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Glossaiy of Terms

o - Swelling coefficient

B - Lattice constant

0 - Conductivity

e - Interaction parameter

0 - Angle between fibre orientation and direction of applied stress
® - Angular frequency

v - Frequency

Q - Volume resistivity

O¢ - Stress developed in composite
of - Stress developed in fibres

G - Ultimate fibre strength

Om - Stress in matrix

€¢ - Strain in composite

£f - Strain in fibres

€m - Strain in matrix

S; - Solubility parameter of rubber
s - Solubility parameter of solvent
Ps - Density of solvent

o¢ - Volume fraction of fibre

Om - Volume fraction of matrix

Ty - Matrix yield stress in shear
ASTM - American society for testing and materials

agp - Ratio of swelling occurred in composites before and after

swelling in widthwise direction
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BR

CR

DCP
DMA
DMF
DMSO
DSC
DTG
dr

B
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Eo

Ep
EPM
EPDM

GI

GH

Ratio of swelling occurred in composites before and after

swelling in lengthwise direction

Ratio of swelling occurred in composite before and after

swelling in breadthwise direction
Shift factor

Polybutadiene rubber

Capacitance

Chloroprene rubber

Weight of specimen after desorption
Dicumyl peroxide

Dynamic mechanical analysis

N, N-dimethyl formamide

Dimethyl sulphoxide

Differential scanning calorimetry
Differential thermogravimetry
Diameter of fibre

Dielectric constant

Dielectric loss factor

Permittivity of air

Energy of activation for glass transition
Energy of activation for thermal degradation
Ethylene propylene co-polymer
Ethylene propylene diene rubber
Applied load

Storage modulus

Loss modulus

Storage modulus of composite



G'm - Storage modulus of matrix

lc - Critical fibre length

Ln - Number-average fibre length

Ly - Weight-average fibre length

Lo/ L, - Polydispersity index

MBTS - Mercapto benzothiazyl disulphide
McL - Molecular mass of polymer between crosslinks
M, - Tensile modulus of composite

Ms¢ - Tensile modulus of fibre

My - Maximum torque

My - Minimum torque

Mp - Tensile modulus of matrix

M; - Molecular weight of solvent

n - Cross-link density

NBR - Nitrile rubber

N; - Number of fibres having length L;
NR - Natural rubber

phr - Parts per hundred rubber

Q - Mole percentage uptake

r - Refractive index of material
s - Front factor

SEM - Scanning electron microscopy
SBR - Styrene butadiene rubber

t - Thickness of specimen

T - Absolute temperature

t9o - Optimum cure time

tan o - Dissipation or damping factor



tan J
tan &¢

tan 6,

Vo
Vs
V1

Wi

Xo

Dissipation or damping factor of composite

Dissipation or damping factor of fibre

Dissipation or damping factor of matrix

Tensile strength of composite

Tensile strength of fibre

Glass transition temperature

Thermogravimetry

Tensile strength of matrix

Tetramethyl thiuram disulphide

Volume fraction of rubber in dry specimen (before swelling)
Change in volume fraction of rubber before and after swelling
Volume of composite

Volume fraction of fibre

Volume fraction of matrix

Volume fraction of rubber after desorption of composites
Volume fraction of rubber in unfilled vulcanisate

Molar volume of solvent

Ratio of change in volume fraction of rubber before and after

swelling to volume fraction of rubber before swelling

Initial weight of sample

Final or swollen weight of sample

Parameter determining stress transfer between fibre and matrix

Percentage loss of weight of different composite systems at

different temperatures

Pre-exponential factor in Arrhenius relationship

tO
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Preface

Polymer composites are materials, with light weight, high strength to weight ratio
and stiffness, which have come a long way in replacing the conventional monolithic
materials. Short fibre reinforced rubber composites combine the stiffness of the
fibres with the elasticity of the rubber. They are high performance engineering
materials with a wide range of applications. Recently, increased attention has been
focused on short fibre rubber composites to expand the scale of properties and
applications of established products and to find novel applications to meet the

demands from market and industry.

Acrylonitrile butadiene rubber (NBR) is an elastomer extensively used for many
industrial applications particularly in the automobile sector. By selecting this
elastomer with the appropriate acrylonitrile content in balance with other properties,
the rubber compounder can use it in a spectrum of areas requiring oil, fuel, and
chemical resistance. Nylon 6 fibre is a semi-crystalline polyamide having high
tensile strength and modulus. The goal of the present research programme is to

develop and characterise nylon 6 fibre reinforced NBR composites.

The contents of this thesis are presented in ten chapters. The basic concepts of the
development of fibre reinforced rubber composite materials, their properties and
performance along with a review of the related earlier studies are presented in
Chapter 1 of the thesis. The details of the materials used for the preparation of the
composites and the experimental procedures adopted for their characterisation are

discussed in Chapter 2.
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The processing characteristics and mechanical properties of nylon 6/NBR
composites are presented in Chapter 3. The modification of the interface of the
composite systems by using two different bonding agents and the subsequent
improvement in mechanical properties have been discussed in Chapter 4. The
results of the investigation of the interfacial adhesion in nylon 6/NBR composites,
through restricted equilibrium swelling technique, are presented in Chapter 5. This
chapter also describes the results of anisotropic swelling studies carried out to
analyse the extent of fibre orientation and fibre-matrix interaction. Chapter 6
presents the results of the evaluation of dielectric properties of the composites. The
details of the thermal characterisation of the composites, by thermogravimetry (TG)
and differential scanning calorimetry (DSC), are given in Chapter 7. The dynamic
mechanical characterisation of nylon 6/NBR composite systems has been presented
in Chapter 8. An account of the examination of the ageing characteristics of the
composites, after exposing them to various degrading agents such as heat,
gamma (y) radiation and ozone, is given in Chapter 9. The important conclusions
based on the present investigation and the future scope of the studies on

nylon 6/ NBR composites are presented in Chapter 10.
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Introduction

Abstract

This chapter gives a general account of the different types of composite materials with
special focus on fibre reinforced rubber composites. The advantages of short fibre
reinforcement and the properties and performance of composites with rubber matrices
have been discussed. A review of the earlier studies in this field and the current status
have been included. The scope and objectives of the present work have also been

highlighted.
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1.1 COMPOSITES

The last few decades have witnessed a tremendous growth in the rate of production
and novel applications of polymers. For many uses, they are modified or custom
engineered to improve specific properties. Reinforcements play a major role in this
regard which resulted in the development of highly useful materials known as

composites.

Basically, composites are heterogeneous structural materials which are made up of a
matrix containing reinforcing agents and are often better suited for specific
applications than any of the original components. Nowadays, composites have a
premier role among engineering materials with the advantages such as light weight,
corrosion resistance, high fatigue strength and faster assembly. Historical examples
of composites are abundant in literature. The bricks fashioned by the ancient
Egyptians from mud and straw, and laminated metals used in forging sword are the
examples of composite materials used by ancient civilisations'. The first man made
composite appeared around 500 BC in the Middle East, where pitch was used as a
binder for reeds in boat building. In the modern world, composites are extensively
used in aircraft structures, electronic packaging to medical equipment and space
vehicle to home buildingz’ 3. More and more researchers are now concentrating their

attention onto these materials due to the wide range of applications offered by them.

1.2 COMPONENTS OF COMPOSITE MATERIALS

The matrix and the reinforcement constitute the two chief component phases
of composites. Matrix is the continuous phase into which the reinforcement

or the discontinuous phase is incorporated. The region between these two




Chapter 1: Introduction

components is known as interface. Figure 1.1 shows a schematic representation

of a composite system.

Interface

Reinforcement Matrix Composite

Figure 1.1 Schematic representation of composite

1.2.1 Matrix phase

The matrix is generally continuous, binding the reinforcements together, and acts as
a medium by which an externally applied stress is transmitted to the reinforcement.
Only a very small proportion of an applied load is sustained by the matrix phase.
They maintain the reinforcement phase separately in the desired orientation and
thereby contribute to the cohesion of the product. They protect the reinforcing phase
from abrasion and degradation by the influence of different environmental
conditions. Composites are generally classified into three on the basis of the matrix

phase, as shown in Scheme 1.1.

Composites
A 4 P K - Y
Metal matrix | Ceramic matrix Polymer matrix
composites composites composites
(MMC) (CMC) (PMC)

Scheme 1.1 Classification of composites based on matrix phase
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1.2.1.1 Metal matrix composites (MMC)

Aluminium, magnesium, lead, copper, tungsten and nickel have been extensively
used for making composites. The reinforcement phases in metal matrix composite
systems are either metallic or non-oxide ceramic (silicon carbide, carbon and boron)
or oxide ceramic (alumina and glass). MMCs have higher temperature resistance
than other composite systems and are preferred for service temperatures above
150 °C. They have good electrical and thermal conductivities. Most of the current

applications of MMCs are in automotive and space related areas.

1.2.1.2 Ceramic matrix composites (CMC)

Ceramics are strongly bonded materials with ionic and covalent character, which
results in high strength and hardness. The development of composite materials
based on ceramics has received considerable interest in the recent past, especially
with ceramic fibres, since they can be operated at very high temperatures of about
1800 °C. Of late, CMCs such as glass, glass-ceramic and oxide ceramic matrices
have gained importance. Some of the most promising applications for CMCs are in
the areas of cutting tools and in heat engines where the components require

resistance to aggressive environment.

1.2.1.3 Polymer matrix composites (PMC)

Many of the composite materials developed today contain polymers as the matrix
phase. Scheme 1.2 represents the classification of polymer matrices. Table 1.1 lists

the properties of some of the important polymeric matrices.
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Polymers

Plastics

Thermoplastics

Thermosets

Rubbers

Scheme 1.2 Classification of polymer matrices

Table 1.1 Properties of some matrix materials

.- |Young’s| Tensile |Extension Speclfi,c Spec!fic
Specific Young’s | tensile
Polymer .. |modulus| strength to break
gravity (GPa) (GPa) (%) modulus |strength
(GPa) | (GPa)
Thermoset '
Epoxy 1.20 | 45 0.08 3 3.75 0.07
olyester 1.35 3.5 0.06 2 2.59 0.04
Thermoplastic
Polypropylene 0.90 1.2 0.03* > 300 1.33 0.03
Polycarbonate 1.10 2.3 0.06* 75 2.09 0.05
Elastomers
Natural rubber 0.97 | 0.0013 {0.017-0.025* | 400-800 - -
Styrene-
butadiene rubber 0.98 [ 0.0016 | 0.014-0.030 | 450-500 - -
Nitrile rubber 1.10 | 0.0015 0.016 400-600 0.009 0.02

* Yield strength

(i) Plastics based composites

(Source: Reference 4)

Plastics are polymeric materials, having giant organic molecules, which can be

transformed into desired shapes through extrusion, moulding, casting or spinning.
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The starting materials are resins in the form of pellets, powders or solutions from
which the finished plastics are formed. Basically, plastics are divided into two
according to their structure and thermal behaviour. These are thermoplastics and
thermosetting resins’. The key difference between thermoplastic and more
traditional thermoset based composites lies in the behaviour of the matrix during
processing. The thermoplastic matrix need not undergo a cure process to achieve its
final mechanical properties; all that required is melting, shaping and subsequent
solidification. In thermosetting polymers, the liquid resins are converted into hard
brittle solids by chemical crosslinking which leads to the formation of a tightly
bound three-dimensional network of chains. When thermoplastics form the matrix,
the composite products can be manufactured by high speed processes. The range of
thermoplastics used for composite fabrication includes polyethylene,
polypropylene, polyethylene terephthalate, polyamides, polyvinyl chioride,
polyimides, polycarbonate etc 68 Among thermosetting matrices polyester resins,

. . . . e . -11
epoxy resins, vinyl ester resins, phenolics, silicones and urethanes are important®!!,

(ii) Rubber composites

Rubber is a versatile and adaptable material that has been successfully used for
many years. Rubbers exhibit many unique characteristics which make them ideal
for the selection as matrices in novel composite materials'?. They stretch rapidly
and considerably under tension, reaching high elongations (500-1000%) with low
damping. They show high tensile strength and modulus when fully stretched.
Rubbers usually exhibit the phenomena of resilience and low permanent set'®. The
resilience of rubbers is related to the molecular flexibility, amorphous structure and
very low intermolecular interactions. Unlike plastics, a wide variety of flexible
products can be made by using elastomers as the matrix phase ' Scheme 1.3

represents the classification of rubbers.
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Rubbers

\4 A

Natural Synthetic

h 4

General Special
Purpose Purpose

Scheme 1.3 Classification of rubbers

(a) Natural rubber (NR)

Natural rubber is a high molecular weight polymer of isoprene in which most of the
isoprene units are in the cis-1,4 configuration. The major source of NR is the latex
from the bark of Hevea brasiliensis. The latex is an aqueous dispersion of rubber,
containing 25-40% rubber hydrocarbon. NR has high strength, low hysteresis, tear
resistance, abrasion and flex cracking. However, it is readily attacked by solvents,

gasoline etc.

(b) Synthetic rubbers

Polymeric materials prepared artificially which exhibit many interesting properties
including elasticity and flexibility are termed as synthetic rubbers. The demand for

these materials is increasing in the manufacturing sector day by day.

General purpose synthetic rubbers: Among the general purpose rubbers styrene
butadiene rubber (SBR), polybutadiene rubber (BR), ethylene propylene rubbers
(EPM/EPDM), polyisoprene rubbers (IR) and isobutylene isoprene rubber or butyl

rubber (IIR) are the most commonly used.
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> Styrene butadiene rubber (SBR): 1t is a copolymer of butadiene and styrene.
It is similar in many ways to NR and is the first widely used synthetic one. It
tops all the elastomers in volume of use mainly because of the low cost and
use in auto tyres. In general, it has poor oil and chemical resistance. A wide
range of property grades are produced by varying the relating amounts of
styrene and butadiene. Although they have excellent impact and abrasion
resistance, they are somewhat below NR in tensile strength, resilience,

hysteresis and some other mechanical properties.

» Polybutadiene rubber (BR): Polybutadiene is a homopolymer of cis-1,4-
butadiene. Both solution and emulsion polymerisation methods are used for
commercial production. BR has very good mechanical properties especially
at low temperatures. It r.etains its rubberiness for a wide range of
temperature. BR has high air permeability, low heat build up, high
resilience, better flex resistance etc. This rubber is compatible in all

proportions with NR and SBR.

» Ethylene propylene rubber (EPM/EPDM): They are available in two types;
EPM (ethylene propylene co-polymer) and EPDM (ethylene propylene
diene monomer). The raw materials required for the industrial production
are ethylene, propylene and catalysts. These rubbers have remarkable
resistance to ozone and UV radiation. They have good weather resistance,

excellent electrical properties and can be rapidly cured by peroxide.

> Poly isoprene rubber (IR): This is a synthetic rubber similar to NR in

processing and properties. Its notable characteristics are low hysteresis, low
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heat build up, low moisture absorption and high tear resistance. It has

excellent flow characteristics and can easily be injection moulded.

»  Butyl Rubber (IIR): 1t is a copolymer of isobutylene and isoprene and is one
of the lowest priced synthetic rubbers. IIR has excellent resistance to

abrasion, tear and flex. It is noted for low gas and air permeability.

Special purpose synthetic rubbers: They are used in specific applications which
require resistance to solvents, fire and heat'®. These include poly chloroprene

rubbers, fluorocarbon rubbers, and nitrile rubbers.

» Polychloroprene rubber or Neoprene (CR): Neoprene is the first
commercial synthetic rubber. Its resistance to oils, chemicals, sunlight and

ozone is outstanding. It has low permeability of gases compared to NR.

» Fluorocarbon rubbers: These fluorine containing rubbers have the highest
resistance to oxidation, chemicals, oils, solvents and heat among elastomers.
They are highest in price also. They can be used continuously at
temperatures over 260 °C. They do not support combustion. However, their

mechanical and electrical properties are only moderate.

» Acrylonitrile butadiene rubber or Nitrile rubber (NBR): Nitrile rubbers
known originally as Buna N are copolymers of acrylonitrile and butadiene.
They are mainly known for their outstanding resistance to oils and fuels at
both normal and elevated temperatures. Their properties can be altered by
varying the ratio of the monomers. In general, as the acrylonitrile content
increases oil resistance, tensile strength and processability improve while

resilience, compression set and hysteresis characteristics deteriorate.
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(c) Rubber vulcanisation

The process by which a network of crosslinks is introduced for an elastomer is
called vulcanisation (curing). The profound effect of vulcanisation is that it
transforms an elastomer, from a weak thermoplastic mass without useful
mechanical properties, into a strong, elastic, tough rubber. Vulcanisation decreases
the flow of an elastomer, increases the tensile strength and modulus but preserves
its extensibility. The process was discovered by Goodyear in his experiment where
rubber was heated with a small quantity of sulphur. The curing of rubber with
sulphur alone is quite slow and no longer commercially practiced. It can be speeded
up many folds by the addition of small amount of organic or inorganic compounds
known as accelerators. Many accelerators require the presence of still other
chemicals known as activators before their full effects are realised. These activators
are usually metallic oxides such as zinc oxide. They function best in the presence of
rubber soluble soaps, which may be formed during the curing reaction from the
activator and a fatty acid. The most efficient combination of chemicals for sulphur
vulcanisation includes sulphur, an organic accelerator, a metallic oxide and a fatty
acid. The exact mechanism of curing reactions is still under debate. Both free
radical and ionic intermediates have been postulated. Apart from sulphur, many
non-sulphur vulcanising systems can be used. Dicumyl peroxide (DCP) is one

among them.

(d) Compounding
The raw rubber coming to the factory in bales or boxes has practically no value, but

it can be compounded (mixed) with numerous chemicals and materials such as

vulcanising agents, accelerators, fillers, antioxidants and lubricants. Compounding

10
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of raw rubber involves milling down the crumbs into pliable sheets and then
incorporating the compounding ingredients. The process is usually done either on a
two roll mixing mill or in a Banburry internal mixer. In mill mixing, the operator
first puts the rubber on the rolls where it is torn and kneaded. When the rubber has
become sufficiently soft the compounding ingredients, all carefully weighed in
advance, are added. The mill continues to operate until complete dispersion of the
ingredients is accomplished and a uniform roll is secured. When this point is
reached, the rubber is usually cut off the mixing rolls into slabs which are dusted
with talc to prevent their sticking together. The nature of the uncured compound
determines largely how it will have to be shaped to fit the mould cavity for proper
flow. The plasticity of the uncured compound also frequently dictates the type of

machinery that can be utilised in its preparation for the mould.

(e) Processing techniques

Elastomeric materials are used in many forms such as rods, tubes, sheets and also as
moulded and fabricated articles. Therefore, there are variety of ways in which the
compounded materials can be processed and converted into finished products.

These include calendering and tubing.

» Calendering: The calendering process is employed to produce continuous
films and sheets. The main part of a calendering machine is a set of highly
polished metal rollers rotating in opposite directions with provision for
precise adjustment of the gap between them. The gap between the rollers
determines the thickness of the sheet calendered out. Compounded
elastomeric material is fed between the rollers which are maintained at an
elevated temperature and the sheet emerging from the rollers is cooled by

passing through cold rollers. The sheets are finally wound up in rolls.

