in the micron scale
rather than nanometre scale. The size and analogous morphology obtained in
water/oil micro emulsions or reverse micelle [33] approach could be guarded well
by adjusting the molar ratio of water to surfactant. The product yield was low in
such methods because of the poor solubility of salts in conventional emulsions.
There were also some reports about preparation of organo-modified BaSQOy, [34] but
the BaSO, obtained was in micron scale. Even if preparation of organo-capped

BaSO, was previously described, the stipulation was not suited to the industry.

In recent times, a great deal of attention has been placed on the mass
production of BaSO,4 nanoparticles. The fact that the physico-chemical properties
of BaSO, nanoparticles were determined by size and shape, and the menace
created by its tendency to aggregate, increased the need to find the most suitable

method to prepare BaSO,4 nanoparticles with well defined size and morphology. In
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general, barium sulphate is produced by the reaction of a barium salt such as
sulphide, chloride or nitrate with sulphuric acid or its salt such as sodium sulphate

in an aqueous solution.

Hari Bala et al. prepared nanoparticles of barium sulphate with average
particle size of 24.3nm using water-alcohol solution as medium [1]. Qi et al. [35]
synthesized spherical and cubic BaSO,4 nanoparticles with a barite structure in Triton
X-100/n-hexanol/cyclohexane/water water-in-oil micro emulsions containing
ammonium sulphate ((NH4),SOs) and barium acetate( Ba(Ac),), respectively.
Owing to their cage-like nature, the micro emulsion droplets effect the size of the
particles. On the other hand, in the process discussed above, many kinds of raw
materials, organic solvents and surfactants are used up, which habitually result in

heavy expenditure and environmental pollution.

Jia and Liu [36] synthesized nano sized BaSO, particles using a membrane
reactor, in which the Na,SO4 solution permeated through the micro pores of an
ultra filtration (UF) membrane and progressively flowed into the BaCl, solution
to control the dispersion ratio, nucleation and growth rates. The drawback of the
process was that, because of its high viscosity, a colloidal suspension of BaSO,

is likely to block the narrow-diameter pores of the ultra filtration membrane.

Nanoparticles of barium sulphate (BaSO4) have been synthesized by
Mohamed El-Shahate et al. from barium nitrate by precipitation method in the
presence of water soluble organic polycarboxylic polymer as modifying agent.
The results indicate that spherical BaSO4 nanoparticles are obtained with poor
crystallites and diameters ranging from 30-35 nm [37], V. Ramaswamy et al.
synthesized barium sulphate using barium chloride (BaCl,) and ammonium sulphate
as reagents by an ordinary precipitation process in the presence of ethanol/water
mixed solvents. From the XRD results, the size of the particles ranged from 85nm to
54nm. The particle size decreased when the volume % of ethanol is increased [38].
The large scale production of nano fillers through these processes demands use of

organic solvents, which reduces its cost effectiveness in industry.
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Precipitated BaSO, is used in dosimetry [39]. It is used as an inert filler in
dyes and paints, rubbers and blended cements [40]. In Industry, barium sulphate
is used as inert white filler based upon the fact that it is substantially inert
chemically and physically. Surface active silicates, oxides, black or sulphur are
used, because these ‘fillers’ have functional properties in order to impart certain
property enhancements. Barium sulphate lacks such a surface reactivity. In the
SO, * tetrahedron of barium sulphate, the central atom is in its highest oxidation
state. The high charge density of the Ba*" ion ensures a saturation of the bond sites
on the crystal surface by the Ba*" jon. In the case of barium sulphate there are no
surface centres which can be complexed or esterified [41]. Establishing
interactions between filler and polymer is one prospect of enhancing the properties
of these nano/macro composites. It is hence advantageous to carry out surface
modification of barium sulphate in a targeted manner, in order to set up
interactions in an effective manner. An appropriate choice of functional group for
selective surface modification is necessary since, it can influence the interaction
between the particle and polymer matrix selected. From the literature it could be
found that mainly two types of surface treatments have been widely accepted for

barium salts the organic modification and the inorganic modification.