11
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» Tubing or extruding: Tubing is the most economical and widely used
method for the preparation of rubber goods. The compound is first warmed
up on a mill, and then fed directly to the tubing machine (often called an
extruder) which extrudes the rubber to a shape and size determined by the
die mounted on the front of the pressure barrel. Extruded soft rubber is used
in the manufacture of inner tubes, tyre treads, rubber hoses, channel rubbers,

gaskets, and thousands of other products.

1.2.2 Reinforcing agents

The reinforcement phase is generally the load carrying agent of the composites. To
a significant degree, the reinforcement determines the strength and stiffness of the
composite systems. A reinforcing filler in rubber can be defined as the material that
is capable of increasing the modulus, tensile strength, tear strength, abrasion
resistance etc and improving the heat dissipation properties. The reinforcement
phase resists the breaking and bending under an applied load and also protects the

matrix from sudden failure. The classification of composites on the basis of nature

of the reinforcement phase can be summarized as shown in Scheme 1.4.

Particulate

Composites
A
[ |
Structural Fibrous
v v
[ ]
Laminates Sandwich ' - '_
panels Continuous Discontinuous
(long) (short)

Scheme 1.4 Classification of composites on the basis of reinforcement phase
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1.2.2.1 Particulate composites

Particulate composites consist of particles dispersed in a matrix. In the composites,
the particle dimensions are approximately the same in all directions (equi-axed).
Particles have no preferred directions and are mainly used to improve the properties
or to lower the cost of the products. Certain particulate fillers like clay, silica etc.
are non-reinforcing whereas carbon black and some others are reinforcing in nature.
Many theories have been put forward regarding the mechanism of reinforcement in
rubbers. Some have postulated that chemical interactions occur between filler and
elastomer during mixing and/or vulcanisation. Studies on the mechanism of carbon
black reinforcement in rubber vulcanisate have been conducted'®. Polymer-filler
interactions are to be optimised in order to achieve certain properties of rubber
compounds”'lg. Depending upon the reinforcement mechanism, particle reinforced
composites are further classified into two: large particle and dispersion
strengthened composites. For most of the large particle composites the particle
phase is harder and stiffer than the matrix. The reinforcing particles tend to restrain
the movement of the matrix phase in the vicinity of each particle. The degree of
reinforcement or improvement in mechanical properties depends on the strong
bonding at the matrix/particle interface. These large particle reinforcements are used
with all the three major types of matrices, viz. metals, ceramics and polymers.
Dispersion strengthened composites are composed of metals and metal alloys
strengthened and hardened by the uniform dispersion of several volume per cent of
fine particles of very hard and inert materials. The strengthening mechanism

involves interactions between the particles and dislocations within the matrix.

13
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1.2.2.2 Structural composites

Structural composites are composed of both homogeneous and heterogeneous
materials, the properties of which depend not only on the properties of the
constituent materials but also on the geometrical design of the various structural
elements. Two important structural composites are: (a) Laminar composites, and (b)
Sandwich composites. Laminar composite is composed of two-dimensional sheets
or panels those have a preferred high strength direction. The different layers are
stacked and subsequently cemented together such that the orientation of the high
strength direction varies with each successive layer. Laminates may also be
constructed by using fabric materials such as cotton, paper or woven glass fibres
embedded in a plastic matrix. Sandwich panels consist of two strong outer sheets or
faces separated by a layer of less dense material or core which has lower stiffness
and lower strength. The faces bear most of the in-plane loading. The core separates
the faces and resists deformation perpendicular to the face plane and provides a
certain degree of shear rigidity along the planes which are perpendicular to the

faces.

1.2.2.3 Fibre reinforced composites (FRC)

Technologically, the most important composites are those in which the dispersed
phase is in the form of a fibre. Design goals of fibre reinforced composites often
include high strength and /or stiffness on a weight basis. FRCs with exceptionally
high specific strengths and moduli have been produced utilising low density fibres
and matrix materials. Figure 1.2 shows a schematic model of a fibrous composite®.
Fibres are dispersed throughout the matrix to increase rigidity and strength further

and especially to add impact strength, which often lack in rigid matrices 2% Fibre is

14
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the major load bearing component in the composite 2'. Wide ranges of crystalline
(rayon, Kevlar, PET) and amorphous (glass, boron, silica, asbestos) materials are
used as fibres 2 for composite development. While glass and steel fibres are
obvious candidates, experts have found that many organic fibres offer a superior
balance of modulus, strength, impact resistance, vibration resistance, thermal
properties, electrical properties and light weight, making them materials of choice

in many high-performance composites.

,V Matrix

Fibres

Figure 1.2 Schematic representation of a fibre reinforced composite

Based on fibre length, FRCs are grouped into two: (1) long (continuous) fibre
reinforced composites and (2) short (discontinuous) fibre reinforced composites.
Fibres of length less than 50 mm are usually considered as short fibres whereas
those of length greater than this are long fibres. Long fibre composites possess
unidirectional orientation of fibres which give them enhanced properties. For
continuous fibre reinforcement, the strain in the matrix and the strain in the fibre
under load are initially the same. At low stresses, both fibres and matrix deform
elastically but with increasing stress the matrix may deform plastically while the
fibre still will be elastic. In the case of discontinuous fibrous composites, the length
of the fibre is neither too high to allow individual fibres to entangle with each other

nor too low for the fibres to lose their fibrous nature. The reinforcement is uniform
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in the case of composites containing well dispersed short fibres. Most practical
composites those are being developed for engineering applications contain

discontinuous fibres.

Short fibre reinforced polymer composites offer many attractive features which
include ease of fabrication and better economy at both the incorporation and
fabrication stages. Production of complex shaped articles is possible with short

fibres which is practically impossible with long fibres.

1.3 FIBRES

Generally fibres are fine hair like substances having length at least hundred times its
diameter’. Commercially available fibres have diameters in the range 0.004-0.2 mm
and they come in different forms as staples, monofilaments, tows or yarn. Fibres
are classified according to their origin and chemical structure®. They are broadly
classified into two types: man-made and natural. These are further classified as

shown in Scheme 1.5.

Fibres

Natural Man made

\ 4 A 4 A 4 A
Vegetable Mineral Regenerated Synthetic

Animal

Scheme 1.5 Classification of fibres
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1.3.1 Natural fibres

Fibre which come from natural sources such as animals, plants and minerals those
do not require reformation are classified as natural fibres. They are one of the major
renewable resource materials throughout the world especially in the tropics. There
have been attempts to use natural fibre reinforced polymer composites from 1868
for making seats in aircrafts and later in 1940-46, for bearings and fuselage in
aircrafts and ships 2 The natural fibre reinforced composites possess high electrical
and impact resistance, good thermal, acoustic and insulating properties in addition
to specific strength 2*. Natural fibres are further classified, according to their origin,

as vegetable, animal or mineral fibres.

1.3.1.1 Vegetable fibres

Vegetable, or cellulose based fibres include cotton, jute, sisal etc. Chemically, all
vegetable fibres consist mainly of cellulose, although they also contain varying
amounts of substances like hemicellulose, lignin, pectins and waxes. These fibres
can resist alkalies and most of the organic acids. Vegetable fibres are further
classified into three types depending on the part of the plant from which they are
extracted. They are:

(1) bast or stem fibres (e.g. jute, banana)

(i1)  leaf fibres (e.g. sisal, pineapple)

(iii)  fruit fibres (e.g. coir, cotton, oil palm)

1.3.1.2 Animal fibres

Fibres obtained from living organisms are known as animal fibres. Chemically these

are complex proteins. They are resistant to most organic acids. Major classes of
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animal fibres are silk, hair, fur and wool. The protein fibroin is the principal
component of silk fibre °. These fibres are extruded as continuous filaments from
the abdomens of various insects and spiders. The natural silk used in commercial
textiles is produced from the cocoons of the silkworm. The protein keratin is the
principal component of hair fibre and fur fibre *. The fibres from animals such as
mink and beavers are sometimes blended with other hairs to spin luxury yarns but
are most often found as fur felts. Wool is the animal fibre obtained mainly from the
fleece of domestic sheep. Wool of other kinds (camel, goat etc.) which is used in
comparatively small amounts is clipped or combed from animals during the
shedding period. Wool is warm, elastic and strong. Generally, wool is categorised
based on fineness, length and crimp of staple, and according to the age of the

animal.

1.3.1.3 Mineral fibres

These are fibres composed of naturally occurring minerals. Important mineral fibres
are originated from glass, ceramic and asbestos. Glass fibre is an inorganic mineral
fibre made from silica sand®. There are two types of glass fibres: continuous and
staple. The continuous glass fibre is made by drawing molten glass into threads and
is used in textile materials. These fibres can be fabricated into mats or bulk-
moulding and sheet-moulding compounds with the use of resins or organic binders.
Ceramic fibres such as aluminium oxide (Al,Os), silicon carbide (SiC) and boron
carbide have been developed for heat-resistant composite materials’. The
components of helicopters, military and civil aircrafts, missiles and spacecrafts
including satellites and space shuttles are made from these high-strength,

lightweight composites. The most common type of asbestos fibre is chrysotile
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which represents more than 95% of the total world production. Chemically it is a
hydrated magnesium silicate. It has excellent weathering characteristics and is
resistant to most of the chemicals except acids and strong bases. In plastics, it
improves creep resistance and heat deflection temperature, and imparts flexural

strength and modulus.

1.3.1.4 Disadvantages of natural fibres

The lignocellulosic natural fibres are hydrophilic and absorb moisture® %, The
swelling behaviour of natural fibres is generally affected by their morphology as
well as physical and chemical properties®” 2. Natural fibres are complex mixtures
of organic substances and different thermal treatments can therefore lead to a
variety of physical and chemical changeszg’ 30 The lignocellulosic natural fibres are
degraded biologically because organisms recognize the carbohydrate polymers,
mainly hemicellulose in the cell wall and have very specific enzyme systems
capable of hydrolyzing these polymers in to digestible units 3133 Natural fibres tend
to be yellow upon exposure to sunlight and moisture and extended exposure results

in the loss of strength.

1.3.2 Man-made fibres

Man-made fibres are classified as regenerated and synthetic depending on the

method by which they are prepared.

1.3.2.1 Regenerated fibres

The fibres which are regenerated either from organic or inorganic systems belong to
this category. Polymers from natural sources have been dissolved and regenerated

after passing through a spinneret to form fibres. Rayon represents an important class
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of regenerated fibres. Rayons are regenerated cellulose in which different

substituents have replaced not more than 15% of hydrogen of the hydroxyl group.

1.3.2.2 Synthetic fibres

Fibres in which the basic chemical units have been formed by chemical synthesis
followed by fibre formation are called synthetic fibres. Synthetic fibres may be

inorganic or organic.

(i) Inorganic synthetic fibres

Fibres of carbon, boron, alumina, silicon etc. belong to this category. Carbon and
graphite fibres are high-strength materials which are used as reinforcing agents in
composites *. Chemically, carbon fibres are produced from rayon or acrylic fibre
by thermal heating. Carbonisation occurs at temperatures of 1000 to 2500 °C in an
inert atmosphere. Carbon fibres are converted to graphite at temperatures above
2500 °C. They can also be made from pitch, a residual petroleum product. The
products those use carbon fibres include heat-shielding materials, aircraft fuselage

and wings, spacecraft structures and sports equipment.

(ii) Organic synthetic fibres

The fibres which are derived from organic polymers are termed as organic synthetic
fibres'. Good examples are furnished by cellulose acetate, nylon (polyamide),
acrylic (polyacrylonitrile), aramid (aromatic polyamide) olefins (polyethylene and
polypropylene) etc. Most of them are thermoplastic, i.e., they are softened by heat.
During processing, a molten polymer or polymer solution is extruded through tiny
holes in a spinneret into an environment that causes the filaments to solidify. The

properties of these fibres depend on the base polymer, the spinning process and the
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post-spinning treatment of the fibre, which can include drawing, annealing,
applying a finish and coating. Fibre properties such as weight, abrasion resistance,
heat resistance, chemical resistance, moisture resistance, strength, stiffness,

elasticity and ease of dyeing and colouring can be optimised by such treatments.

» Cellulose acetate: Cellulose acetate or acetate rayon fibre is one of the
earliest synthetic fibres and is based on cotton or tree pulp cellulose. These
cellulosic fibres have passed their peak as cheap petro-based fibres and have

displaced regenerated pulp fibres.

» Olefin fibre: It is a synthetic fibre made from alkenes. It is used in the
manufacture of various textiles. It can be defined as a manufactured fibre in
which the fibre-forming substance is any long-chain synthetic polymer
composed of at least 85% by weight of ethylene, propylene, or other olefin
units. The fibres are waxy, colourless and often round in cross section. The

fibres are also resistant to moisture and chemicals.

» Acrylic fibre: These are synthetic fibres made from a polymer with a weight
average molecular weight of ~100,000. The polymer contains at least 85%
acrylonitrile monomer. Typical co-monomers are vinyl acetate or methyl
acrylate. The polymer is formed by free radical polymerisation. Acrylic is
lightweight, soft and warm, with a wool-like feel. It dyes very well and has
excellent colourfastness. It is resilient, retains its shape, and resists
shrinkage and wrinkles. It is quite varied in form and sometimes has an

appearance similar to wool or cotton.
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» Polyester fibre: It is a category of polymers, or, more specifically
condensation polymers, which contain the ester functional group in their
main chain. Polyester fibres are often spun together with fibres of cotton,
producing a cloth with some of the better properties of each. Polyester is
combustible but due to its thermoplastic nature, it tends to shrink away from

the flame source and often self-extinguishes.

» Nylons: These are thermoplastic materials, first used commercially in a
nylon-bristled toothbrush followed more famously by women's “nylons”
stockings. These are made of repeating units linked by peptide bonds and are
frequently referred to as polyamides. Nylons were the first commercially
successful polymers and the first synthetic fibres to be made entirely from
coal, water and air. These are formed into monomers of intermediate
molecular weight, which are then reacted to form long polymer chains. Type
6/6 nylon is the most common commercial grade of nylon, and nylon 6 is the
most common commercial grade of cast nylon. Most nylons are
condensation copolymers formed by reacting equal parts of a diamine and a
dicarboxylic acid, so that peptide bonds form at both ends of each monomer

in a process analogous to polypeptide biopolymers.

» Aramid fibre: Aromatic polyamides are generally called aramids. Two
important aramid fibres are Kevlar and Nomex. These synthetic fibres are
strong and heat-resistant. They are used in aerospace and military
applications, for bullet-proof body armour fabric and as asbestos substitute.
They have low flammability and good resistance to abrasion and organic

solvents.
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A comparison of properties of various natural and synthetic fibres is given in

Table 1.2.

Table 1.2 Mechanical properties of some synthetic and natural fibres

. . Tensile Young’s
Fibre (x R)ﬁ“lf;fﬂ Elo?%tlon strength modulgus
(MPa) (GPa)
Aramid 1.40 3.3-3.7 3000-3450 63-67
Carbon 1.40 1.4-1.8 4000 230-240
Kevlar 49 1.45 2.0 2800 124
Nylon 6,6 1.14 18.0 1000 -—-
Cotton 1.50 7.0-8.0 287-597 5.5-12.6
Jute 1.30 1.5-1.8 393-773 26.5
Flax 1.50 2.7-3.2 345-1035 27.6
Hemp - 1.6 690 -
Ramie - 3.6-3.8 400-938 61.1-128
Sisal 1.50 2.0-2.5 511-635 9.4-22
Coir 1.20 30.0 175 4.0-6.0
E-glass 2.50 2.5 2000-3500 70.0
S-glass 2.50 2.8 4570 86.0
SiC 3.08 0.8 3440 400
ALO; 3.95 0.4 1900 379

(Source: Reference 4)

1.4 SHORT FIBRE REINFORCED RUBBER COMPOSITES

Short fibre reinforced rubber composites have been developed to fill the property
gap in between the long fibre reinforced rubber composites and particulate filler
reinforced rubber composites, i.e., mainly to achieve the high performance of fibres
coupled with the easy processability and elasticity of rubbers. The use of short
fibres in rubbers is not new; tyre retreaders have been using chopped cotton and
rayon fibres in camel back for quite some time. Composites in which short fibres

are oriented uni-axially in an elastomer have a combination of good strength and
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stiffness from the fibres and elasticity from the matrix. Short fibre reinforced
elastomer composites have paramount importance in replacing other types of

composites in applications requiring a combination of strength and lightness.

In more recent years, a range of synthetic and natural fibres such as rayon, nylon,
polyester, Kevlar, glass, cellulose, asbestos etc. have been used with various rubbers
such as natural rubber, SBR, NBR, polyurethane (PU) and neoprene (CR) for
making useful composite materials. Short fibre reinforced rubber composites can be

conveniently classified into two major categories.

(i) Synthetic fibre reinforced rubber composites

Among synthetics, glass fibres are extensively used as reinforcing agents for
polymer composites and their suitability for rubber reinforcement has been
thoroughly studied. Lueers ** reviewed the effect of glass fibre reinforcement on
various rubber matrices. The main disadvantage faced during processing of this type
of composites was fibre breakage. Czarnekei and White 35 reported the mechanism
of glass fibre breakage and severity of breakage with time of mixing. Derringer 36
examined the advantages of short glass fibre reinforced rubber composites, which
included high modulus, high resilience and low creep. Comparing the properties of
vulcanisates reinforced with various types of short fibres, Monceau 37 reported that
glass fibres possessed a markedly lower reinforcing capability compared to
cellulose fibres but could undergo higher elongations. Dunnom et al.*® indicated
that pre-impregnated glass fibres gave better reinforcement to rubbers. Brokenbrow

1.39

et al”” studied the reinforcing effect of asbestos fibres in rubbers. Bament™*

examined the use of asbestos fibre bonded with polychloroprene to improve the
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dimensional stability of a roofing sheet of unvulcanised chloro-sulphonated
polyethylene. Due to the hazards in using them and their poor properties, they find
little potential as reinforcing elements. Aramid fibres have been found to reinforce
rubbers *!. O’Connor *? confirmed the high strength of aramid fibre composites and
attributed it mainly to the high strength of the fibrous component. The breakage
resistance was reported to be better than that of glass fibres. Carbon fibres also have

1 studied the mechanical and electrical

drawn good attention. Pramanik et a
properties of short carbon fibre reinforced NBR composites. Sieron # observed that
these fibres improved the tensile properties of fluoro-elastomers. Ecersley *
discussed the use of carbon fibres in making abrasion resistant composites.

Grimbladt et al.* reported the effect of carbon fibres on increasing the strength,

ageing resistance and resistance to compression set of fluorine containing rubbers.

47

Lewitt examined the effect of carbon fibres on the properties of rubber

vulcanisates. However, the use of carbon fibre is limited due to high cost. The
technology for developing polytetrafluoro-ethylene fibrils in a rubber stock during

compounding was reported by Leonard 8,

(ii) Natural fibre reinforced rubber composites

Short cellulose fibres have been found to provide good reinforcement to rubber
vulcanisates. Two advantages reported are their resistance to breakage during
mixing and their rough surface, which can give rise to good bonding. Goodloe
et al.* used finely divided wood cellulose for reinforcement in rubbers. This is the
earliest reported research work in the field of cellulose fibre reinforcement. Hamed
and Coran’® pointed out that wood cellulose fibres are highly reinforcing materials

for rubbers. Anthoine er al.’' reviewed the reinforcement of elastomers with
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discontinuous cellulose fibres. Boustany and Coran > reported the advantages of
treated and untreated cellulose fibres. Cellulose fibres have been found to provide
good green strength and low die swell. The properties of different types of cellulose
fibres and their mechanism of reinforcement have been analysed by Goettler and

Shen 2.

1.5 ADVANTAGES OF SHORT FIBRE REINFORCED
RUBBER COMPOSITES

In general, short fibre reinforced rubber composites have the following

advantages”'”.

(i) Processing advantages

» Short fibres can be incorporated easily into the rubber compound along with
other additives.

» They are amenable to standard rubber processing operations such as
extrusion, calendering, compression moulding, injection moulding and
transfer moulding.

» They provide high green strength and high dimensional stability during

fabrication.

(ii) Design flexibility
> Fibres can be placed in any direction depending on the requirement.
» Complex shaped articles can be fabricated using short fibres, which is quite

impractical to accomplish with long fibres.

(iii) Mechanical properties

» Exceptional specific strength and specific stiffness

» Reduced shrinkage in moulded products
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» Controlled damping properties
Improved solvent swell resistance
Increased abrasion resistance

>
>
» Improved cut and tear resistance
» Improved creep resistance

»

Anisotropy in properties

(iv) Economy

> Short fibres are less expensive than continuous fibres.

» The processes such as dipping, wrapping, laying and placing of the fibres
associated with long fibre reinforced composites can be avoided with the use
of short fibres.

Although short fibres have several advantages, they possess some disadvantages
such as:

> Difficulties in achieving uniform dispersion

Fibre breakage during processing

Difficulties in handling and bonding

vV ¥V V¥

Difficulties in processing such as filament winding, autoclave and vacuum
bag techniques which are generally used for continuous fibre reinforced

composites.

1.6 THEORY OF REINFORCEMENT WITH SHORT FIBRES
The stiffening effect of a dispersed phase of higher modulus is not easily tractable
and its exact treatment is complex. However, if it is assumed that stiffness

averaging can be performed among the components of the composites under
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constant-deformation conditions, the analysis can be considerably simplified. The
most common assumption is that either the stress state or the strain is everywhere
uniform in the deformed composite material. Stiffness is usually considered in
terms of linear elastic Young’s modulus (G). Even though elastomers do not exhibit
substantial linear elastic regions of deformation, the analysis of elastomer- based
composites can proceed on this basis, because in the reinforced state linear elasticity

is more closely followed.

In the case of reinforcement short fibres, as long as a substantial orientation is
obtained in the direction of applied stress, the assumption of constant strain is valid.
Fibres of low extensibility relative to the elastomeric matrix are controlling the
overall deformation state, so that matrix experiences the same low extension except
for regions of stress concentration in the vicinity of fibre ends. Thus linear elasticity
is generally applicable, but actually the matrix exists in a rather complex state of

non-uniform tension and shear.

An understanding of stress development in individual fibres ahd the partition of
applied load (stress) between the matrix and the reinforcement is the basic to the
calculation of stiffness or strength in short fibre-reinforced elastomers. The tensile
stress (o) generated in a fibre-reinforced elastomer, in general, is distributed
between the fibre and matrix phases, such that:
O.=Of+ Om
where c refers to the fibre-rubber composite, f and m refer to the fibre and matrix
phases respectively. If each phase is assumed to be linearly elastic, this relationship

can be further written as:

6.=Gewps+ GmeEmde e (1.2)
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where G is the Young’s modulus, € is the tensile elongation and ¢ is the volume

fraction of each phase.

In the case of short fibre reinforced rubber composites, the fibre end effects are
significant in the deformation behaviour. Figure 1.3 (a) represent a single fibre
embedded in a matrix of lower modulus in the undeformed state. When the
composite is loaded axially, the longitudinal strain in the matrix will be higher than
that in the fibre due to lower modulus of the former. When the force is applied, the
imaginary vertical lines running through the fibre-matrix interface in a continuous
manner in the unstressed state will be distorted as shown in Figure 1.3 (b). This
distortion is due to the greater deformation of the matrix at the region of fibre ends
than that along the fibre. This difference in longitudinal strains creates a shear stress
distribution around the fibres in the direction of the fibre axis and therefore the fibre
is stressed in tension. The applied load is transferred from matrix to the fibres

across the interface because of this shear stress distribution.

(a) Short fibre composite (Undeformed)

(b) Short fibre composite (Deformed)

Figure 1.3  Effect of stretching force on the strain around a short fibre in an
elastomeric matrix
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When a mechanical force is applied to the polymeric matrix, it spreads smoothly
through the matrix until it reaches the matrix-fibre interface. If the interface is well
bonded, the stress is transferred across it into the fibre and then spreads throughout
the fibre. This process occurs at all the fibre-matrix interfaces in the composite.
Thus it is obvious that the load will be transferred to the fibre only if the interface is
strong and a perfect bond exists between the two constituents. Hence a strong

interface is compulsory for the better performance of composite systems.

1.7 FACTORS AFFECTING THE PROPERTIES OF SHORT
FIBRE REINFORCED RUBBER COMPOSITES

Several factors have been identified which determine the properties of short fibre
reinforced rubber composites. These include mixing, dispersion of fibres, fibre
breakage and critical fibre length®®. By controlling these factors properly,
reasonably better rubber products can be fabricated using short fibres which possess

good dimensional stability.

1.7.1 Mixing of rubber compounds

The conventional mixers such as Banbury and open mixing mill can be utilized for
mixing short fibres with elastomers as described by Boustany and Coran>’. The
mixing procedure may be distributive or dispersive which is adopted depending on
the type of the fibre used. The distributive mixing increases the randomness of
distribution of the minor constituent within the major base material without further
size reduction, while dispersive mixing serves to reduce the agglomerate size. Thus,
brittle fibres such as glass or carbon, which break severely during mixing, require

more distributive mixing, but for organic fibres such as nylon, silk and natural
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cellulosic fibres like jute and sisal, dispersive mixing is called for since these fibres
tend to agglomerate during mixing procedure. Goettler and Lambright®® developed
a technique for controlling fibre orientation during extrusion by the use of an
expanding mandrel die. Calendering can also achieve the same level of fibre

orientation in the machine direction®’.

1.7.2 Dispersion of short fibres

Good dispersion of short fibres in rubber compounds is an essential requisite for
high performance composites. The major factors associated with good dispersion of
fibres are: (1) level of fibre-fibre interaction and (2) fibre length. The naturally
occurring cellulosic fibres tend to agglomerate during mixing due to hydrogen
bonding. A pre-treatment of fibres is at times necessary to reduce fibre-fibre
interactions. Such treatments include the making of pre-dispersions and formation
of a soft film on the surface. Natural cellulose fibres treated with compositions
containing latex were found to be dispersing well in the rubber matrix®®. The
homogeneous pre-dispersion of chopped polyester, glass and rayon fibres in
neoprene latex and their dispersion in neoprene rubber was studied by Leo and

Johansson®'.

The fibre length has some effect for facilitating better dispersion. Derringer®” used
commercially available fibres such as nylon, rayon and polyester cut into smaller
fibre lengths for better dispersion. The better dispersion of fibres could be achieved
by adding fibres first in the masticating or mixing machine. Boustany and Armnold®

noticed that composites produced by the dispersion of selected short cellulose fibres
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in elastomeric matrices were useful engineering materials. These fibres were pre-
treated to provide dispersion in conventional mixing equipment while minimising

fibre damage, and to give bonding for better reinforcing.

1.7.3 Fibre breakage

Several researchers examined the importance of fibre length and its influence on the
properties of composites **’. In a composite material, fibre length is a critical
parameter and it should not be too long so that they entangle with each other
causing problems of dispersions. However, a very small length of fibre does not
offer sufficient stress transfer from matrix to fibre. Due to the high shear force
caused during mixing fibres usually undergo breakage. Fibre breakage also results
from fibre—polymer interactions, fibre—fibre interactions, and fibre contact with the
surfaces of the processing equipment®®. Due to the increased fibre—fibre interactions
and fibre—equipment wall contact, fibre length decreases with increasing fibre
content and also with the processing time®® ®. This reduction in fibre length then
reduces the reinforcing efficiency of the fibre. The severity of fibre breakage
depends mainly on the type of the fibre and its initial aspect ratio (length/diameter);
for example, the fibres such as glass and carbon are brittle and they possess a low
bending strength than the ductile fibres like cellulose, which are more flexible and
resistant to bending. Depending on the resistance to bending there exists a certain
aspect ratio for each type of fibre below which no further breakage can occur. The

aspect ratio of glass fibres is very low compared to the cellulose fibres. If the mix
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viscosity is high more shear will be generated during mixing, exceeding the critical

bending stress of the fibre, which eventually results in severe breakage.

O’Connor* reported the fibre breakage during mixing. The lower reinforcing
ability of glass fibre has been attributed to the severe reduction in their length
compared to cellulose fibres during mixing. The mechanism of fibre damage using
glass, aramid and cellulose fibres in polystyrene melts has been reported by
Czarnekei and White *°. Studies on the effects of mastication time and mixing on
fibre damage indicated that the extent of breakage depended on the mastication
time. Murthy ef al.” suggested that the breakage of fibres was due to a buckling
effect. De and co-workers °” 7" 7% studied the breakage of jute and silk fibres in NR,
carboxylated nitrile rubber (XNBR) and NBR and found that the breakage of silk
fibres was less than that of jute fibres. Rezadoust and Esfandeh ™ examined the
fibre breakage and length distribution during the compounding of glass-NBR-

phenolic composites.

1.7.4 Critical fibre length

In a perfectly oriented uni-directional fibre reinforced polymer composite
containing fibres of uniform radius, the rate of increase of fibre stress is
proportional to the interfacial shear stress. The ends of fibres in short fibre

composites play a major role in the stress transfer mechanism.

Fibre length, over which the stress transfer allows the fibre to be stressed to its
maximum stress or at which efficient fibre reinforcement can be achieved, is termed

as the critical fibre length of the composite. Broutman and Agarwal * did a
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theoretical analysis on the mechanism of stress transfer between fibres of uniform
radius and length. They determined the critical fibre length (1) from the equation:
l./de=08/27¢g (1.3)
where, d¢ is the diameter of fibre, og, the ultimate fibre strength and ty is the matrix
yield stress in shear. Based on the structure-stress properties of short fibre/rubber
composites and Cox shear lag, a new model of critical fibre aspect ratio has been
proposed by Zhang et al’. Their results showed that the new model could better
suit the characters of short fibre/rubber composites and it reflected totally the

relations between the structure of short fibre composites and the critical aspect ratio.

1.7.5 Fibre orientation

The orientation of fibres relative to one another considerably influences the
performance of composites as structural materials. Fibre orientations as well as fibre
concentration have significant influence on the physico-mechanical properties of
fibre reinforced polymer composites. With respect to orientation, three limits are
explained; longitudinal orientation (along machine direction), transverse orientation

(across machine direction) and random orientation, as shown in Figure 1.4

N
4
-

I
|
|
|

(a) (b) (©

Figure 1.4  Schematic representation of different orientations of short fibres
(a) longitudinal (b) transverse (c) random
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(a) Longitudinal orientation of fibres

The longitudinally oriented fibrous composites are inherently anisotropic. Since
effective stress transfer from the matrix to the fibres occurs in the direction of fibre

alignment, maximum strength is shown by them [Figure 1.4 (a)].

(b) Transverse orientation of fibres

In the transversely aligned fibrous composites, the fibre reinforcement is virtually
non-existent [Figure 1.4 (b)]. The fracture of the sample occurs at very low tensile
stresses, which may be equal to or less than the strength of the matrix”. Thus the
transverse compressive strength is limited by the strength of the matrix and so is

less than the longitudinal compressive strength®.

(c) Random orientation of fibres

The strength of randomly oriented fibrous composites lies between the limits of
longitudinally and transversely aligned systems [Figure 1.4 (c)]. These types of
composites can be constructed by randomly orienting fibres in a plane or by using
multilayered laminates containing different orientations of fibres. These are
essentially isotropic in plane, i.e., they have desirable properties in all directions in
a plane. In random orientation also, the modulus increases with fibre
concentration’®. Applications involving totally multidirectional applied stresses
normally use discontinuous fibres, which are randomly oriented in the matrix
material. The reinforcement efficiency is only one fifth of that of an aligned
composite in the longitudinal direction; however the mechanical characteristics are

isotropic.
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1.7.5.1 Effect of flow behaviour on fibre orientation

During mixing and subsequent processing operations of short fibre reinforced
elastomer composites, the fibres orient preferentially in one direction and the
ultimate properties of the material depend mainly on the angle between the
orientation and the direction of the applied stress. Fibres orient in a direction
depending on the nature of the flow, viz. convergent, divergent, shear or
elongational. If the flow is convergent type, the fibres align themselves in the
direction of flow and away from the direction of flow if the flow is divergent.
During shear flow, the fibre orientation can be from random to uni-directional
depending on the shear rate and if the flow is of elongational type the fibre
orientation takes place mainly in the direction of flow and the rate of fibre rotation
is controlled by the magnitude and direction of velocity gradient (i.e., +ve or -ve)
which will be generated by normal forces occurring in the flow resulting from the
changes in the cross-sectional area of the channel. In a convergent flow, the flow
gets accelerated because of a reduction in the cross-sectional area of the channel;
the velocity gradient thus becomes positive and the fibres tend to align in the
direction of flow making a small angle with the flow axis. Fibre orientation during
mixing was discussed by Moghe 71 The effects of mill parameters such as number
of passes, nip gap and mill-roll speed ratios have been studied and it has been found
that the nip gap has a significant effect on fibre orientation. The maximum fibre
orientation takes place in the first pass itself. However, the fibre orientation is
controlled by the manner in which the mix sheet is folded and sufficient care is

generally ensured to obtain maximum orientation along the machine direction.
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1.7.5.2 Fibre orientation distribution

It is very difficult to achieve 100% orientation of fibres in one direction in
composites. A maximum of 60-80% will orient within 10 degrees to the normal
alignment direction’®. McNally 7 reviewed the factors controlling the distribution of
fibres in different orientations and their effects on the properties of composites. The
mechanical performance of composites is greatly influenced by the fibre alignment.
A theoretical prediction, based on swelling of the composites in solvents, can be
considered for the evaluation of fibre distribution. Swelling is a uniform restrictive
force imposed on fibre reinforced composites®®. The modulus of a composite can be
related to the angle between the fibre orientation and the direction of applied stress
by the equation®':

1/ Go=(Sin’0 / Gr) + (Cos’0 / Gp) o (14)
where G and Gr are the moduli of the composite in longitudinal and transverse
orientations respectively and 6 is the angle between the fibre orientation and the
direction of applied stress. Halpin-Tsai’s equation predicts the modulus of a uni-
directional oriented composite®’. Moghe® took two extremes as uni-directional and
random orientations in his theory. He also stated that the modulus of a perfectly
oriented composite described in Halpin-Tsai’s theory is six times that of a randomly
oriented composite. The construction of balanced angle ply composites by
overlapping method with short fibre compounds is another way of obtaining

. . . 4
1sotropic comp051tes8 .

1.7.6 Fibre-matrix adhesion

The behaviour of a composite material is explained on the basis of the combined

behaviour of the reinforcing element, polymeric matrix and the fibre-matrix
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interface. The reinforcing element should not be weakened by surface or internal
flaws and the applied load should be effectively transferred from the matrix to the
fibre through the interface. The components of a composite system are chosen on
the basis of their mechanical and physical characteristics in isolation. The process
of fabrication of a composite involves interfacial interactions those can cause

modifications in the interface structure.

When the fibre-matrix interface of a short fibre composite is sufficiently strong, the
load will be effectively transferred to fibres to obtain a high performance
composite. A reasonably good level of adhesion is required for the better
performance of short fibre reinforced composites. At elevated temperatures, the

interface deteriorates and the values of physical properties decrease.

1.7.6.1 Bonding at the interface

The fibre-matrix adhesion is evaluated at the interface of the composites. Interface
is a bounding surface where a discontinuity of some kind occurs as sharp or
gradual. It is the boundary region between two phases in contact. Interface is an
essentially bi-dimensional region through which material parameters such as
concentration of an element, crystal structure, atomic registry, elastic modulus,
density and coefficient of thermal expansion change from one side to other. The
composition, structure or properties of the interface may vary across the region and
may also differ from the composition, structure or properties of either of the two
contacting phases®. In short fibre-rubber composites, the large difference between
the elastic properties of the fibre and the matrix is communicated through the
interface. This interfacial region exhibits a complex interplay of physical and

chemical factors those exert a considerable influence and control the properties of
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fibre reinforced composites. The interfacial interaction depends on the fibre aspect

ratio, strength of interaction, anisotropy, orientation, aggregation etc®.

The interface in certain systems has enough natural affinity due to polar hydrogen-
bonding, electronic attraction or primary covalent bonding. The methods generally
adopted to increase the interfacial adhesion are the utilisation of coupling agents,
surface modification of fibres by chemical or physical methods, coating of fibres

with appropriate resins, graft copolymerisation and by the use of bonding agents.

There are two types of interfacial bonding in fibre reinforced composites. They are:

(a) mechanical interfacial bonding and (b) chemical interfacial bonding.

(a) Mechanical interfacial bonding

It is a simple mechanical anchoring between two surfaces, which can lead to a
considerable degree of adhesion. Moreover, any contraction of the polymeric matrix

onto the fibre would result in a gripping of the fibre by the matrix.

(b) Chemical interfacial bonding

Two types of bonding are formed at the fibre- matrix interface, by chemical
treatments. They are: (1) dissolution and wettability bonding and (2) reaction
bonding. In dissolution and wettability bonding, the interaction between the
components (fibre and matrix) occurs on an electronic scale. In reaction bonding, a
transport of atoms occurs from fibre, matrix or both to the interface. These polar
surfaces can form bonding owing to the diffusion of matrix molecules to the
molecular network of the fibre, thus forming twisted molecular bonds at the

interface.
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1.7.6.2 Interface modification

The interface in fibre reinforced rubber composites can be modified by different
ways to obtain optimum fibre-matrix properties. The wettability of polymers on the
fibre surface depends on the viscosity of the polymer and the surface tension of both
materials. For better wetting of the polymer on the fibre, the surface tension of the
polymer must be as low as possible. It should be at least lower than the surface

tension of the fibre.

There are different methods of modification to change the surface energy of
polymers and the fibres. The surface of hydrophobic matrices can be modified by
the introduction of polar groups by treating them with oxidative chemicals like
chromic acid/acetic acid or chromic acid/sulphuric acid®"*, Cold plasma chemistry
opens up a new way for the surface modifications of materials for composites and
other applications 8993 Introduction of highly polar functional groups like carbonyl
group at the surface of polymers is done by corona discharge treatment. Various
mechanisms have been proposed for the improvement of adhesive properties by
corona discharge treatment; some attributed to electric charge formation and some
others to hydrogen bonding®* *°. UV radiation on polymer matrix has also been

employed to introduce functional groups®®.