Barium sulphate particles of size ranging between 35-55nm were prepared
in the presence of polycarboxylate modifier [42]. Shinozuka et al. patented a
method of producing surface treated barium sulphate. The method comprises of
an addition of aqueous solution of alkali silicate to an aqueous slurry of barium
sulphate, which contains an excess of barium ions to deposit barium silicate on

barium sulphate and then an addition of mineral acid to form hydrous silica [43]

Grothe et al. patented the inorganic surface modification using inorganic
compound selected from Al, Ba, Ca, Ce, Cl, Co, Fe, N, , Sr, Vd, Zn, Sn or Zr
compound or salts. They carried out organic modification using compound selected
from alkyl sulfonic acid salt, sodium polyvinyl sulfonate, Sodium—N-alkyl benzene

sulfonate, sodium polystyrene sulfonate, sodium dodecyl benzene sulfonate, sodium
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laurylsulphate, sodium cetylsulphate, oleyl-cetyl alcohol sulphate, isostearic acid,
stearic acid and oleic acid. Surface modification of inorganic salts using N-alkyl and

N-fluoro alkyl phosphonic acids have been reported earlier [44].

Similarly Aderhold et al. carried out surface modification of barium sulphate
using inorganic and organic additives [45]. Shen et al. reports a simple method to
prepare barium sulphate nanoparticles by use of tetradecanoic acid, hexadecanoic
acid and stearic acid as modifiers [46]. In the present work stearic acid is chosen as
modifier with the view of application of prepared nano fillers into rubber matrix in

which the modifier has a peptiser action(Fig .3.1).
@ @
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Figure 3.1 The possible mechanism of the BaSO, nanoparticles modified by
organic acid [45]

This chapter deals with the synthesis of spheroid BaSO, nano-powder with
porous structures via a facile single step procedure. The method highlights the
preparation of porous nano bariumsulphate at room temperature in PVA as size
reducing medium. We investigated the influence of PVA on morphology and
size and its role in yielding porous nano materials. The modification of
optimised nano barium sulphate was carried out using 2wt% stearic acid. We

varied the experimental conditions such as concentration of PVA and calcination
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temperatures; and compared the nature of barium sulphate formed during each

condition at constant molar ratio of reactants.

The benefits of present synthesis are

a). This method minimises the excessive use of raw materials, organic

solvents and surfactants making it cost effective and eco-friendly.

b).  The precursors used in the present method are common sources of

barium and sulphate.

c). The method uses the PVA, a polymeric surfactant which assists
particle growth and morphology control and can be easily removed

subsequent to synthesis by calcination.

It is expected that the addition of PVA produce a matrix into which formed
barium sulphate particles will be incorporated enabling them to be in nano scale.
The interaction between the hydroxyl groups of dispersing medium and the
hydroxyl groups adsorbed on surface of barium sulphate would result in co-
condensation. The synthesized nano powder is calcined to remove the dispersing
medium. The modification of optimised nanofiller were carried out using stearic

acid as modifier and characterised.

3.2 Experimental

3.2.1 Chemicals

All chemicals used for investigations in this work are given in Table 3.1.
Table 3.1 Chemicals used

Chemical source purity

BaCl, Merck 99.99%

(NH4),S04 Merck 99.99%

Poly vinyl alcohol Spectrochem Ltd. Mwt.1,25000

Stearic acid Godrej soaps Ltd acid number 185-210
Ethanol Alpha chemicals AR grade

BaSO, Merck 99.99%

._ Radiopacity and Chemical resistance of Elastomer-Barium sulphate nanocomposites ///Im
with special reférence to Natural Rubber, Etfiylene Propylene Rubber and Isobutylene Isoprene Rubber



Chapter 3

3.2.2 Preparation of nano barium sulphate in polyvinyl alcohol

All the chemicals mentioned in section 3.2.1 were used without further
purification. The preparations were carried out at ambient temperature (ca.25°c) in a
glass beaker. 20 ml of 0.5 M BaCl, was initially thoroughly mixed with 20ml of
water(slightly acidified) containing 0%w/v, 1%w/v, 3%w/v, 5%w/v and 7%w/v of
PVA respectively and all solutions showed a turbid appearance soon after mixing,
though no visible precipitation was observed. Then 10mL of 1.0M (NH4),SO4 was
added drop wise from a micro burette at low rate to the mixture under vigorous
magnetic stirring. The mixture was stirred at of 50-60 rpm for another one minute
after complete addition of reagent and kept under static conditions for 5 hrs before
the white precipitate was washed. The precipitate was washed thoroughly with
distilled water to remove excess PVA, reactants and by-products. Vacuum filtration

of sample was done and the cake obtained after filtration was dried at 80°C for 2hrs.