Several physical and chemical methods have been used for the surface modification
of fibres also. The physical methods include corona discharge and cold plasma
treatment similar to those used for the matrices’’. Mitchenko et al.*® reported the
use of low temperature plasma to improve the adhesion properties of polyester
fibre. Different types of chemical modifications have been reported for fibres, some

of which are based on the action of coupling agents. Asbestos fibres are hard to
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adhere with a rubber matrix but a treatment of the fibres with silane coupling agents
and with isocyanate, as 2% solution in dichloromethane have been found to
improve the adhesion””. Glass fibres have drawn considerable attention recently and
their treatment also is mainly carried out with silane coupling agents”. Other
coupling agents like isocyanates and titanates have been employed by different
researchers'®” 1!, Dipping of reinforcing fibres with the polymer dispersions having
low viscosity compatiable with the polymer matrix enhances the strength of the

compositem.

Graft polymerisation is a method of attaching polymer to the fibre by free radical
initiation when exposed to a high energy radiation'®. Various oxidative or non-
oxidative chemical treatments are available for natural and synthetic fibres in
order to improve the bonding at the interface'® '®>. Several researchers investigated
the use of treated short natural fibres as reinforcing elements for polymer

. 106-
composites' 112,

Interface modification can be effected by the use of dry bonding systems also.

13 observed a marked difference in the adhesion level of short fibre

Dunnom
reinforced elastomers by adding silica to a composite containing resorcinol and
hexa. Silica reduces the resin formation to a low molecular weight species and these
low molecular weight species can diffuse easily through the matrix thereby

151 gecessfully tried resorcinol

developing adhesion'"*. Thomas and co-workers
and hexa bonding system without silica for various short natural fibre reinforced

rubber composites.
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1.8 CHARACTERISATION OF SHORT FIBRE REINFORCED
RUBBER COMPOSITES

There are different methods commonly accepted for the characterisation of fibre

reinforced composites.

(i) Mechanical properties

The mechanical properties of short fibre reinforced composites are intermediate
between those containing cords and particulates. The factors affecting the
mechanical properties of short fibre composites are related to the aspect ratio,
volume fraction, fibre orientation, state of dispersion and degree of adhesion of
fibres to the matrix. The important mechanical properties of fibre reinforced
composites include tensile strength, modulus, tear strength, elongation at break,

creep and fatigue properties.

(ii) Surface morphology

Polymer morphology covers the study of the arrangement of macromolecules and
the overall physical structure of the molecular aggregates. Scanning electron
microscopy (SEM) is one of the important techniques used for morphological
analysis. It is used to study the fracture and failure mechanisms of composites under

tear, tension and abrasion.

(iii) Solvent resistance

The resistance to penetration of solvents can be studied by sorption experiments.
These studies are useful especially in the characterisation of composites made from

oil resistant rubbers like NBR.
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(iv) Dielectric properties

The evaluation of the performance of many polymer composites as dielectric
materials has grown as an active area of research over years. Dielectric
measurements for the dielectric constant and the dielectric loss reveal significant

information about the chemical and physical states of polymers.

(v) Thermal analysis

Thermal analysis is another important tool in the characterisation of polymer
composites. During the fabrication of new composite products from polymers, a
knowledge of the thermal stability of their components is essential''®. Thermal
properties are conveniently studied by employing techniques as thermogravimetry
(TG), and differential scanning calorimetry (DSC). TG can help in understanding
the degradation mechanism while DSC helps us to obtain quantitative information

about melting and phase transitions.

(vi) Dynamic mechanical analysis

Dynamic Mechanical analysis has widely been employed for investigating the
visco-elastic behaviour, stiffness (modulus), damping (energy dissipation)
characteristics, phase transitions and the interfacial adhesion of polymer composites
as they are deformed under periodic stresses''® 120, 1t is particularly useful because
of its non-destructive nature unlike other static mechanical testing methods. It can

yield an insight into various aspects of material structure.

(vii) Ageing resistance

During long period of service, polymer composites gradually lose many of their

properties due to the degrading effects of heat, light, ozone or high energy radiation.
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Thus ageing resistance in different environment is usually studied for the better

utilisation of composite materials for a wide variety of applications.

1.9 APPLICATIONS OF SHORT FIBRE REINFORCED
RUBBER COMPOSITES

Composite materials possess a unique combination of processing advantages,
design flexibility, mechanical properties and economy. Hence they are extensively
used in many applications. Campbell 121 reviewed the various applications of short
fibre reinforced elastomers. Major areas where rubber composites find application

are discussed below.

(a) Belts

Short fibres can be used under the continuous tension members to provide crosswise
stiffening in drive belts. In V-belts, short fibre rubber composites must be
transversely oriented so that the fibres can offer good resistance to compressive
forces with better flexibility in axial direction. V-Belts are designed by considering
the fact that the compressive force acts in the transverse direction and the fatigue in
the axial direction. Here the anisotropy of those fibre-rubber composites which
exhibit high modulus in transverse direction and low modulus coupled with high
flexibility in the axial direction has been found to be very useful. Rogers'** and

1.12% studied the use of short cellulose fibre along with polyester

Yantinskaya et a
fibre as reinforcement for V-belt compounds. Cellulose fibre composites have
higher anisotropy, increased flex life and are more easily dispersible than other
fibres. The formulations and thermal degradation of various fibres used for belting

products based on ethylene propylene diene (EPDM) rubber have been investigated

by Shinda and Hazelton'?.
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(b) Hoses
Short fibres can be utilized as the sole reinforcement for a moderate performance

hose!?

(utility, automotive heater, radiator, fuel line etc.) or as an auxiliary
reinforcement with cord constructions. They can provide stiffening to soft inner
tubes for the application of metal braids and can extend hose life by bridging the
stresses across weakened filaments. In hoses, short fibres are used as replacement in
knit or spiral wound cords. The main advantages are easy processing, economy and
high production rates. The braiding operations can be excluded by using short fibre
reinforcement without affecting physical properties adversely. Goettler et al. 126
examined extensively the production and performance of short fibre reinforced
hoses. They analysed the use of short fibre reinforcement in the production of heater
hoses, radiator hoses and fuel hoses. The resultant composites provided necessary

burst strength. Extrusion shaping in a programmed sequence to produce hoses with

bends has also been attempted by them.

(c) Tyres

Short fibres have the potential for reinforcing low performance tyres'?’.

In
automotive and truck tyres they find application in reducing cord shadowing in the
innerliner, in stiffening of the bead filler, in better abrasion resistance for chafer
strip and in improved cut resistance to treads, especially for trucks and OTR
vehicles'?®. Short fibres can be used in all parts of tyre construction due to their high
green strength. They find application in the construction of tyre tread due to their

high chipping and chunking resistance. Inoue et al.'”’

reported the improvement in
modulus and cut/crack resistance of urethane rubber composites when chopped

organic fibres viz. nylon, polyester, polyacrylonitrile were added to them.
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Boustany and Coran'’ highlighted other tyre applications of short fibre reinforced

rubbers. The extrusion of a bead filler stock containing short glass fibres to increase

1131

stiffness has been reported by Dzyura et al>'. Their group also reported the

advantages of using rubber-fibre composites in extending the service life of tractor

132 ] 133

tyres ~. Goettler ef a studied the extrusion of treated cellulose fibre reinforced

rubber profiles with controlled fibre orientation and their use as tyre components.

l.134

Nesiolovskaya et a analysed the use of modified fibrous fillers in tyre tread

compounds.

(d) Sheeting
Short fibres provide higher green strength and cut, tear and puncture resistance.
Some applications for such reinforced sheeting are in roofing membranes.

135

Georgieva and Vinogradova ~ studied the application of cotton and other cellulose

fibre reinforced thermoplastic polyisoprene as sheeting in shoe fabrication.

(e) Diaphragms

Short fibres increase the stiffness and reduce the extensibility of products in this

category. Many directional properties can also be attained.

(f) Gaskets

Short fibres provide strength against blowout and reduce swell. If oriented in the

plane, they allow thickness swell to improve sealing.

(g) Energy management

Short fibres can reinforce and stiffen rubber in fenders and other impact

applications, in accordance with simple design equations.
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(e) Other applications

The use of cellulose fibre reinforced EPDM composites for automotive applications
has been reviewed'*®. The shrinkage during vulcanisation in cup seals manufactured
from cotton fibre reinforced NBR has been reported by Orlov et al'’. Ratliff'®
investigated the advantages of short cellulose fibres over nylon in providing

dimensional stability to air cylinder packing cups.

Apart from these, many novel products based on short fibre reinforced rubber
composites are being developed. In all these applications a good dispersion of fibres
within the rubber matrix is of prime consideration to obtain maximum performance.
Fibres pre-treated for improved mixing (as well as for better bonding to the rubber
phase) are generally preferred. In the design engineering of fibre reinforced
composites these considerations are perhaps of more importance than the

mechanical properties of the short fibres themselves.

1.10. EARLIER STUDIES ON SHORT FIBRE REINFORCED
RUBBER COMPOSITES

Several researchers have extensively studied many short fibre-rubber composite
systems due to their processing and fabrication advantages and better economy'*’.
The efficiency of the composites can be increased by controlling the factors such as
aspect ratio and degree of dispersion of fibres'®. An aspect ratio of 100-200 is

generally required for reinforcement in short fibre elastomeric composites '*'.

The pioneering efforts on the development and characterisation of short fibre-rubber
composites have been made by O’Connor*?, Hamed and Coran’® among others, who

described the effects of fibre reinforcement on the properties of rubber stocks. Short
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glass fibres and synthetic fibres such as nylon, rayon, aramid, carbon and polyester
have been used by many researchers for reinforcing rubbers because of their high
modulus, high strength and low creep 142-152 " The reinforcing effect of polyester and
carbon fibres on EPDM, urethane and neoprene rubber has been studied by Noguchi
et al'®. Jana and De'* studied the processing characteristics of short carbon fibre
filled polychloroprene compounds. They prepared the composites by mill mixing
and by making cement in a solvent before being vulcanised by a thermo-
vulcanisation technique, i.e., by heating at an elevated temperature (160 °C) in the
absence of any vulcanising agent. The effects of various processing parameters
such as nip gap, friction ratio and roll temperature, on the tensile properties of short
kevlar/aramid fibre-polyurethane composites have been investigated by Kutty and

146 studied the cure characteristics and mechanical

Golok'®. Sreeja and Kutty
properties of short polyamide fibre reinforced NR. They found that the rheometric
torque and the cure rate increased with increasing fibre concentration. Tensile
strength, tear strength, abrasion resistance and heat build up also increased with the
addition of fibres, whereas elongation at break decreased. Wada and Uchiyama ¥’
analysed the effect of fibre diameter on the abrasive wear of short fibre reinforced

rubber composites. Rezadoust and Esfandeh'*®

reported that in preparing short fibre
composites, processing conditions were of great importance as they affected the
final fibre length. The effects of short polyester fibre concentration, orientation and
aspect ratio and adhesives on the mechanical properties of composites have been

1!, Cure characteristics and mechanical properties of short

studied by Zhanxun et a
nylon fibre reinforced neoprene composites have been investigated by Seema and

Kutty"*?. The effect of glass fibre on the oil-resistant performance of CR and NBR
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based mixed rubbers in engine oil and petrol was studied by Guan et al 153,

Mechanical properties of fibre reinforced styrene—butadiene rubbers using surface-
modified ultra-high molecular-weight polyethylene (UHMWPE) fibres under
electron beam irradiation have been studied by Kondo et al™™*. Ibarra and Palma'”
compared the cure characteristics and elastic properties of short oxidized carbon
fibres and untreated fibres in epoxidised NR matrix and observed that the treated

fibres enhanced the rate of vulcanisation and provided better properties.

Manchado and Arroyo'*® investigated the effects of aramid, glass and cellulose
short fibres on the processing behaviour, crosslink density and mechanical
properties of NR, SBR, and EPDM rubber. Ibarra and Chamorro 157 examined the
mechanical properties of carbon and polyester fibre in chloroprene and nitrile

rubber matrices. The general mechanical properties of cellulose fibre in NR, CR and

SBR have been analysed by Subic ef @l."*®. Thomas and co workers ''>'17: 139161

extensively studied the mechanical properties of various natural fibre reinforced

1.162 1.163

rubber composites. Martins et a and Job et a analysed the properties of

vegetable fibre-reinforced NR composites. Studies on sisal fibre and its composites

have been reviewed by Li ef al'®. Ismail and co-workers'®*'¢

studied the physico-
mechanical properties of oil palm wood flour (OPWF) filled NR composites. The
utilisation of coir pitch as a low cost filler in micro-celtular soles based on NR and
high styrene resin was investigated by Srilathakutty et al.'® and Abad et al'®.

Arumugam et al.'”

reported that coconut fibres could act as reinforcing fillers in
NR matrix when loaded above 10 phr. Bhatacharya ef al. 7' investigated the effect

of short pineapple leaf fibre in NR matrix.
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Short silk fibres as reinforcement for rubber have been the subject of a number of
studies of Setua and co-workers'’>'”°. Fibres have been found to be more effective
than carbon black in increasing the tear resistance of various types of rubbers. The
selection of fibre matrix bonding systems and their effects on the failure properties
have also been investigated. The effect of bonding levels on the visco-elastic
properties of composites has been investigated by Murthy et al'™. Ismail

et al.177’ 178

used oil palm fibre as reinforcing agent for rubber and studied the
effects of various bonding systems on the mechanical properties of composites. The
effect of compatibilisers on the mechanical properties of wood fibre reinforced
thermoplastic NR has been examined by Sameni et al'”®. Ibrahim et al.'*’studied
the effect of graft copolymerisation of methyl methacrylate onto oil palm empty
fruit bunch fibre on the mechanical properties of the resultant composites.
Gustav ef al.'® examined the effects of plasma treatment on the mechanical
properties of rubber/cellulose fibre composites. The bonding of polyaramid fibres to
rubber in their composites has been investigated by Hepburn and Aziz'*®
Joseph et al.'™® highlighted the physical and mechanical properties of green
composites from NR and oil palm fibre. Tensile and impact properties of
thermoplastic NR hybrid composites with short glass fibre and empty fruit bunch

1'% NR composites based on cellulose fibres (raw

fibre were analysed by Anuar ef a
or chemically modified) as reinforcing elements were prepared and characterised, in

terms of mechanical performances, by Abdelmouleh et al 185,

Murthy'®¢ carried out studies on the failure surfaces of short glass fibre rubber
composites by scanning electron microscopy. Low fracture toughness has been

found to be one of the major drawbacks of short-fibre composites caused by a weak

50



Chapter 1: Introduction

fibre-matrix interface. A strong interface is required for effective load transfer from
the matrix to the fibre. Rajeev et al.'*’ used atomic force microscopy (AFM) to
investigate the morphology and interfacial properties of un-aged and aged EPDM-
melamine fibre composites. Interfacial adhesion between the fibre and the matrix
was weak in the absence of a dry bonding system consisting of hexamethylene
tetramine, resorcinol and hydrated silica (HRH). AFM images revealed the
formation of an interface between the fibre and the matrix with the addition of the
bonding agents. Ismail and Ghoneim'®® observed that the addition of HRH adhesion
system to SBR-polyester fibre vulcanisates improved the physico-mechanical

139 studied the

properties, electrical properties and ageing resistance. Ibarra and Jorda
effect of diazide as an adhesive agent in short polyamide fibre reinforced
elastomeric composites. The effect of urethane resin based bonding agents on the
mechanical properties of short polyester fibre reinforced polyurethane composite
was studied by Suhara er al'®®. Kavita et al.'®! examined the effect of fibre surface

1. "2 reported the

treatment on Kevlar fibre reinforced NBR composites. Zhou et a
results of coupling agents. Zinc oxide whisker with a tetrapod shape was treated
with a coupling agent using an orthogonal design and was mixed into the substrate
of NR to obtain the composites. The results of the experimental tests showed that
the tensile strength and wear resistance of the composites progressively increased
with an increased amount of the whisker. Grafted chopped fibres were introduced in
polychloroprene rubber mixes by Bary ef al.'® in order to improve the interfacial
adhesion between fibres and matrix. It has been found that the improvement in the
mechanical properties of rubber composites depended markedly on the fibre
concentration in the rubber mixture. The effect of the HRH adhesion system on the

physico-mechanical properties of EPDM mixes was studied by Wazzan'**.
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Cristine et al.'” studied the dielectric properties of flame resistant EPDM
composites. The kinetic parameters for the vulcanisation process and the swelling
mechanism of IIR/CF composites have been reported in their studies. Das et al.'®®
studied the variation of electrical resistivity of carbon black and short carbon fibre
(SCF) filled rubber composites. They found that the incorporation of SCF imparted
higher conductivity to the composite than the powderous carbon black at the same

level of loading. The mechanical and dielectric properties of polyester fibre

reinforced SBR composites loaded with high abrasion carbon black have been

1197 1'198

investigated by Bishai et al’”’. Maya et al. " studied the dielectric characteristics of
sisal—oil palm hybrid biofibre reinforced NR biocomposites. Conductivity of NBR,
EPDM, silicone rubber, butyl rubber and NR containing different loading of carbon
fibre has been investigated by Sau et al'®®. Short carbon fibres were used as
conductive fillers in different composites of NBR, silicon rubber, butyl rubber,

EPDM and NR*®2%,

I. ' examined the thermal stability of NR-polyester short fibre

Yonan et a
composites. The thermal and ablative properties of the vulcanisates based on
EPDM, maleated EPDM and NBR reinforced with melamine fibre has been
reported by Rajeev et al’®* The thermal stability of untreated and treated isora fibre

reinforced NR composites has been studied by Lovely et al*® who found that the

different chemical treatments improved the resistance against thermal degradation.

Geethamma er al.*®* investigated the dynamic mechanical behaviour of NR and its
composites reinforced with short coir fibres. Per and Bengt*® reported the

stress/strain and dynamic mechanical properties of NR/allyl acrylate and allyl
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methacrylate grafted cellulose fibre composites. Ashida and Noguchi %
investigated the dynamic mechanical properties of short fibre reinforced
chloroprene composites. The effects heat, gamma radiation and ozone on the
mechanical properties of short sisal fibre reinforced NR composites have been

assessed by Varghese et al’”’.

New approaches to the use of short fibre rubber composites in engineering
applications were analysed by Stone and Campbellzos. Xie and Chai?® made a study
on the manufacture and performance of fibre-reinforced cork and rubber sheet
gasket materials. The results showed that fibres could improve the tensile strength,
oil resistance, heat resistance and creep relaxation resistance of the sheet.
Microstructure and strength of injection moulded natural fibre composites were
analysed by Nystrom et al’'®. A parametric study showed that length to diameter
ratio strongly affected the composite strength. The performance of rubberwood
fibre—thermoplastic natural rubber composites has been evaluated by Sameni et
al™!. The potential of glass fibres as reinforcement for tyre tread elastomers was

studied by Rios et al*"%.

1.11 SCOPE OF THE PRESENT INVESTIGATION AND
OBJECTIVES

One of the important discoveries in the field of rubber technology was the
reinforcement of rubbers by particulate fillers such as carbon black and silica.
However, the reinforcement by particulate fillers alone was not sufficient in certain
rubber products. The search for an alternative reinforcing agent resulted in the use

of continuous fibres to meet certain specific requirements of rubber products such
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as tyres, hoses, conveyor belts and V-belts. But the use of continuous fibres has
faced several problems which included extra processing operations like dipping,
coating, wrapping, braiding and ply making. The quest for a suitable replacement
for continuous fibre resulted in the emergence of short fibres as reinforcing agents

in rubbers to produce versatile composite materials.

NBR is a synthetic elastomer widely used in many industrial applications especially
in automotive products. The properties of NBR depend on its acrylonitrile content.
It has good resistance to fuel and oil even at elevated temperatures. On the
industrial side NBR finds uses in roll covers, hydraulic hoses, conveyor belting,
graphic arts, oil field packers and seals for all kinds of plumbing appliances. In the
automotive area NBR is used in fuel and oil handling hoses, seals and grommets.
With a temperature range of — 40 °C to +125 °C, NBR materials can withstand all
but the most severe automotive operating conditions. Nylon 6 fibre is a
semicrystalline polyamide. It has high melting point (220 °C), tensile strength and
modulus. The aim of the present work is to develop and characterise short nylon 6
fibre reinforced NBR composites.
The important objectives of the present investigation are:
> To develop composites by reinforcing NBR with short nylon 6 fibres,
> To analyse the cure characteristics and mechanical properties of the
composites with special reference to the effects of fibre length, loading and
crosslinking systems,
» To modify the rubber-fibre interface by the incorporation of two bonding
agents, viz; hexamethylene tetramine-resorcinol and phthalic anhydride,
> To investigate the extent of interfacial adhesion by restricted equilibrium

swelling technique,
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» To study the dielectric properties of the newly developed composites,

» To find out the use temperature, degradation behaviour, thermal stability and

the phase transitions of the new composite system,

» To follow the visco-elastic behaviour, fibre/matrix interactions and damping

characteristics of the composites, by dynamic mechanical analysis,

» To examine the ageing characteristics of the composites under varying

conditions of temperature, high energy radiation and ozone.
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Chapter 2

Materials and Methodology

Abstract

The materials and experimental methods used for the development and characterisation
of short nylon 6 fibre reinforced NBR composites are presented in this chapter. The
characteristics of the base materials and the fabrication procedure for the composites
are described. The methods for the examination of fibre breakage, cure characteristics,
mechanical properties, interfacial adhesion, dielectric properties, thermal features,
dynamic mechanical behaviour and ageing under different environmental conditions

have also been discussed.
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2.1 MATERIALS

2.1.1 Acrylonitrile butadiene rubber (NBR)

NBR is a copolymer of acrylonitrile and butadiene. It is generally prepared by free
radical emulsion polymerisation using redox initiators such as hydrogen peroxide or
ferrous sulphate. It is a special purpose rubber, having good resistance to a wide
variety of non-polar oils, fats and solvents. Therefore it is extensively used for
making oil resistant appliances such as oil seals and automobile parts'. The
properties of NBR depend on its acrylonitrile content. The NBR used in the present
work was supplied by Gujarat Apar Polymers Ltd, Mumbai, India. The structure of

NBR is given in Scheme 2.1 and its basic characteristics are listed in Table 2.1.

(IZN

—|CH,—CH=CH—CH,—CH,—CH],—

Scheme 2.1 Structure of NBR

Table 2.1 Basic characteristics of NBR

Property Value
Bound a(((:)/ro);lonitrile 35.0
Volati(l;) ;natter 0.13
Anti(;f)idant 1.40
Orga(r% acid 0.25
S(g/g) 0.004
M |
Intrlns(lccuflglicwlty 1.53
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2.1.2 Nylon 6 fibre

Nylon 6 is generally prepared by the ring opening polymerisation of caprolactam. It
is used as a plastic as well as a fibre. It has good tensilte strength, abrasion
resistance and toughness'. Nylon 6 for the present work was obtained from Sri Ram
Fibres Ltd. Chennai, India in yarmn form. The structure of nylon 6 is presented in

Scheme 2.2 and its characteristics are listed in Table 2.2

D
— [HN— C— (CHp)s] » —

Scheme 2.1 Structure of Nylon 6

Table 2.2 Physical properties of nylon fibre

Physical Property Value
Density (g cm™) 1.14
Diameter (um) 25.00
UTS* (GPa) 0.90
Modulus (GPa) 4.90
Melting Point (°C) 220.00
Glass transition 47.00
temperature (°C)

* . .
Ultimate tensile strength

2.1.3 Rubber chemicals

Sulphur (specific gravity 1.9) and dicumyl peroxide (DCP; 40% active) were used
as crosslinking agents. The other rubber chemicals used were accelerators,
tetramethyl thiuram disulphide (TMTD) and mercapto benzothiazyl disulphide

(MBTS) and the activator combination of zinc oxide and stearic acid. All these
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reagents, of commercial grade, were obtained from Indian Rare Earths, Aluva,

Ernakulam, Kerala, India.

2.1.4 Special chemicals

The bonding agent components, resorcinol and hexamethylene tetramine used were
of pure grade supplied by S. D. Fine Chemicals, Mumbai, India. The resorcinol was
ground well and added in the powdered form in order to disperse it homogeneously
in the masticated NBR matrix” Phthalic anhydride, another bonding agent used,
was of laboratory grade and was obtained from New India Chemical Enterprises,

Cochin, Kerala, India.

2.1.5 Solvents

The polar solvents dimethyl formamide, dimethyl sulphoxide and acetonitrile used
were of laboratory reagent grade supplied by E. Merck (India) Ltd., Mumbai, India.

They were distilled twice before use to ensure purity.

2.2 PREPARATION OF COMPOSITES

The composites were prepared by incorporating nylon 6 fibres of different length
and loading into NBR matrix according to a base formulation. All the mixes were
prepared by using a laboratory two roll mixing mill (150 x 300 mm) manufactured
by Kelachandra Machines, Chingavanam, Kerala. The compounding was done as
per ASTM D15-627 (1994). The nip gap, mill roll speed ratio and the number of
passes were kept the same for all the mixes. Initially, NBR was masticated on the
mill for 2 minutes followed by the addition of the ingredients. The additive stearic

acid was ground well before addition and added in the powdered form. Fibres were
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added at the end of the compounding process, and the samples were milled for
sufficient time to confirm the uniform fibre distribution. The rolling direction was
kept constant because of its importance for fibre orientation. After the complete
mixing, the stock was sheeted out and finally passed through the mill at a tight nip
gap to ensure maximum fibre orientation in the grain direction 3. All ingredients

were added in the master-batch form.

The formulations of sulphur cured mixes are given in Table 2.3. The gum sample
without any fibres has been denoted as A. Mixes B, C and D represent the systems

containing fibres of length 2 mm, 6 mm and 10 mm at a constant loading of 6 phr.

Table 2.3 Formulations of sulphur cured mixes (phr?)

A B C D E F G
NBR 100 | 100 | 100 | 100 | 100 | 100 | 100
Zinc oxide 5 5 5 5 5 5 5
Stearic 2 2 2 2 2 2 2
acid
MBTS® 1.5 1.5 1.5 1.5 1.5 1.5 1.5
TMTD® 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Sulphur 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Hexa® S [ R [ R e I K
Resorcinol --- - -—- --- --- - 3.84
Nylon 6 - 6 6 6 15 24 24
fibre
(phr)
Fibre length (mm) | ---- 2 6 10 6 6 6
* Parts per hundred rubber

® Mercapto benzo thiazyl disulphide
¢ Tetramethy] thiuram disulphide
4 Hexamethylene tetramine
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E and F denote mixes containing 15 phr and 24 phr fibres of length 6 mm. G

represents the composite with 24 phr fibres of length 6 mm containing hexa-

resorcinol bonding agent.

In DCP cured composites, the gum sample has been denoted as H. Mixes containing
6, 12, 15, 18, 24 and 30 phr fibres of length 6 mm have been represented as I, J, K,
L, M and N respectively. O and P represent mixes containing fibres of length 2 and
10 mm at a constant loading of 6 phr. Q and R represent hexa-resorcinol and
phthalic anhydride bonded composites respectively, both containing 24 phr fibres of

length 6mm. The formulations of DCP cured mixes are given in Table 2.4.

Table 2.4 Formulations of mixes (phr)

H | I J K L M| N 0] P Q R
NBR 100 1100{ 100 | 100 | 100 | 100 [ 100 | 100 | 100 | 100 | 100
DCP 5 5 5 5 5 5 5 5 5 5 5
Hexa e | | e | e | e | e | e | e | - 192 -
Resorcinol | === | === | === | === | === | === | o= [ ==} --- |3.84) ---
Phthalic | - |- | == | == | === | = | = | = | - | - 3
anhydride
Nylon6 | --- | 6 | 12 | 15 | 18 | 24 | 30 6 6 24 | 24
Fibre _
Fibre e 6 6 6 6 6 2 10 6 6
length
(mm)

2.3 FIBRE BREAKAGE ANALYSIS

The extent of fibre breakage during mixing was estimated by immersing 1 g of the
unvulcanised mix, containing nylon 6 fibres, in acetonitrile in order to dissolve the

rubber components and to separate the fibres intact. The fibres were washed with

76



Chapter 2: Materials and Methodology

acetonitrile to ensure complete removal of rubber from the surfaces. The washed
fibres were then collected and examined under a travelling microscope. The fibre
breakage pattern has been indicated by the fibre length distribution curve. The
distribution of fibre lengths has been represented in terms of moments of

distribution® .

The number and weight-average fibre length are defined by the equations;

L =3N,L/sN, L. @2.1)

L,=3NI?/zN;L, .. (2.2)

Where L_" is the number-average fibre length, Z; is the weight-average fibre

length, and V; is the number of fibres having length L;.

The value of L_w/ L_,, , known as the polydispersity index, is a measure of the breadth

of the fibre length distribution. The values of L, L, and L, /L, were calculated

from the data for 100 numbers of chopped nylon 6 fibres extracted from the mix.

2.4 CURE TIME EVALUATION

The cure characteristics of the mixes were followed by using a Monsanto
Rheometer R-100 at a rotational frequency of 100 cycles/ min as per ASTM
standard D-5289 (2001). The optimum cure time corresponds to the time to achieve
90% of the cure (tgg) which was calculated by using the equation:

to=09 My-M)+M, (2.3)
where My and M are the maximum and minimum torques respectively expressed

in dNm.
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2.5 VULCANISATION OF MIXES

Vulcanisation of the mixes was done at 153 °C using a hydraulic press having
electrically heated platens (150 mm x 150 mm x 2mm) at a pressure of 689.4 kPa
(100 psi) to their respective cure times as obtained from the rheographs. The sheets
were cooled quickly in water at the end of the curing process and stored in a cold
and dark place for 24 hours. In order to prepare the samples with fibres oriented
longitudinally, the compounded sheets were moulded along the grain direction.
Similarly, for samples with fibres oriented transversely, the sheets were moulded

across the grain direction.

2.6 MEASUREMENT OF MECHANICAL PROPERTIES

2.6.1 Tensile properties

Tensile measurements of the composites were carried out using dumb bell shaped
samples cut along (longitudinally oriented fibre) and across (transverse orientation)
the grain direction. Figure 2.1 shows the longitudinal and transverse fibre
orientations in tensile samples. The thickness of the narrow portion was measured
by a thickness gauge. Stress-strain measurements were carried out using a Universal
Testing Machine (ZWICK-1474) at a crosshead speed of 50 cm min” using dumb
bell shaped samples. Modulus, tensile strength, and elongation at break were
determined according to ASTM test method D 412 (2002). The tensile strength was
calculated by using the equation:

Ultimate load or load at break (N)

Tensile strength =
Cross sectional area (m2 )
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Force Force

Force
(@ (b)
Figure 2.1 Longitudinal and transverse orientations in tensile samples
(a) longitudinal (b) transverse
2.6.2 Tear strength

Tear strength was determined by cutting the samples along (longitudinal) and across
(transverse) the grain direction, as per ASTM D-624 (2002). The thickness of the
narrow portion was measured by a thickness gauge. The tests were carried out using
a Universal Testing Machine (ZWICK-1474). Tear strength was calculated by using
the equation:

Tear strength = Ultimateload @) -~ 2.5)

Thickness (m)

2.6.3 Hardness

Hardness was measured at room temperature by using a Shore—A hardness tester
(Durometer-Mitutoyo Shore-A meter) as per ASTM D-2240 (1999). The samples
having a thickness of 6 mm were used. The instrument used a calibrated spring to

provide the indenting force. The load imposed by the spring varied with indentation.
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2.7 SCANNING ELECTRON MICROSCOPY (SEM)

The surface morphology of the composite systems was examined by scanning
electron microscopy (SEM), as per the principles reported by Johari and Samudra ®
and De and Dhindaw’. The surface of the composite systems and the fracture front
of the samples were sputter-coated with gold and the photographs were taken using

a scanning electron microscope (Cambridge Instrument S-360).

2.8 RESTRICTED EQUILIBRIUM SWELLING (RES)
EXPERIMENTS

For swelling studies, circular specimens were punched out from the vulcanised
composite sheets by using a sharp steel die having a diameter of 1.9 cm. The
weighed dry specimens were immersed in polar aprotic solvents such as N, N-
dimethyl formamide (DMF), dimethyl sulphoxide (DMSO) and acetonitrile
contained in diffusion test bottles, kept in an air oven at constant temperature. After
a particular time, they were removed from the solvent and wiped by using tissue
papers. The weights of these specimens after swelling in the solvents were
determined by using a highly sensitive electronic balance (Shimadzu Libror-210,
Japan) at regular intervals until no further increase in solvent uptake was detected;
i.e.; weighing was done until equilibrium sorption was reached. The thickness and
diameter of the samples before and after swelling were determined by using a gauge
micrometer and vernier calipers respectively. Similar methodology has been

followed by several other researchers®.

2.8.1 Swelling data analysis

(a) Swelling coefficient
Swelling coefficient is an index showing the extent to which the samples swell. The

gum and fibre filled vulcanisates were swollen in a suitable solvent at room

temperature and the swelling coefficient was evaluated by the equation®’:
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Swelling coefficient (o) = W, =Wy X L (2.6)

Wl p s
where W is the initial weight of the sample , W, the final or swollen weight of the

sample and ps, the density of the solvent used.

(b) Calculation of Q, (mol %)

The uptake of liquid during swelling has been expressed as moles of liquid sorbed
by 100g of the polymer composite. This method has been found to be more
convenient for the comparison of sorption data®'®. The mole percentage uptake, Q,

for the composite samples has been determined as’:

Q, 00 Q.7

1
where M is the molecular weight of the solvent. The sorption data was evaluated by
plotting the mole percentage uptake (Qy) of the solvent versus the square root of the

time of immersion in different solvents.

(c) Correlation with adhesion

The extent of adhesion between short fibres and rubber at different fibre loadings

and in presence of bonding agents has been evaluated from the relation'":

— (VO B Vr )
VO

VT
where V7 is the ratio of change in volume fraction of rubber before and after
swelling (Vo - V)) to the volume fraction of the rubber before swelling (Vo). The
quantity V, has been used to evaluate the extent of crosslinking. It was determined

as”:
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_ (D-V, W, )7
" (D-V,W,)p + A

where D is the weight after drying out, V¢, the volume fraction of fibre, p; , the

density of the polymer, and Ay, the weight of the imbibed solvent.

(d) Flory- Rehner equation

The interaction of organic solvents with rubbery polymers can be well explained by
absorption and diffusion phenomena'’. The molecular mass between the crosslinks

can be calculated by using the following Flory—Rehner equation'*:

N AAA
C =)+ V, +qv?]

M . (2.10)

where Mcp is molecular mass of polymer between crosslinks, Vs, the molar
volume of the solvent and ¢, the interaction parameter given by the Hildebrand

equation'?:

X=[B+Vs(55 -5p)2/RT] (2.1
where P is the lattice constant, R, the universal gas constant, T, the absolute

temperature and O and J, are the solubility parameter of solvent and polymer

respectively.

2.8.2 Swelling anisotropy

The swelling process of a composite is significantly controlled by the direction of
orientation of the fibres. To analyse the swelling geometry of the composite
samples (anisotropic swelling), sorption studies were conducted by using

rectangular strips (25 x 10 x 2 mms) cut at various angles (0) with respect to the
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orientation of fibres, from the tensile sheets. These samples were swollen in

N, N-dimethyl formamide at room temperature for 72 hours.

2.9 MEASUREMENT OF DIELECTRIC PROPERTIES

Disc shaped samples having a thickness of 2 mm and a diameter of 10 mm were
used to evaluate the dielectric properties. The test samples were coated with
conductive silver paint on either sides and copper wires were fixed on both sides of
the samples as electrodes. The capacitance, resistance and dissipation factor were
measured directly by using a HP 4 192 A Impedance Analyser (Hewlett-Packard,
Japan). The measurements were done at varying frequencies ranging from 10 KHz

to 13 MHz as per ASTM standard D-150 (2004).

2.9.1 Analysis of dielectric properties

(a) Dielectric constant

The dielectric constant of an insulating material is defined as the ratio of the charge
stored in the material placed between two metallic plates to the charge stored when
it is replaced by air (or vacuum). The dielectric constant, E', was determined from
capacitance using the equation:

E'=Ct/E A ..(2.12)
where C is the capacitance, t, the thickness, Eq, the permittivity of air (8.85 x 1012

Fm'l) and A, the area of cross section of the samples.

(b) Dielectric loss factor

The electrical loss or the amount of energy dissipated by an insulating material

when the voltage is applied to the circuit can be represented by means of dissipation
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factor. Most of the elastomers have lower dissipation factor at room temperature.
The loss factor (E"), dielectric constant (E") and dissipation factor (tan 5) are related
by the equation:

tand = E"/E’ e (2.13)

(c) Conductivity

When the conductivity, 0, due to the free charge is negligibly small (good
dielectric), the effective conductivity is due to electric polarization'* and is
represented as:

0=0E,B"=0E, tan3E’ o (2.14)

where o represents the angular frequency i.e.; ® = 2 nv, where v is the frequency.

(d) Volume resistivity

The resistance of an insulating material depends on its volume resistivity (£2), which
has been calculated by using the equation:

Q=1/5 e (2.15)

2.10 THERMOGRAVIMETRY (TG)

The thermal behaviour of nylon 6 fibre and nylon/NBR composites was analysed by
using a thermogravimetric analyser TGA Q50 V2.34 Build 127 system. A small
amount (1-4 mg) of the sample was taken for the analysis and the samples were
heated from 30 to 800 °C at a heating rate of 10 °C/minute. The instrument recorded
the thermogravimetric (TG) and differential thermogravimetric (DTG) profiles of

each sample.
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2.11 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

The heat flow and glass transition temperature (T,) of composite systems were
measured by using a DSC Q 100 V 3.5 Build 175 system. The samples were first
cooled to -80 °C using liquid nitrogen and the scan was made from -80 to100 °C at a
heating rate of 10 °C/minute. For the determination of T,, two tangents were drawn
from the base lines of the DSC curve and the perpendicular bisector gave the T, of

the samples.

2.12 DYNAMIC MECHANICAL ANALYSIS (DMA)

Vulcanised rectangular sheets of specimens having length 50 mm, width 10 mm and
thickness 2 mm were used for DMA. The dynamic storage modulus (G'), loss
modulus (G""), mechanical damping (tan 8) and the glass transition temperature (Tg)
were measured by using a dynamic mechanical thermal analyser (NETZSCH DMA
242). The temperature range through which the properties were determined was
-110 to 104 °C, with a dynamic force of £3 N, at a heating rate of 2 °C/min. Three
point bending or flexural modes were used as forced vibration at varying

frequencies such as 0.1, 1, 10 and 50 Hz with a strain amplitude of 120 um.