BaCl, PVA: Water

Stirring 50 - 60 rpm

) 4
80°C

]

Calcined at 600°C

L ,(NanoBaSO,

Figure 3.2 Schematic overview of the preparation of nano barium sulphate
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The dried sample was then ground into fine powders and then kept in the
muffle furnace at 400°C, 600°Cand 800°C for 4 hrs. During this time the organic
part was removed and fine powders were obtained. The same process was repeated
by taking different percentages of dispersing mediums. The conditions were
optimized and large scale preparation was done using 3000ml borosil beaker as
reactor. The yield of this process is 95% and an overview of the entire reaction was
given in Fig. 3.2. Different batches of barium sulphate are given in Table 3.2.

Table 3.2 Different batches of barium sulphate
(The code used, BNx-yD ,"BN’represents nano barium sulphate; ‘x’ stands for w/v% of
PVA solution; ‘y’ stands for temperature of calcination,’D’ for degree Celsius)

Sample Name PVA % Calcination temperature °C
BNO 0% 600 °C
BN1-400D 1% 400 °C
BN3-400D 3% 400 °C
BN5-400D 5% 400 °C
BN7-400D 7% 400 °C
BN1-600D 1% 600 °C
BN3-600D 3% 600 °C
BN5-600D 5% 600 °C
BN7-600D 7% 600 °C
BN1-800D 1% 800 °C
BN3-800D 3% 800 °C
BN5-800D 5% 800 °C
BN7-800D 7% 800 °C

3.2.3 Modification of nano barium sulphate

The nano particles (0.1g/ml) were sonicated for 1 hr to get a homogeneous
aqueous dispersion of nano barium sulphate in 1:1 ethanol-water solution. 2wt
% alcoholic stearic acid solution was added into it and sonicated for 3 minutes.
The pH of the solution was adjusted to be between 8 to 9 using ammonia
solution. After stirring, the solution was kept for 30 min to allow the precipitate

to settle down. The precipitates were rinsed with doubly distilled water and pure
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alcohol, dried at 100 °C and finally crushed to fine powders. The modified

particles were then characterized.
3.3 Characterisation

The prepared powders were characterised by bulk density, BET surface
analysis, X-ray diffraction, FT-IR, SEM, TEM, Radiopacity studies using
Collimex general X-ray instrument, UV-visible spectrum, TGA and DSC(details
in section 2.3.4-2.3.14).

3.4 Results and Discussion
3.4.1 Bulk density

The bulk density of the prepared samples is shown in Table 3.3.

Table 3.3 Bulk densities of the prepared barium sulphate samples

Sample Name Bulk density g/lcm®
Commercial 0.1827
BNO 0.1876
BN1-400D 0.4742
BN3-400D 0.5738
BN5-400D 0.5278
BN7-400D 0.5123
BN1-600D 0.6126
BN3-600D 0.7012
BN5-600D 0.6712
BN7-600D 0.6725
BN1-800D 0.3156
BN3-800D 0.3476
BN5-800D 0.3059
BN7-800D 0.2932
MBN 0.6959
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From the Table 3.3 it is clear that synthesized nano barium sulphate has
higher bulk density than the commercial as well as in the absence of dispersing
medium. It is also evidenced that 3% PVA is the best dispersing medium to
prepare nano barium sulphate and 600°C is the optimum calcination temperature.
It is evident from the highest bulk density of the sample BN3-600D. The bulk
density as well as the data in the forthcoming sections confirm that optimum
PVA concentration is 3g/100ml and optimum calcination temperature is 600 °C.
It is clear that as the calcination temperature increases bulk density decreases
indicating a structural collapse resulting in lowering of surface area. Bulk density
of nano barium sulphate sintered at 600 °C shows a marginal decrease after
modification (MBN). This indicates that the particle size slightly increases with
modification. The presence of modifying group on the surface of the

nanoparticles increases the particle size.

3.4.2 BET surface area

Representative samples were selected for surface area determination.
Table3.4 shows surface area for commercial barium sulphate, nano barium
sulphate BN3-600D and MBN (organically modified nano barium sulphate)

samples.