2.13 AGEING CHARACTERISTICS

2.13.1 Effect of temperature
The effect of thermal ageing was studied by keeping the dumb bell shaped tensile

samples (having thickness 2 + 0.2 mm) in an oven at 100 °C for 7 and 14 days.
Tensile properties before and after thermal ageing were examined according to
ASTM D-412 (2002) test method at a cross head speed of 50 cm min’!, by using
dumb bell shaped samples. The results have been expressed in terms of the

percentage retention of modulus and tensile strength after ageing.
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2.13.2 Effect of gamma (y) radiation

The effect of high energy radiation on the composites was studied by irradiating the
dumb bell shaped tensile samples (having thickness 2 + 0.2 mm) with y- rays from a
9Co source. The samples were irradiated for different radiation doses such as 5, 10
and 15 Mrad at a dose rate of 0.228 Mrad/h. Tensile properties before and after y-
ray irradiation were studied according to ASTM D-412 (2002) test method. The
results have been expressed in terms of the percentage retention of modulus and

tensile strength after ageing.

2.13.3 Ozone resistance

Ozone resistance of the composite systems was examined according to ASTM D-
11349 (2001). Samples were exposed to ozonised air in an ozone test chamber
(MAST Model 700-1, USA) for 40 h. The chamber provided an atmosphere with
controlled concentration of ozone and temperature. The concentration of ozone was
maintained at 50 pphm and the temperature inside the chamber at 38 °C. The
initiation of cracks by the ozone attack on the samples was analysed by optical

photography.
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Chapter 3

Processing Characteristics and
Mechanical Properties of
Nylon 6/NBR Composites

Abstract

The cure characteristics and mechanical properties of short nylon 6 fibre reinforced
NBR composites have been analysed with special reference to the effects of fibre length,
loading, orientation and rubber crosslinking systems. Addition of nylon fibres to NBR
has been found to offer good reinforcement and to improve the mechanical properties. It
has been observed that the maximum rheometric torque of NBR matrix increases in the
presence of fibres. A fibre length of 6 mm has been observed to be optimum for the best
balance of properties. Tensile properties increase with fibre loading up to 24 phr.
Composites vulcanised by dicumyl peroxide (DCP) system have better mechanical
propetrties than those by sulphur system. The experimental results have been compared

with the theoretical values by using parallel and Hirsch models.

Contents of this chapter have been published in:
Journal of Applied Polymer Science, 92 (2004) 1023
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3.1 INTRODUCTION

Short fibres are used as reinforcements in rubber matrices due to the considerable
processing advantages and improvement in most of the mechanical properties.
Several researchers have studied the processing characteristics and the mechanical
properties of short fibre reinforced rubber composites. The effect of the
concentration of carbon fibre (CF) on the physico-chemical properties of CF
reinforced butyl rubber composites was studied by Deghaidy'. It has been pointed
out that the addition of carbon fibres accelerated the vulcanisation process by acting

as a catalyst and improved the physico-chemical properties of butyl rubber.

The mechanical properties of short jute fibre reinforced SBR have been studied by
Murthy and De 2 who found that jute fibres offered a good reinforcement to SBR
compared to glass fibres. Armugam ef al.® examined the mechanical properties of
coir fibre reinforced NR. They reported that the tensile strength and tear strength
decreased with increase in filler loading and the presence of a bonding agent

enhanced the adhesion between the fibres and rubber.

Tensile and tear properties of short fibre reinforced chloroprene rubber (CR) have
been studied by Ryu and Lee*. Use of sisal and coir fibres as reinforcing fillers for
NR has been investigated by Varghese et al.’ and Geethamma ef al.® Prasantha
Kumar et al.” studied the use of sisal as reinforcing fillers in SBR matrix. Nunes and
Affonso® examined the interaction of NBR with cellulose fibres. Setua and co-
workers® ™ tried short silk fibres as reinforcement for rubbers. Murthy'® studied the

reinforcing effect of fibre glass on the physico-mechanical properties of NR. Ibarra
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and Chamorro '® "

investigated the mechanical properties of carbon, polyester,
glass, polyamide, and cellulose fibre reinforced EPDM, NR, CR, NBR and SBR.

Coran et al.'® reported the effect of various fibres such as glass, nylon, rayon, and

cellulose on both natural and synthetic rubber matrices.

The present chapter deals with the curing characteristics and mechanical properties
of short nylon 6 fibre reinforced NBR composites with special attention to the
effects of fibre length, fibre loading, fibre orientation and rubber crosslinking
systems. The fibre breakage during the processing of the composite systems has
been analysed. The surface morphology and the fracture topography have also been

examined by scanning electron microscopy (SEM).

3.2 RESULTS AND DISCUSSION

3.2.1 Fibre breakage

Fibres usually undergo breakage due to the high shear force caused during mixing.
The severity of fibre breakage depends mainly on the type of fibre, the initial aspect
ratio and the magnitude of the stresses and strains experienced by the fibres during
processing. The breakage pattern of fibres is indicated by the fibre length
distribution curve. Figure 3.1 shows the fibre length distribution curves of short
nylon 6, which was cut to 6 mm, before and after mixing. The majority of the fibres
are of length between 5.1 and 5.3 mm, after mixing. The distribution of fibre
lengths can be represented in terms of moments of distribution'® %°. Tt can be seen
from Table 3.1 that the ratio of weight and number average fibre length (Lw / Ln)
remains almost the same before and after mixing indicating that no considerable

fibre breakage occurred during mixing.
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Figure 3.1 Fibre length distribution curve
Table 3.1 Fibre length distribution index
Fibre length (mm) | Ln (mm) | Lw (mm) | Tw/Ln

Before mixing 2 1.94 1.87 0.963

6 5.92 5.97 1.008

10 9.78 9.62 0.983
After mixing 2 1.50 1.41 0.940

6 4.60 5.07 1.102

10 8.31 8.11 0.975

3.2.2 Processing characteristics

The cure characteristics and thus the processibility of the compounds have been
studied from the rheographs. The maximum torque in the rheograph is a measure of
crosslink density and the stiffness of the NBR matrix. In general, for all mixes, the
torque initially decreases and then increases and finally levels off. The initial
decrease in torque to a minimum value is due to the softening of the rubber matrix

while the increase in torque is due to the crosslinking of the rubber. The leveling off
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is an indication of the completion of curing. It is found that, generally the presence

of fibres increases the maximum torque.

3.2.2.1 Effect of fibre length

The rheographs of the mixes H, O, I and P, containing 6 phr nylon fibres of length
0 (gum), 2, 6 and 10 mms respectively cured by DCP, are given in Figure 3.2. It
can be seen that the maximum rheometric torque increases with increase in fibre

length up to 6 mm and then decreases. The increase in torque is due to the increased

22

20 |- 6 mm

18:-
10 mm

2mm

Torque (dNm)

Time (min)

Figure 3.2 Rheographs of mixes containing fibres of different length

restriction to deformation caused by the fibre reinforcement. The decrease in torque
after 6 mm clearly indicates that the effective reinforcement thereafter decreases
due to fibre entanglement and 6 mm is the optimum length for short nylon
reinforcement into NBR matrix. It is reported that the increase in torque is directly
proportional to crosslink density 2! Table 3.2 (a) shows the effect of fibre length on

the cure characteristics of composites cured by DCP. It can be seen that at constant
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fibre loading of 6 phr as the fibre length increases the cure time (tgg) increases.

This is due to the fact that for the same loading as the fibre length decreases the

Table 3.2 (a) Effect of fibre length on the cure characteristics
of DCP cured mixes

Fibrelngth | 1orcue | Torque | (T | %0 | e
(dNm) | (dNm) (min)

0 (gum) 10.65 0.33 10.32 | 19.98 0.69

2 13.79 2.11 11.68 | 27.28 1.01

6 19.60 1.20 18.40 | 29.75 1.03

10 15.90 2.88 13.02 | 30.90 1.35

number of fibre ends increases. The increased ends generate more heat due to
friction ® and thus decreases the cure time. It has been observed that the scorch time
also increases with fibre length. Table 3.2 (b) shows the effect of fibre length on the
cure characteristics of composites cured by sulphur (Mixes A, B, C and D). The
variation in cure characteristics with fibre length of the composites cured by sulphur
shows the same trend as that of the samples cured by DCP.

Table 3.2 (b) Effect of fibre length on the cure characteristics
of sulphur cured mixes

Fibre length Max Min. dT too Sc.orch
(mm) Torque | Torque (@Nm) | (min) time
(dNm) | (dNm) (min)
0 (gum) 11.79 0.50 11.29 4.60 3.18
2 12.31 0.64 11.67 4.88 3.43
6 15.20 0.48 14.72 7.22 3.50
10 13.45 0.42 13.03 9.32 4.12
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3.2.2.2 Effect of fibre loading

Figure 3.3 shows typical rheographs of mixes H, I, J, L and M cured by DCP
containing 0 (gum), 6, 12, 18 and 24 phr nylon 6 fibres respectively of length 6 mm.
The presence of fibres causes an increase in viscosity and torque of the mixes.
This clearly suggests an increased stiffness of nylon/NBR systems with increase in
fibre loading. Table 3.3 shows the effect of fibre loading on the cure characteristics of

30

24 phr
T P
18 phr
12 phr
E
rd
z
o
3
g
s]
'—
0 v T T T ¥ T T T T T v T v
0 10 20 30 40 50 60 70

Time (min)
Figure 3.3 Rheographs of mixes at different fibre loading

composites. It can be seen that increase in fibre loading from 6 phr to 24 phr has no
considerable effect on the cure time. The scorch time has been found to be increased

with fibre loading.

Table 3.3 Effect of fibre loading on the cure characteristics of mixes

Fibre Max Min. dT ¢ Scorch
loading | Torque | Torque % time
(dNm) | (min) .
(phr) (dNm) [ (dNm) (min)

0(gum) | 10.65 | 033 1032 | 19.98 | 0.69

6 19.60 1.20 18.40 | 29.75 1.03
12 21.33 0.83 20.50 | 30.42 1.04
18 25.96 1.15 24.81 30.00 1.06
24 27.88 1.37 26.51 30.06 1.08
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3.2.2.3 Effect of curing systems

Figure 3.4 shows the rheographs of the mixes E and K representing samples
containing 15 phr of nylon 6 fibres of length 6 mm cured by sulphur and DCP
system respectively. It is seen that the maximum torque is higher in the DCP system
than the sulphur system at a fibre loading of 15 phr. The cure time of DCP mix is

higher and scorch time lower than the sulphur system as shown in Table 3.4.

S

DCP cured |

20 L

Sulphur cured

-
(¢,
T

Torque (dNm)
)

0 10 20 30 40 50 60
Time (min)

Figure 3.4 Rheographs of mixes cured by sulphur and DCP

Table 3.4 Effect of crosslinking system on the cure characteristics of mixes

Curing | Max. Min. dT too Scorch
system | Torque | Torque | (dNm) | (min) time
(dNm) | (dNm) (min)
Sulphur | 18.63 0.87 17.76 6.15 2.92
DCP 22.09 1.04 21.05 | 29.72 1.17

The difference in the torque values and cure time can be explained on the basis of

the different types of crosslinks introduced between the macromolecular chains of
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NBR during vulcanisation. The reinforcement of fillers varies with the flexibility of
the macromolecular networks due to the different crosslinks present. DCP forms
rigid C-C linkages whereas sulphur introduces flexible mono, di and polysulphidic
linkages as shown in Figures 5 (a), and (b). In DCP cured system, there is more
restriction to chain deformation due to the rigid C-C linkages, whereas in sulphur
system the restriction to deformation is lesser because of the flexible nature of the
polysulfidic linkages. This indicates that nylon/NBR systems cured by DCP are

stiffer than that by sulphur.

WG_CMC —Safo8g

Figure 3.5  (a) C-C linkages in DCP cured system
(b) Poly sulphidic linkages in sulphur cured system

3.2.3 Mechanical properties
3.2.3.1 Effect of fibre length

The properties of short fibre reinforced elastomer composites depend heavily on the
degree to which an applied load is transmitted to the fibres. Fibre length influences
the extent of load transmittance. At a critical fibre length, the load transmittance

from the matrix to the fibre is maximum. If the critical fibre length is higher than

96



Chapter 3: Processing Characteristics and Mechanical Properties

the length of the fibre, the stressed fibre will debond from the matrix and the
composite will fail at a low load. If the critical fibre length is lesser than the length

of the fibres, the stressed composites will lead to the breaking of the fibres.

The stress-strain curves of mixes H, O, I and P, representing gum and samples
containing 6 phr nylon 6 fibres of length 2 mm, 6 mm and 10 mm respectively, are
shown in Figure 3.6. The deformation of the composites can be understood from the

stress-strain curve. Addition of fibres increases the modulus of the composite.

J —%— Gum
sk bt —&—2mm
/ —o— 6 mm
° —&— 10 mm
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Figure 3.6 Stress-strain curves of composites at different fibre length

Table 3.5 shows the effect of fibre length on the mechanical properties of the
composites. The composite with nylon fibres of length 6 mm shows the maximum
tensile strength (Mix I). Increase in fibre length beyond 6 mm reduces the strength
of the composite system probably due to fibre entanglement. The moduli at 10 and

20% elongation also show a maximum value for the composite containing nylon
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fibres of length 6 mm. Composite with fibres of length 6mm shows the maximum
tear strength and hardness. The elongation at break however, has been found to be
reduced regularly with increase in fibre length because the increase in fibre length
can decreases the possibility for rearrangement and deformation of the

macromolecular chains under an applied load.

Table 3.5 Effect of fibre length on the mechanical properties of composites

ibre 1
Mechanical property Fibre length (mm)
0 (gum) 2 6 10
) L| 222 322 5.82 | 3.07
Tensile strength (MPa)
T 208 240 2.50 | 2.40
L 7.38 17.27 | 37.25 | 30.00
Tear strength (kN/m)
T 7.14 16.40 [ 24.50 | 22.50
Modulus (MPa) L| 268 3.09 | 477 | 4.75
N .
10% elongation 1.1 599 | 280 | 352 | 3.40
L| 235 3251 5.00 | 4.8
20% elongation
T| 262 2.80 | 3.02 | 291
L | 256.30 | 122.60| 97.60 | 93.30
Elongation at break (%)
T | 260.30 | 128.40 | 124.00 | 96.40
Hardness-Shore A 56 68 75 71

L: Longitudinal orientation T: Transverse orientation

3.2.3.2 Effect of fibre loading

The stress-strain behaviour of short nylon fibre- NBR composites containing fibres
of length 6 mm at different loadings, cured by DCP is shown in Figure 3.7. It can be

seen that the addition of fibres results in an increase in modulus and reduction in
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clongation at break. Table 3.6 shows the effect of fibre loading on the mechanical
properties of the composites cured by DCP. The tensile strength has been found to
be increased with increase in fibre concentration upto 24 phr. As the fibre
concentration increases the stress is more evenly distributed and the strength of the
composite increases. Moduli at 10 and 20% elongation also show a continuous
increase up to a fibre loading of 24 phr. The tear strength of the composites shows
the same gradation as that of tensile strength and thus the composite with 24 phr
fibre loading shows the highest tear strength. It can be seen from Table 3.6 that
there is a decline in tensile strength, modulus and tear strength of the composites
above a fibre loading of 24 phr. This can be attributed to the agglomeration of fibres
within the matrix above 24 phr. This agglomeration blocks the effective stress

distribution in the composites leading to deterioration in properties above 24 phr.
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Figure 3.7 Stress-strain curves of composites at different fibre loading
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Table 3.6 Effect of fibre loading on the mechanical properties of composites

Mechanical property Fibre loading (phr)
0(gum) 6 12 18 24 30
22 . . . . .

Tensile Strength (MPa) L 2 582 8.05[11.86]13.29|11.96

T 2.08 250 3.341 7.61}11.03| 7.76
Tear Strength (kN/m) L 7.38 | 37.25141.40 | 56.47 | 80.20 | 72.80

T 7.14 | 24.50(32.61 { 53.95{ 75.90 | 49.50
Modulus (MPa) L 2.68 4.77 [ 17.11 | 23.30 | 25.36 | 24.98
10% elongation T| 290 352] 7.13]16.98]2090] 1623

L 2.35 5.00 | 18.46 | 24.90 | 26.51 | 25.64
20% elongation

T 2.62 3.02| 6.97(16.98|24.00|17.11

L | 256.30 | 97.60 | 54.00 | 53.30 | 47.67 | 44.30
Elongation at break (%)

T | 260.30 | 124.00 | 59.30 | 56.00 | 51.60 | 47.67
Hardness-Shore A 56 75 80 81 84 88

L : Longitudinal orientation T : Transverse orientation
From Table 3.6, it is also clear that hardness of the composites increases with
increases in fibre loading. Elongation at break of the mixes decreases with fibre
loading; the initial decrease being more dominant. With increase in fibre loading the
stiffness and brittleness of the composites increased regularly with an associated

decrease in elongation at break.

3.2.3.3 Effect of curing systems

Figure 3.8 shows the stress-strain curves of the composites containing 24 phr fibre
cured by dicumyl peroxide and sulphur (Mixes M and F). It can be seen that
composite with DCP system shows a more brittle type behavior than that with the
sulphur system at higher strain values. At lower strain values, however, the effect of

vulcanising systems cannot be differentiated. This can be attributed to the coiled
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nature of the long macromolecular chains of NBR (Figure 3.5). When a stress is
applied decoiling happens irrespective of the vulcanising system. After a threshold
strain, the different crosslinking systems exert resistance to deformation to different

extents.
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Figure 3.8 Stress-strain curves of composites cured by sulphur and DCP

Table 3.7 shows the effect of crosslink systems on the mechanical properties of the
composites. Comparison has been made with composites containing 24 phr fibres of
length 6 mm cured by DCP and sulphur (Mixes M and F). It can be seen that there
are differences in the tensile strength, tear strength and modulus of the composites.
The composite cured by DCP system has been found to have comparatively higher
tensile strength, tear strength and modulus. The composites also show differences in
the elongation at break when cured by different crosslinking systems. The
composite with DCP as the crosslinking agent has been found to have lower

elongation at break than that with the sulphur crosslinking system. Hardness is also
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higher for composites cured by DCP system. This differences in mechanical
properties can be explained in terms of the difference in the crosslinks introduced
by sulphur and DCP during vulcanisation (Figure 3.5). The different crosslinking

systems exert restriction to deformation to different extents.

Table 3.7 Effect of curing systems on the mechanical properties of composites

Mechanical property Curing system
Sulphur | DCP
12. .
Tensile Strength (MPa) L 32| 1329
T 11.32| 1143
49. .
Tear Strength (KN/m) L o87| 8020
T 3890 75.90
Modulus (MPa) L 2480 | 2536
10% elongation T 19301 20.90
L 2590 26.51
20% elongation
T 23.20 | 24.00
L 48.00 | 47.67
Elongation at break (%)
T 52.70 | 51.60
Hardness-Shore A 82 84

3.2.3.4 Effect of fibre orientation

Fibre orientation influences the composite properties””. For example, a balanced
fibre orientation gives a hose its optimum design strength®. For a fixed mill
opening, maximum possible fibre orientation will be achieved during the first pass.
However, a poorly dispersed fibrous composite requires more than one pass. The
properties of milled short fibre elastomer composites depend only on mill opening
and not on mill-roll speed, roll-speed ratio or number of passes>*. The complete

orientation of fibres in a given direction is practically impossible. However,
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depending on the fibre type, fibre loading and rubber matrix it is possible to
orientate the majority of fibres. During the milling of rubber composites, the fibres
tend to orientate along the flow direction, causing the mechanical properties to vary
in different directions®. The optimum properties of the composites can be obtained
by controlling the flow direction. A large shear flow during milling forces the fibres

to orient along the mill direction.

When the fibres are aligned longitudinally, the maximum stress transfer occurs
between the fibres and the matrix. The maximum strength and reinforcement are
achieved along the direction of fibre alignment. Thus mechanical properties such as
tensile strength, tear strength and modulus are found to be higher in the longitudinal
than in the transverse direction (Tables 3.3, 3.4 and 3.5 and Figure 3.7) for nylon

6/NBR composites.

Scanning electron microscopy (SEM) can be used to examine the fracture
topography of composites. The presence of fibres in the mix changes the fracture
modes. The fracture of fibre-reinforced composites occurs in two modes®
(1) breakage of fibres leading to fracture and (ii) pull out of several fibres from
the composite. Figure 3.9 (a) shows how fibres are longitudinally oriented in
nylon 6/NBR composites. In longitudinally oriented fibrous composites the fibres
are oriented perpendicular to the fracture point and the pull out of fibres takes place

during tensile testing. The broken ends of the fibres protruding in the fracture

surface can be seen in the photomicrograph given in Figure 3.9 (b).
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}

Figure 3.9 (a) SEM photograph showing longitudinal orientation of fibres in
the composite (Mix K)

(b) SEM photograph showing fibres protruding from the tensile
fracture surface (Mix K)

3.2.4 Theoretical modeling

Several theories have been proposed to evaluate the experimental values obtained
for mechanical properties by using different parameters such as fibre length, fibre
orientation, fibre dispersion, fibre geometry, fibre loading, interfacial adhesion
between fibres and matrix and the properties of constituent components of the
composites’” **. These theories take into account the nature of the matrix and
reinforcements®>". The reinforcing effect of fibres can be calculated by using the

3233 According to the parallel model, the tensile strength

parallel and Hirsch models
is given by the following equation:

Tc=Ta Ve +T¢ V¢ I )

where T, Ty, and Ty are the tensile strength of the composite, matrix and fibre
respectively. V,, and V; are the volume fractions of the matrix and fibre
respectively. For the parallel model, isostrain conditions have been assumed for

both the matrix and the fibres®'.

According to Hirsch’s model, the tensile strength is calculated using the following
equation:

Tm Tf

T =x(T.V_+T,V l-x)—>——
c x( m m+ f f)+( X)TmVr+Ter

where x’ varies between 0 and 1.
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Figure 3.10 compares the theoretical and experimental tensile strength of
longitudinally oriented composites. The experimental values of the tensile strength
of the present composite systems show a good agreement with the Hirsch’s model.
The experimental values of tensile strength however, show large deviation from the
parallel model. Usually parallel model describes the strength of continuous fibre-
reinforced polymeric composites. The assumption of either uniform stress or
uniform strain used in Parallel model is clearly an over-simplification of the real
case. The stress-transfer mechanism for continuous fibre-reinforced composites is
different from that of short fibre composites. In the case of short-fibre composites,
stress transfer depends largely on the fibre orientation, the stress concentration at

the fibre ends, critical fibre length, etc.

160 |-
i [ ]
140 | —=— Experimental
- —e— Parallel Model
< 120 —&— Hirsch's model °
n_ -
=
> 1L .
g 80
»
2 60}
[72]
c
(]
[ od 40 [
20 |- N A
e ]
X Y v
0 L Q/l 1 \ L
] 6 12 18 24

Fibre loading (phr)

Figure 3.10 Comparison of experimental tensile strength of composites with
theoretical models

The experimental values of tensile strength show good agreement with Hirsch

model when the value of ‘x’ is 0.1 for longitudinally oriented composites. The
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controlling factors for the value of ‘x’ have been found to be mainly the fibre

orientation, fibre length and stress amplification effect at the fibre ends.

3.3 CONCLUSIONS

The processing characteristics and mechanical properties of short nylon fibre
reinforced NBR composites have been analysed in terms of fibre length, loading,
orientation and rubber crosslink systems. The initial analysis showed that there was
no significant breakage, during processing. Addition of nylon fibre to NBR offered
good reinforcement and improved the mechanical properties. A fibre length of 6
mm has been found to be optimum for the best balance of properties. Tensile
properties have been found to be increased with fibre loading up to 24 phr.
Composites vulcanised by DCP system showed better mechanical properties than
those by the sulphur system. The experimental results were compared with the

theoretical values by using parallel and Hirsch models.
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Chapter 4

Interface Modification of Nylon 6/NBR
Composites through Bonding Agents

Abstract

The interface modification of short nylon 6 fibre reinforced NBR composites has been
carried out by the incorporation of two different bonding agents, viz., hexamethylene
tetramine-resorcinol and phthalic anhydride. The cure characteristics and mechanical
properties of the bonded composites have been analysed. The addition of bonding
agents increases the maximum torque while reducing the optimum cure time and scorch
time of the composites. The bonding agent added composites exhibit superior
mechanical properties than the corresponding unbonded systems. The improved
adhesion between fibres and rubber in bonding agent added composites has been

confirmed by scanning electron microscopy.
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Chapter 4: Interface Modification through Bonding Agents
4.1 INTRODUCTION

The properties of fibre reinforced composite materials depend on the combined
behaviour of the reinforcing fibres, polymeric matrix and the fibre-matrix interface.
Existence of good interfacial bonding between fibres and matrix is an essential
requirement to achieve good physical properties. In composites, the matrix
molecules may be anchored to the fibre surface by chemical reactions or adsorption
which determines the extent of interfacial adhesion. Interaction at the interface can
be improved either by using a bonding agent or by different surface treatments for
the fibre. These additives can modify the interface by interacting either chemically

or physically with both the fibres and the matrix’.

Several researchers have reported the use of different bonding agents to modify the
interfacial strength of fibre-rubber composites. A tricomponent dry bonding system
based on hydrated silica-resorcinol-hexamethylene tetramine (HRH) has been used
successfully in many short fibre elastomer composites™'?. Hewitt"® has
demonstrated the importance of zinc oxide and stearic acid in the HRH system to
promote fibre-matrix adhesion. Dunnon'* proposed the rough guidelines for the
manipulation of the compounding and processing factors in the course of designing
an optimum adhesion compound. Darwish and Lawandy"’ reported the use of HRH
as an adhesion promoter for nylon cord to NBR. They also studied the effect of
replacement of resorcinol with o-aminophenol, m-aminophenol, p-aminophenol and
m-phenylene diamine. Pokluda and Osoha'® used different types of cresols to
J7

replace resorcinol in HRH bonding system. Varghese et al'’ showed that silica
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was not needed as a component in the dry bonding system when sisal fibre was used
as reinforcement. The effects of urethane resins based on polymeric 4, 4’-
diphenylmethane diisocyanate (MDI) and different diols on the mechanical
properties of short polyester fibre reinforced polyurethane composite were studied
by Suhara et al'® '°. The urethane based bonding system affected the processability
of the composites adversely. However, the tensile strength, modulus, and the
abrasion resistance of the composites were improved by the urethane bonding
system. Sreeja and Kutty® investigated the effect of a bonding agent, based on
urethane, on the cure characteristics and mechanical properties of NR/whole tyre
reclaim—short nylon fibre composites. Haseena et al.”' reported the use of a two
component bonding system consisting of hexamethylene tetramine and resorcinol in

short sisal/coir hybrid fibre reinforced NR composites.

The interface modification of short nylon 6 fibre reinforced NBR composites by
using two different bonding systems, namely hexamethylene tetramine- resorcinol
and phthalic anhydride is the subject matter of this chapter. The efficiency of these
bonding agents has been evaluated in terms of cure characteristics and mechanical

properties.

4.2 RESULTS AND DISCUSSION
4.2.1 Curing behaviour

The addition bonding agents has a considerable effect on the cure characteristics of
short nylon 6 fibre reinforced NBR composites. Figure 4.1 represents the typical

rtheographs of mixes containing hexa-resorcinol and phthalic anhydride bonding
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agents (Mixes Q and R) and that of the mix without bonding agent (Mix M), cured

by DCP containing 24 phr nylon fibres of length 6 mm.

Torque (dNm)

0 e ] X 1 L ] " 1 : )| " 1

0 10 20 30 40 50 & 70
Time (min)
Figure 4.1 Rheographs of mixes M, Q and R

Table 4.1 shows the cure characteristics of sulphur and DCP vulcanised composites
containing different bonding agents along with the corresponding unbonded ones. It
can be seen that in both sulphur and DCP cured samples the torque values of the
mixes containing bonding agents are higher than those of mix without bonding
agent. The difference between the maximum and minimum torque value (My-My)
indicates a higher crosslinking density for the bonding agent added composites. In
the case of resorcinol-hexa bonding agent added mixes, the higher crosslink density
can be attributed to the increased adhesion between the fibre and matrix through the
formation of an in-situ resin. During the curing of the composite, polymerisation of

resorcinol and hexamethylene tetramine is initiated and, as the vulcanisation of
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rubber proceeds, the resin is formed by the condensation reaction between these two
components. Meanwhile, the low molecular weight polymer species of the resin are
able to diffuse into the interfacial region between the rubber and the fibre. Thus, a
boundary layer is formed at the rubber surface which is rich in resin formation and
it forms chemical bonds with the rubber and the fibre. Scheme 4.1 represents a
hypothetical mechanism showing the interface bonding in hexa-resorcinol bonded

composites.

Table 4.1 Cure characteristics of various mixes

Max Min. dT ¢ Scorch
Mix | Torque | Torque (dNm) (m9i‘;l) time
(dNm) | (dNm) (min)

19.45 0.86 | 18.59 3.95 0.25

20.82 1221 19.60 2.30 0.20

27.88 1.37 ] 26.51| 30.06 1.06

37.08 271 3437 20.75 0.59

IO |2l

33.49 6.25| 2724 17.00 0.70

In the case of phthalic anhydride added mix the increased crosslinking density can
be due to the improved adhesion between fibres and matrix through intermolecular
hydrogen bonding (Scheme 4.2). It is also found that the addition of bonding agent
reduces the optimum cure time and scorch time (Table 4.1). The decrease in scorch
time, however, indicates a reduction in scorch safety of the compound containing

bonding agents.
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Scheme 4.1 Mechanism of interfacial adhesion in hexa-resorcinol
bonded composites
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Scheme 4.2 Mechanism of interfacial adhesion in phthalic anhydride bonded
composites

4.2.2 Mechanical Properties

Figure 4.2 shows the stress-strain curves of the unbonded and bonded composite
systems cured by DCP. The effects of different bonding agents on the mechanical

properties of the longitudinally oriented composites can be understood from
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Figure 4.2 Stress-strain curves of bonded and unbonded composites

Table 4.2. It can be seen that composites containing bonding agents show superior
mechanical properties than those without bonding agents. Tensile strength, tear
strength, modulus and hardness of the composites have been found to be increased
by the incorporation of bonding agents, whereas the elongation at break to be
reduced. The improvement in tensile strength and modulus is comparatively higher
for the hexa-resorcinol bonded composites than the phthalic anhydride bonded
systems. This can be attributed to the difference in the extent of interfacial
interaction between the fibres and rubber resulted via the incorporation of bonding
agents. It is also obvious from Table 4.2 that the effect of hexa-resorcinol boding
agent is more pronounced in DCP cured composites than in the sulphur cured one
(Mixes Q and G respectively). This can be attributed to the difference in the type of
crosslinks introduced by DCP and sulphur during vulcanisation which has been

explained earlier (Chapter 3, Section 3.2.2.3).
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Table 4.2 Mechanical Properties of bonded and unbonded composites

F G M Q R |.
Tensile Strength (MPa) | 12.32 | 13.72 | 13.29 | 16.46 | 14.64
Tear Strength (kN/m) 49.87 | 60.65 | 80.20 | 85.30 | 81.59

Modulus (MPa)
10% elongation | 54 g9 | 31.65 | 25.36 | 63.12 | 59.70

20% elongation | 25.90 | 31.31 | 26.51 | 59.55 | 56.15

Elongation at break (%) | 48.00 | 46.25 | 47.67 | 40.07 | 41.17

Hardness-Shore A 82 85 84 87 85

The extent of interfacial adhesion has been better understood by examining the
tensile fracture surface of the composite by scanning electron microscopy (SEM).
Typically, Figure 3 (a) shows the tensile failure surface of unbonded composite
(Mix M). The breakage and pull out of fibres indicate poor wetting between fibres
and matrix. Figure 3 (b) shows the SEM of tensile failure surface of bonding agent
added composite (Mix Q). It is seen that, for Mix Q, the rubber particles remain
adhered to the fibre surface, and also there is no considerable fibre breakage due to

the bonding between the fibres and the matrix.

Figure 4.3 (a) Scanning electron micrograph of the tensile failure
surface of mix M

(b) Scanning electron micrograph of the tensile failure
surface of mix Q
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4.3. CONCLUSIONS

Hexamethylene tetramine- resorcinol and phthalic anhydride were used as bonding
agents to modify the interfacial interaction in nylon 6 fibre reinforced NBR
composites. The cure characteristics and mechanical properties of the bonded
composites have been analysed. The addition of bonding agents increased the
maximum torque and reduced the optimum cure time and scorch time. The addition
of bonding agents enhanced the tensile strength and modulus. SEM studies revealed
improved adhesion between the fibre and rubber in the composites. The effects of
these bonding agents on the properties of the composites have been included in the

subsequent chapters.
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Chapter 5

Investigation of Interfacial Adhesion in
Nylon 6/NBR Composites by Restricted

Equilibrium Swelling Technique

Abstract

The interfacial adhesion in short nylon 6 fibre reinforced NBR composites has been
evaluated by a restricted solvent swelling technique. The solvents used are N, N- dimethyl
formamide (DMF), dimethyl sulphoxide (DMSO) and acetonitrile. As the fibre content
increases the solvent uptake decreases which has been attributed to the increased
resistance to solvent penetration due to better fibre-rubber interaction. The ratio of
change in volume fraction of rubber before and after swelling to the volume fraction of
rubber before swelling (VV, / V,) is lower for a bonding agent added composite,
compared to the unbonded one. Anisotropic swelling studies have been carried out to
analyse the extent of fibre alignment and fibre-matrix interaction. In strongly bonded
composites the swelling mainly takes place in the thickness direction. The rubber-fibre

interaction has been examined by the Lorenz-Parks and Kraus equations.

Contents of this chapter have been communicated to:
Composite Interfaces




Chapter 5: Investigation of Interfacial Adhesion by RES Technique
5.1 INTRODUCTION

The performance of short fibre reinforced rubber composites depends on the degree
of adhesion of the fibres to the rubber matrix. A good extent of adhesion between
the matrix and fibres is required to achieve a satisfactory level of improvement in
properties of the compositesm. However, extremely high adhesion will some times
adversely affect the composites by generating more heat at the interface and there
by weakening it 4, Restricted swelling of the composites in a suitable liquid can be
utilised as an effective measure to follow the degree of adhesion in composite
systems. The adhesion level can also be qualitatively assessed by examining the

tensile fracture surfaces of the composites by scanning electron microscopy (SEM).

Coran et al’ studied the solvent swelling nature of unidirectional rubber-fibre
composites. Whitby et al.® reported that vulcanised rubber possessed a structure,
which could not be broken down completely by any solvent; the material had
swollen, but did not disintegrate. Vinod et al.” tried the equilibrium swelling as a
means to measure the adhesion between NR and aluminum powder. The results
showed that the bonding agent reduced the swelling due to increased adhesion
which was more pronounced in a conventional vulcanising system. El Sabbagh
et al.® examined the swelling behaviour of kenaf fibre reinforced NR composites.
Hwang et al’ investigated the diffusion and sorption behaviour of glycidyl
methacrylate in SBR as a function of its waste tyre powder content, sulphur content and
temperature by using a gravimetric sorption method. Thomas and co-workers 10-13
studied the interfacial adhesion between different types of natural fibres and

elastomers by restricted equilibrium technique. Unnikrishnan and co-workers'® "’
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also examined the transport characteristics of different filler reinforced rubbery

systems.

The present chapter deals with the evaluation of the interfacial adhesion in short
nylon 6 fibre reinforced NBR composites by a restricted equilibrium swelling
method with special reference to the effects of fibre loading and the presence of
bonding agents. The effect of fibre orientation on the swelling properties has further
been confirmed by anisotropic swelling studies. The dimensional tolerance to
swelling and crosslink density of the present composite systems has also been
analysed through this study. The rubber—fibre interactions have been examined by

using Lorenz-Park and Kraus equations.

5.2 RESULTS AND DISCUSSION

5.2.1 Transport of polar aprotic solvents through composites

The phenomenon of transport through rubbery polymers is controlled by the
polymer structure, its crosslink density, the mode of crosslinking, the presence of
fillers, their interaction with the polymer matrix, temperature etc 1618 The swelling

can be anisotropic if the matrix of a fibrous composite is a crosslinked polymer ®.

5.2.1.1 Effect of fibre loading, curing system and bonding agents on swelling
coefficient

Table 5.1 shows the swelling coefficient values of the composites. It can be seen
that, in DCP cured samples (Mixes H, 1, J, L and M), as the loading of the fibre
increases, the swelling coefficient value decreases in all the solvents. This is

attributed to the reduction in free volume available for solvent transport.
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Table 5.1 Swelling coefficient values of various mixes

Mix DMF DMSO Acetonitrile

H 2.638 0.902 1.009

I 1.856 0.749 0.824

J 1.436 0.340 0.600

L 1.319 0.330 0.570
M 1.232 0.170 0.525
Q 1.166 0.165 0.351
R 1.228 0.166 0.372

F 1.455 0.268 0.632

G 0.747 0.222 0.552

The swelling coefficient values of mixes cured by DCP are lower than those cured
by sulphur. It can be seen from Table 5.1 that the mix M containing 24 phr nylon 6
fibres cured by DCP has lower swelling coefficient value than the corresponding
mix F cured by sulphur. This can be explained in terms of the nature and
distribution of crosslinks between rubber chains. The mono, di and polysulphidic
linkages in sulphur system impart high chain flexibility to the polymer network and
this helps in accommodating more solvent between the polymer chains.However,
the rigid C-C linkages present in DCP system offer more resistance to swelling. The
swelling coefficient values for bonding agent added composites (Mixes Q, R and G)
are found to be lower than those for the unbonded ones. This can be attributed to the

improved interfacial adhesion in presence of bonding agents.