Table 3.4 Surface areas for different BaSO,4samples

Sample name BET surface area m?/g
Commercial 0.5+ 0.04 m*/g
Unmodified 22.42 £ 0.08 m*/g
Modified 21.36 £ 0.13 m%/g

3.4.3 X-Ray Diffraction (XRD)

The XRD patterns of the barium sulphate powders synthesized with 0, 1,
3, 5 and 7 weight by volume percentage aqueous solutions of PVA as medium
and calcined at 400 °C, 600 °C, 800 °C are shown in Fig. 3.3 and 3.4

respectively. The XRD patterns of modified nano fillers and optimised nano fillers
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are shown in Fig. 3.3. All the samples have an intense peak at 42-43 ° which is a
characteristic feature of BaSO, From the shortening and broadening of this intense
peak ,the particle size was calculated using Scherrer formula[21] . The samples
display the typical orthorhombic structure of BaSO, The d-values of BaSO4 nano
material is 4.34y, 2.125 and 3.90, (JCPDS No: 83-1718), 3.44,, 3.104 and 2.12;
(JCPDS No: 83-2053) These d-values were calculated using the Bragg equation,
the suffixes represent the intensity of the peak identified, x=100% intensity of the
peak 2=20% peak intensity ,7=70% intensity and so on.with hkl values of (101),
(311), (111) and (210), (211), (401) respectively. The XRD pattern was indexed
with reference to the unit cell of the barite structure (a~8.87, b~5.45, c~7.15A);
space group (Pnma) [46].

3.4.3.1 Influence of calcination temperature on XRD

The influence of calcination temperature on the particle size was analysed
using XRD-spectra of nano BaSO, synthesized in 3%PVA solution at different
calcination temperatures viz.400°C, 600°C and 800°C for 4 hrs (Fig. 3.3) for the
fact that at all calcination temperatures sample BN3 showed higher bulk density.
All the samples were white in colour. Only BaSO, peaks were observed in the
XRD spectra of all samples except for a calcination temperature of 400°C. This
indicated that all other powders had high purity. The intensity and width of
diffraction peaks differed between samples calcined at different temperatures.
The spectra revealed that as the calcination temperature increased the
crystallinity of the sample increased and grain size increased, where as at 600°C
the grain size fall into 10nm range as calculated using the Scherrer formula from
broadening of XRD for intense peak. At 400°C the grain size is small (9nm) as
indicated by the broadening and shortening of peaks. A well defined crystalline
peak of barium sulphate is missing at 400°C, and hence this temperature is not
sufficient for post synthesis treatment. At 800°C pure nano barium sulphate was
formed but agglomeration takes place as observed by narrow peak formation

with large (45nm) size. Powder calcined at 600 °C yields small grain size with
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high purity. It is the optimum temperature that ensures complete removal of
PVA template from the nano BaSO, and the peaks in the spectra indicated the
formation of controlled monodispersed powder at this temperature. More over all
the calcined powders showed smaller grain size than the BaSO, prepared in
aqueous medium without PVA support indicating that, presence of PVA had a
dispersive and protective effect on the powders which assists in size control even
after its removal through -calcination. The calculated particle sizes are

summarised in Table 3.5.
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Figure 3.3 Influence of calcination temperature on XRD (a) without PVA
(b) BN3-800D (c) BN3-600D, (d) BN3-400D

3.4.3.2 Influence of dispersing medium (PVA w/v) on XRD

The XRD patterns of the barium sulphate powders synthesized with 0, 1, 3, 5
and 7 weight by volume percentage aqueous solutions of PVA as mediums are
shown in Fig. 3. 4. Only BaSO, peaks were observed in the XRD spectra. This
indicated that all the powders had high purity. XRD reveals that as the PVA
concentration increased the intensity of the peaks and crystallinity, decreased as
indicated by the shortening and broadening of peaks. The barium sulphate BN3-
600D, prepared with 3% PVA solution, had a minimum grain size of ~10 nm. As

r Radiopacity and Chiemical reststance of Elastomer-Barium sulphate nanocomposites //”
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the concentration of PVA increased further, the crystallinity of the powder is
found to decrease as indicated from the broadening of the peaks. Moreover all
the powders prepared in the presence of PVA showed smaller grain size than that
prepared without PVA, emphasizing the dispersive and protective effect of PVA.
Thus XRD assisted analysis revealed that 3% PVA aqueous solution is an
optimum medium for nano powder synthesis. This effective polymer coating on
each mole of the reactant and every single Ba*" ion coated with PVA reacts

with a single SO,* leading to reduced agglomeration of powders formed.

L2y
21)
{401)

BasSoO
4

Imtensity(a.u)

2T heta{degrecs)
Figure 3.4 Influence of PVA w/v on XRD (a) without PVA (b) BN1-600D (c)
BN3-600D (d) BN5-600D (e)BN7-600D

Intensity{a.u)
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2Theta(degrees)

Figure 3.5 XRD patterns of a) MBN b) BN3-600D
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Table 3.5 Average Particle size of the BaSO,4 samples

Sample name Average Particle size (nm)
Commercial BaSO, 159.9

BNO 150

BN3-600D 10

MBN 12

3.4.4 Fourier transform infrared resonance-(FTIR) spectroscopic studies

The Infrared (IR) spectra of BaSO, prepared without PVA, nano BaSO,
powder materials prepared in 3% PVA solution calcined for 4hrs at 600°C and
stearic acid modified nano fillers are shown in Fig. 3.6. The IR spectrum of
precipitated barium sulphate without PVA is shown in Fig. 3.6(c). The presence of
broad absorption band at 3405cm™ here, corresponds to hydrogen bonding. This gets
weakened for BaSO, prepared in 3% PVA calcined at 600°C Fig. 3.6(b). IR spectra
of all samples had peaks centred at 1189, 1096 cm™ and shoulder at 982, 640 cm™

which corresponds to symmetrical vibrations of sulphate ions.

<
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Figure 3.6 FTIR spectra of: (a) MBN, (b)BN3-600D, (c)Without dispersing medium
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The interaction between carboxylate ions and BaSO, causes a shift from
1080-1130 cm™' (peaks of pure BaSO,) to 10731192 cm ™. The peaks at 2917,
2837 cm ™ could be assigned to the symmetric and asymmetric vibrations of —CH,—
and —CH3 groups and the peak at 1401cm™ was ascribed to the scissoring of —CH,—
or the symmetric deformation of the —CH; group. All the above bands were
attributed to the non-polar part in organic acid. IR spectrum of MBN is devoid of the
peak at 1704cm™ corresponding to free organic acid group. Instead a peak at
1542cm™ corresponding to carboxylate ion appeared, indicating a better interaction
between barium sulphate and modifier. The FT-IR spectra showed that the particles
contained organic acid and there were no corresponding peaks in XRD patterns.
This may be because the organic acid was absorbed on the surface of BaSO, rather

than entering the BaSOy, crystal to form composite[45].

3.4.5 Studies using scanning electron microscopy (SEM)

The SEM images of nano powders prepared without PVA and in 3% PVA
calcined at 400°C,600°C,800°C respectively are shown in Fig. 3.7a; Fig.3.7a-
d.From the SEM images, the reduction in size of the BN3-600D as evidenced

from XRD analysis was further confirmed.

¥ X15,000 1pm 0000 12 47 SEI

Figure 3.7a SEM photographs of BaSO, nano material (a)BNO (b)BN3-400D,
(c)BN3-600D (d)BN3-800D
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The SEM images of modified (MBN) and unmodified nano(BN3-600D)
fillers are as shown in Fig. 3.7b. The slight increase in particle size for the
modified nano powders was observed in Fig.3.7b. The related EDAX analysis of
samples prepared in 3% aqueous PVA solution calcined at 600°C and that of
modified nano powders is shown in Fig3.7b (b). The EDAX Fig. 3.8a contains
only peaks for barium (Ba), sulphur(S) and oxygen (O), which indicates the

purity of the material.

25kV )(20.006 1|..|ml 0000 1142 SEl 25kV  X15,000 1pm 13 55 SEI

Figure 3.7b SEM micrograph of a) BN3-600D b) MBN
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Figure 3.8 EDAX patterns of BaSO, nanoparticles a)BN3-600D b)MBN
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The analysis of these results exhibits the presence of Ba, S and O in the ratio
1.0:0.9:4.0 close to the stochiometry of BaSO, within experimental error. Fig.
3.8b evidences effective modification as can be seen from emergence of carbon
peaks in MBN.

3.4.6 Studies using transmisson electron microscopy(TEM)

The TEM images (Fig3.9a) of BaSO, synthesized in 3% PV A solution and
calcined at 600 °C confirms the formation of nano particles. The particle size
obtained from TEM was 23nm. MBN had an average particle size of
25.3nm.The sample has regions that appear brighter than the surroundings

because they have absorbed fewer electrons [47].

= | 2o k

Figure 3.9 TEM image of a) MBN b) BN3-600D

3.4.7 Radiopacity studies

Scanned images of X-ray photographs of the barium sulphate samples are
shown in Fig. 3.10. The MBN (Fig. 3.10.c) filled PET box show intense
radiopacity which is due to the improved interaction between fillers leading to
close packing of fillers in a given volume on modification. The BN3-600D
(Fig. 3.10.b) species also show good radiopacity and it is clear that nano
materials exhibit improved radiopacity than its macro counterparts. BC (Fig. 3.10.a)
is the commercial barium sulphate used for the sake of comparing

radiopacity[48].
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o] c

Figure 3.10 X-ray photographs of barium Sulphate samples (2)BC (b)BN3-600D

(C)MBN

3.4.8 UV-visible spectroscopy

The UV-visible spectrum of nano BN and MBN is compared in Fig. 3.11 and

the spectrum indicates that absorbance increases as size is reduced and is further

influenced by modification. Light scattering depends on the particle size and the

wavelength of corresponding light. Due to the reduction of particle size radition

absorption increases. The ability to scatter light increases the hiding power of the

pigment and therefore the hiding power decreases as the particle size increases[49,50].
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Figure 3.11 UV-visible spectrum of barium sulphate samples a) MBN b) BN3-600D
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3.4.9 Thermo gravimetric analysis (TGA)

Thermal analysis of the prepared nano particles was carried out to know
the possible changes occurring when the materials were subjected to heat
treatment. Thermo gravimetric analysis of dried sample prepared in 3% PVA
and that of dried MBN was carried out in the temperature range from 40 to
800°C. The thermal behaviour of these powders are shown in Fig. 3.12. The
Fig. 3.12 (a) represent TGA patterns of BaSO, synthesized in 3% PVA
solution. It is clear from the patterns that the thermograms showed weight loss
up to a calcination temperature of 600°C. Increasing the calcination
temperature from 400 to 600°C the weight loss of ~0.50% accounts for the
removal of PVA coating. Moreover on increasing the temperature from 600°C,
the weight loss is negligible, this confirms that a minimum calcination
temparature of 600°C is required for the complete removal of PVA from the
nano BaSO,. The residue of 98.5% indicates that the pure powders can be
synthesized by this method facilitating complete removal of dispersing agent.
Fig. 3.12(b) shows the TGA traces for MBN ie., organically surface treated
nano BaSQO, The curve suggest a residue of 93%. Tg analysis of pure stearic
acid [45] pointed that it decomposed between 200-450°C, however nano
modified by stearic acid began to loose at 200°C and major decomposition is
from 500 to 600°C.The decomposition temperature of stearic acid modified
barium sulphate was higher than that of pure stearic acid ,resulting from the

interaction between the modifier and bariumsulphate.
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3.4.10 DSC curves

No noticeable peak was seen in DSC curve, as shown in Fig. 3.13, which
indicate that the nano BaSO, is pure, orthorhombic phase, which is well
associated with the XRD results. Similar behaviour is observed for MBN with an
endothermic peak at 350°C which is due to stearic acid and not due to phase

transitions in the nano material [50] prepared.
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Figure 3.13: DSC curves of a) MBN b) BN3-600D

3.5 Conclusions

Under controlled conditions nanobarium sulphate was successfully
prepared by a wet precipitation route in aqueous solution of polyvinyl alcohol.
The particle size of the barium sulphate was controlled by optimising the
precipitation medium and its concentration. Nanobarium sulphate prepared by
this method has a particle size less than 25 nm which is lower than that of the
commercially available forms. The particle size of barium sulphate was found to
be 10 nm from the XRD results. The result also shows that, synthesized barium
sulphate is predominantly crystalline in nature. SEM and TEM pictures revealed

an average particle size of 23nm for synthesized nano powder. Nano
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bariumsulphate surface was effectively modified by stearic acid and TEM
images confirmed that the agglomeration tendency of the nanoparticles can be
reduced by the modification without much increment in size. Nano barium
sulphate is having high purity as revealed by FT-IR, EDAX, TGA and DSC
studies. Radiopacity improved with size reduction as seen from X-ray images.
This method has many advantages, such as simplicity, high purity, high yield

and moreover offers an eco-friendly route to superfine compound synthesis.
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Chapter

NATURAL RUBBER - BARIUM SULPHATE
NANOCOMPOSITES

Part-a  Natural rubber based nanocomposites:
Nano bariumsulphate (BN)/modified nano barium sulphate

(MBN) filled RNCs
Part-b Synergistic effect of carbon black, filled natural rubber-
modified barium sulphate frybrid RNCs

NATURAL RUBBER BASED NANOCOMPOSITES: NANO BARIUM SULPHATE/
MODIFIED NANO BARIUM SULPHATE FILLED RNCs

Natural rubber-nano barium sulphate elastomer composites (RNCs) using both
unmodified and modified barium sulphate were prepared by mill mixing. Cure
characteristics, filler dispersion, mechanical properties and thermal stability of the
elastomeric composites were evaluated. The amount of filler was varied from
amount 0 to 15 phr. Modified barium sulphate (MBN) increased the rate of cure
reaction. Compared to NR-BN RNCs, NR-MBN RNCs showed higher tensile
strength, tear strength and modulus values and lower elongation at break.
Characterization of the RNCs using scanning electron microscopy showed that there
were changes in the morphology of the fracture surface with filler loading. Thermal
stability of the RNCs improved with MBN concentration. The kinetic parameters of
thermal degradation of the composites were estimated by Freeman-Carroll, and
Coat-Red fern methods. The swelling studies were conducted on MBN-RNCs to
estimate their superior behaviour and mechanism indicated a deviation from fickian
mode. Overall enhancement in properties was obtained from NR- MBN, system.
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Introduction

The addition of numerous varieties of inorganic fillers has already been
researched and applied extensively to strengthen the properties of the existing
polymer materials, especially the elastomers. The size and dispersion of
inorganic particles have a great effect on the physico-mechanical properties as
well as the processability of polymer composites. The incorporation of
nanofillers to elastomeric matrices is a promising means for property
modification [1, 2]. Some nano fillers have improved the performance of the
composites outstandingly owing to their high specific surface area compared to
traditional fibers or particles [3, 4]. Rubber is widely used as an important matrix
material for the preparation of composites due to its good mechanical properties
and high elastic recovery. Natural rubber (NR) is an addition polymer, an
elastomeric hydrocarbon obtained as a milky white fluid known as latex from
Hevea Brasiliensis. Vulcanized products made from NR have high mechanical
strength, very good dynamic-mechanical properties and is therefore used in tyres,
rubber springs etc. Since the modulus and tensile strength of gum vulcanizates are
low, an additional reinforcing phase is necessary for the practical applications of
rubbers [5]. Rubber is generally reinforced with fillers such as carbon black (CB),
silica, silicates and fibers. The full reinforcing effects from these fillers are
diminished due to their large size and agglomeration. Therefore, application of the
well-dispersed nanofillers into rubber matrix to obtain beneficial mechanical and
physical properties is becoming crucial. The uniqueness of NR lies in its biological
origin, renewable and hazard free nature. Synthetic polyisoprene (IR) has basically
properties similar to those of its natural counterpart and has a more consistent rate of
curing and processing characteristics, at a slightly higher relative price. However,
still NR fits number of applications in which it cannot be replaced by synthetic

alternatives.

Barite is a mineral consisting of barium sulphate, which is widely used in

polymer industries [6, 7]. In chapter3, the nano barium sulphate (BN) had been
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successfully synthesized using precursors reported by earlier technique [8], but a
novel PVA medium, as the raw material. The reinforcing effect of this
synthesized barium sulphate nano powders on natural rubber has been
investigated. The mechanical properties of elastomeric composites depend upon
aspect ratio of the filler as well as compatibility of filler with matrix [9, 10]. The
inertness to chemicals and opacity to x-rays can be imparted effectively to
polymer by improving the natural rubber-filler interaction in barium sulphate
filled composites. Even though barium sulphate is hydrophobic in nature, the
size reduction influences the reinforcement which is further enhanced on
treatment with modifier. Present part of this chapter, deals with fabrication of
NR composites using modified and unmodified nano barium sulphate (BN,

MBN) and characterization thereof.

4a.1 Natural rubber barium sulphate nanocomposites

4a.1.1 Preparation of rubber nanocomposites

Nano powders were synthesised via ch