5.2.1.2 Effect of fibre loading and bonding agent on Q; (mol % )

Figures 5.1 (a), (b) and (c) indicate the sorption curves of the composites at room
temperature, (27 °C) in DMF, DMSO and acetonitrile respectively. It can be seen
that the sorption curves show the same trend, but the quantity of solvent sorbed by

the composite is different for different solvents. The gum compound (Mix H) takes
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Figure 5.1 (a) Transport of DMF through nylon 6/NBR composites at 27 °C
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Figure 5.1 (b) Transport of DMSO through nylon 6/NBR composites at 27 °C

124



Chapter 5. Investigation of Interfacial Adhesion by RES Technique

—O—H
20 {——1I
[, — | . o O-O—0—0-0
| —— L o
—XO—M
1.5__)(_2 ... g 0 O HO—0—0-0
: O
0
_ F
S i
3 ;l NN
5 We-tr—rr—Pr—t
£ 10} i / -RO—O—0—0
o <
Pad ! A O
S
o, ,,ﬁ & Y YV
0 A
os| ¢ 48 / a
,'e. v"
.’/0 "“
£ @
3 A
0.0 ¥ X \ L 1 1 A 1
0 10 20 30 40 50

\Time (min)
Figure 5.1 (c) Transport of acetonitrile through nylon 6/NBR composites at 27 °C
up more amount of solvent throughout the time of immersion, due to the lesser

restriction for the penetrant to enter into the vulcanisates. The restriction to solvent

transport increases with the increase in the concentration of fibres in NBR matrix.

It is also noted that the swelling of unbonded composites is higher than that of
bonded ones. In unbonded fibre-rubber composites, the solvent can penetrate in to
the polymer along the thickness direction and also through the weak interfaces,
parallel and perpendicular to the fibre direction. The interfaces allow the easy

entrance of the penetrant and act as solvent pockets at equilibrium.

Figure 5.2 shows the Q. (mol %) values of different mixes in various solvents. The
uptake of penetrants by the mixes at equilibrium is restricted by the increase in the

fibre loading. Due to the increased hindrance exerted by the increase in
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concentration of short fibres, the uptake of the solvents decreases gradually. The Q.
values of bonding agent added composites are found to be lower than that pf the
unbonded ones due to the higher restriction to swelling attributed to the better

interfacial adhesion generated by the bonding agent.

5 I OMF
~ [ Acetonitrile
[ DMSO

Figure 5.2 Effect of fibre loading and bonding agent on Q. (mol%)

5.2.2 Correlation with adhesion

Table 5.2 shows the V,, V; and Vr values for the mixes having different fibre
loadings and with bonding agents in N,N- dimethyl formamide. It is observed that
as fibre loading increases, the solvent uptake of samples decreases and hence the V,
of NBR in the specimens I, J, L, M, Q and R swollen in N,N-dimethyl formamide is
higher than that for gum (Mix H) in the swollen state. Therefore, as fibre loading
increases (Mixes H to M) the volume fraction of rubber before swelling (V)

decreased whereas V,, the volume fraction rubber after swelling is increased. This is
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because the amount of penetrant taken by the specimen at equilibrium swelling
decreases due to the increased hindrance exerted by the fibres at higher loading.
Thus the V7 or the ratio V¢-V,/ V value decreases with increase in fibre loading.

Composites containing the bonding agent (Mixes Q and R) have considerably lower

Table 5.2 Volume fraction of rubber

. Volume fraction
Volume fraction f rubber i
Sample | of rubber in the of rubber In Vt
swollen sample
dry sample (V,)
Vo)
H 0.941 0.275 0.708
I 0.898 0.324 0.640
J 0.859 0.397 0.538
L 0.815 0.398 0.512
M 0.776 0.404 0.479
Q 0.749 0.469 0.373
R 0.755 0.406 0.462

Vo-V, / Vg values than those with out the bonding agent. A highly bonded system
would exhibit higher resistance to swelling, compared to an unbonded one. Thus, V,

would have a relatively higher value and Vt would have a relatively lower value.

5.2.3 Crosslink density

The extent of crosslinking of the matrix has been established from the values of the
volume fraction of rubber in the swollen composites (V;) given in Table 5.2. A
higher value of V; for Mixes Q and R indicates a better adhesion between fibres and
matrix in presence of the bonding agent and therefore it has a higher degree of
crosslinking. A comparison of crosslink density values, in terms of apparent
crosslinking, has also been made from the reciprocal swelling value at equilibrium,

1/Q. 2**'.  Table 5.3 shows the effects of fibre loading and bonding agents on the
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apparent crosslinking values, in N, N-dimethyl formamide. It can be seen that as
fibre loading increases the apparent crosslinking increases. The higher values of
apparent crosslinking are due to the better reinforcing effect of the fibres;
particularly in presence of bonding agents. This effect can further be explained by
using the basic Flory—Rehner concept, given as Equation 2.10. The calculated
values of molecular mass between crosslinks (Mcy) are given in Table 5.3. The McL
values regularly decrease as fibre loading increases (Mixes H to M). Mcy is

inversely related to crosslink density (n) as:

M =2 e (5.1

It follows that an increase in fibre content causes an increase in crosslink density.
Therefore, as loading increases the amount of solvent absorbed by the samples
decreases which leads to an increase in V; values. Mcp values of mixes Q and R
which contain bonding agent are lower than that of the corresponding unbonded one
(M) and hence the former has the highest crosslink density; attributed to the

increased interaction between the fibres and the matrix.

Table 5.3 Effect off fibre loading and bonding agent on crosslink density

Sample Apparelzi /c(;:;slinking (KI;I,C;O[)
H 0.292 41.38
I 0.415 11.80
J 0.536 12.16
L 0.584 12.28
M 0.625 11.18
Q 0.661 6.02
R 0.711 7.55
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5.2.4 Swelling anisotropy

Anisotropic swelling studies provide information on the strength of the int?rface,
degree of dispersion of fibres, their alignment in the elastomer matrix and apparent
crosslinking of fibre reinforced rubber composites”. During swelling, due to the
interaction between the macromolecular chains of the elastomers and solvents, the
composites are deformed to a state where the elasticity of the elastomer and the

tension of the fibres reach equilibrium.

Figure 5.3 represents a unidirectional composite specimen before swelling (solid
line) and after swelling (dotted line). The length of the line /, taken at an angle &
with the fibre direction grows during swelling to a length /: a; is taken in
the direction of fibre orientation OY (lengthwise), ar is taken in the OX

direction (breadthwise), while ay value is taken in the OZ direction (widthwise).
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Figure 5.3 Geometry of swelling of unidirectional composites
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If Xs/ Xo=ar, Ys/ Yo =ay and I; / Iy = ap, the swelling ratio ap in any direction

forming an angle © with fibre orientation is given by the expression”:

a29 = (az'[‘ -d L) sin’0 + azL ...... 5.2)
where a;, and ar are the dimensional swelling variations with an angle 6 between

measurement direction and fibre orientation.

Table 5.4 shows the linear swelling deformation for various fibre orientations in
different mixes. The values of a% calculated using equation (5.2) increases linearly
as the angle of orientation increases from 0 to 90°. This indicates the preferential

fibre orientation in the grain direction. The plots of ¢ against sin’0 for these mixes

Table 5.4 Linear swelling induced deformation

Orientation a’

0 (degrees) H I 3 L M 0
0 1.480 | 1.247 | 1.068 | 1.103 1.068 1.068
30 1.756 | 1.253 | 1.210 | 1.138 | 1.094 1.085
45 1.778 | 1.325 | 1.247 | 1.229 | 1.102 1.094
60 1.960 | 1.401 | 1.310 | 1.386 | 1.112 1.183
90 2.068 | 1.562 | 1.440 | 1.605 | 1.156 1.690

have been found to be straight lines, as shown in Figure 5.4, having slope ar—d’L
and intercept a’L. Noughi et al** reported that the steeper the line, the higher the
degree of fibre alignment. The extent of fibre alignment can be understood from the
slope. It can be seen that composite containing R-H bonding agent and 24 phr fibres
(Mix Q) has the highest slope, indicating a better interfacial bonding between fibre

and matrix in mix Q.
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Figure 5.4 Linear swelling induced deformation of various mixes

5.2.5 Variation in dimensions due to swelling

5.2.5.1 Thickness

Rubber composite samples will swell to a greater extent in the direction
perpendicular to the fibre orientation. This is because the oriented fibres will
prevent the penetration of the liquid in the direction perpendicular to the flat
surfaces of the specimen. Hence the penetrant can diffuse into the polymer only in
the direction parallel to the fibre orientation. Thus, swelling can be considered to be
constrained in one direction and, as a result, the thickness of the specimen increases

considerably.

Figure 5.5 shows the change in thickness of various mixes after swelling. The gum
sample shows the lowest extent of swelling in the thickness direction due to the

sharp alignment of the macromolecular chains in a particular direction during the
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milling and moulding operations. The anisotropic swelling becomes pronounced
when the fibres were added. As the number of fibres in unit volume increases the
penetrant molecules find it more difficult to diffuse in to the polymer and therefore
the entire swelling takes place only in the thickness direction. When the bonding is
poor, the matrix swells both in the diameter and thickness directions. As a result, at
lower loading of fibres and also in the absence of bonding agent, swelling in the
thickness direction will be less. However, as the fibre loading increases, the
swelling takes place predominantly in the thickness direction, which makes a higher
contribution for the increase in thickness. Though the increase in thickness during
swelling is shown by both bonded and unbonded composites, the effect is more
pronounced in the case of composites containing the bonding agent (Mixes Q and
R). Due to the higher interfacial adhesion, the bonded composite swells only in the

thickness direction.

ool NN DMF
[ 1 Acetonitrile
- | DMSO

Increase in thickness (%)

Samples

Figure 5.5 Effect of solvent swelling on the thickness of nylon/NBR composites
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5.2.5.2 Diameter

The increase in diameter of the composite specimen at equilibrium swelling zfgainst
fibre loading is shown in Figure 5.6. It can be seen that the there is no marked
change in diameter with increase in fibre loading. At higher fibre loading and in
presence of bonding agent swelling is restricted and takes place mostly in the

thickness direction. Hence the increase in diameter is less predominant.
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Figure 5.6 Effect of solvent swelling on the diameter of nylon/NBR composites

5.2.6 SEM studies on the composites

The extent of interfacial adhesion and restriction to swelling have been better
understood by examining the tensile fracture surfaces of the composites by scanning
electron micrographs (SEM). Figure 3 (a), in Chapter 3, shows the tensile failure
surface of the unbonded composite (Mix M). The breakage and pull out of fibres
indicate the poor wetting between fibres and matrix. Figure 3 (b) shows the SEM of
tensile failure surface of bonding agent added composite (Mix Q). It is seen that,

for Mix Q, the rubber particles remain adhered to the fibre surface, and also there is
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no considerable fibre breakage due to the better bonding between the fibres and the

matrix. This offers a higher restriction to swelling.

5.2.7 Rubber-fibre interactions

Several researchers have studied the interaction between rubber matrices and fibres.
Chakraborty et al.*® investigated the rubber-filler interaction in silica and jute fibre
filled carboxylated nitrile rubber (XNBR) composites. The polymerfiller
interaction in silica filled epoxidized natural rubber (ENR) has been studied by Alex

/?°. The interaction between the rubber and filler in carbon black filled NR and

eta
SBR vulcanisates has been analysed by Bhowmick and Neogi*’. The following

equations have been applied to study rubber-fibre interactions.

5.2.7.1 Kraus equation
Kraus”® ? studied the degree of cure in particulate filler-reinforced vulcanisates by
swelling method. The degree of restriction exerted by reinforcing filler has been

given by the equation:

Vio/ Ve =1-m[Ve/(1-V9] e (5.3)
where Vo is the volume fraction of rubber in the unfilled vulcanisate, V,, the
volume fraction of rubber in the filled vulcanisate after swelling as per Equation
(2.9), Vi, the volume fraction of filler and m, the polymer-fibre interaction

parameter.

Table 5.5 gives the Vo/V, values of various mixes. It is observed that as the fibre
loading increases, the solvent uptake of samples decreases and hence the volume
fraction of rubber in the swollen gel, Vi, is always higher than that for the pure gum
(Mix H) in the swollen state, Vy,. Therefore, the ratio V./V, decreases with

increase in filler loading. The ratio represents the degree of restriction to swelling of
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Table 5.5 Validation of rubber- fibre interaction

Sample \LS Vro Vio/ Ve QrQ,
H 0.275 0.275 1.000 1.00
I 0.324 0.275 0.848 0.70
J 0.397 0.275 0.693 0.52
L 0.398 0.275 0.691 0.50
M 0.401 0.275 0.686 0.47
Q 0.469 0.275 0.586 0.44
R 0.406 0.275 0.677 0.46

the rubber matrix, due to the presence of filler. The V., / V; values of bonding
agent added mixes (Q and R) are lesser than the corresponding unbonded one
indicating the enhanced fibre—rubber adhesion due to the presence of the bonding
agent. Since Equation 5.3 represents a straight line, a plot of Vi / V; versus
V¢ / (1-Vy) should give a straight line, whose slope ‘m’ will be a direct measure of
the reinforcement of fibres (Figure 5.7). As V,,/ V; decreases with increase in fibre
loading the plot has a negative slope indicating the reinforcement effect of fibres as

given by Kraus theory.

1.05

1.00 L

095 |
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2“ 0.85
)
>

0.80 + |}
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0.70 |-
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Figure.5.7 Kraus plot showing the variation of Vi,/ V; with V¢/ (1-Vy)
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5.2.7.2 Lorenz and Parks equation

The restriction to swelling exerted by the fillers has been investigated by Lorenz

and Parks®® according to the following relation:

Q#/Qg=ae*+b L. 54)
where Qg and Qrare the weights of the swelling agent imbibed per unit weight of
rubber in the gum and in filler added compounds respectively. z is the weight of
filler per unit weight of the rubber; a and b are constants. The dependence has been
explained in terms of the restricted swelling of rubber matrices in the neighborhood

of filler particles.

Table 5.5 also shows Q¢/ Qg values for various fibre loadings in NBR matrix. It can
be seen that as fibre loading increases from Mix H to Mix M, Q¢/Q, values
decrease due to increased fibre—rubber interaction. Higher the Qf/ Qg value, the
lower will be the extent of interaction between the fibres and the matrix. The

Qs/ Qg value of bonding agent added mixes (Q and R) are lower than that of the

10 | ||
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06 |-

05 |-
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Figure 5.8 Lorenz-Parks plot (Variation of Q¢/ Qzwith e'Wf)
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corresponding unbonded ones due to the higher interaction between the fibres and
rubber. A plot of Q¢/ Qg versus e™ gave a straight line (Figure 5.8) with a positive
slope which complements the observation that the extent of reinforcement increases

with fibre loading.

5.3 CONCLUSIONS

The restricted equilibrium swelling behaviour of short nylon 6 fibre reinforced NBR
composites was investigated with special reference to the effects of fibre loading,
curing systems, bonding agents and fibre orientation. The equilibrium sorption
value and swelling coefficients have been found to be decreased with increase in
fibre loading. The swelling coefficient values of mixes cured by DCP were found to
be lower than those cured by sulphur. The bonding agent added mixes showed
higher restriction to swelling due to the stronger interfacial adhesion and the
resultant higher crosslink density. It has been confirmed that for the rubber
composite containing bonding agent, the quantity Vr i.e.; the ratio of change in
volume fraction of rubber before and after swelling to the volume fraction of rubber
before swelling (V~V, / V,), was lower than that for the composites with no
bonding agent. The factor V1 has been found to decrease with increase in fibre
loading. The anisotropic swelling studies revealed that the bonding agent added
composite showed maximum fibre alignment; attributed to the stronger interfacial
adhesion. In strongly bonded composites, the swelling has been observed to take
place mainly in the thickness direction. SEM studies also confirm good interfacial
adhesion in bonding agent added composites. The rubber-fibre interaction was also

studied by using Lorenz-Parks and Kraus equations.
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Chapter 6

Dielectric Properties of
Nylon 6/NBR Composites

Abstract

The dielectric properties such as dielectric constant, volume resistivity and dielectric
loss factor of nylon 6 fibre reinforced NBR composites have been studied as a function
of frequency at different fibre loadings. The effects of curing systems and bonding
agents on the dielectric properties have also been studied. The dielectric constant
decreases with increase in frequency, attributed to the decreased orientation
polarization at higher frequencies. The dielectric constant values have been found to be
lower for fibre filled systems than the gum. The DCP cured composite samples exhibit
higher dielectric constant than the corresponding sulphur cured systems. The addition
of bonding agents reduces the dielectric constant of the composites. The volume
resistivity of the composites increases with the addition of fibres and with the
incorporation of the bonding agents. The added fibres and the different bonding agents

decrease the dielectric dissipation factor of the matrix.
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6.1 INTRODUCTION

Polymers are, in general, good electrical insulators with volume resistivities up to
10%° ohm m. They are commonly used in the electronics industry as housings or
assemblies. Electrical conductivity is an important factor in many rubber and plastic
compounds which are used for antistatic applications, wire and cable sheathing, and
shielding against electromagnetic interference'>. For some applications polymers
are made conductive by adding conductive materials like metals, carbon black,
fibres and so forth. Incorporation of a conducting polymer into a host polymer
substrate to develop a blend, composite or an interpenetrating network has been
widely used as an approach to combine electrical conductivity with the desirable
physical properties of a polymer*”. The process of conduction through a polymeric
system depends upon its composition, chemical structure, physical texture,

morphology and the conditions of measurement®.

Dielectric properties such as the dielectric constant and the dielectric loss reveal
significant information about the chemical and physical states of polymers. These
properties are significantly affected by the presence of another polymer or a dopant

in the polymer’"

. Miyauchi and Togashi'* explained the electrical properties and
the conduction mechanism of polymer-filler particles using polymer grafted carbon
black. Burton ef al."> made the electrical and electromechanical measurements of
carbon black filled NR. Modification of dielectric and mechanical properties of
rubber - ferrite composites containing manganese zinc ferrite has been studied by

Mohammed et al'®. Todorova et al.'’ investigated the electrical properties of

elastomer composites filled with titanium diboride. The electrical and mechanical
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properties of conductive rubber composites derived from different blends of EPDM
and NBR containing acetylene black were analysed by Sau et al'®. The electrical

resistivity of SBR-carbon black composites has been examined by Mohanraj et al".
Bishai et al.*® investigated the electrical conductivity of SBR-polyester short fibre
reinforced with different types of carbon black. George er al*! followed the

electrical properties of pineapple fibre reinforced polyethylene composites.

In many cases the analysis of dielectric properties provides a measure of the
amorphous fraction of the material which is sensitive to orientation effects, mobility
and to the number and interaction of participating dipoles. Dutta et al.”? reported the
studies on the mechanical and electrical anisotropy of pineapple fibres. They found
a sharp increase in dielectric constant and a fall of loss factor along the fibre
direction compared to the transverse direction. Prasantha Kumar and Thomas®
studied the dielectric properties of short sisal fibre reinforced SBR composites.
They pointed out that the chemically treated fibrous composite systems exhibited
lower dielectric constant values compared to the untreated ones. The modeling of
the dielectric properties of wood-polymer composites, by considering them as

multi-component layered systems, was done by Hoffman et al.

NBR has only moderate insulating properties and higher values of permittivity
(17-14 Fm™"). The considerably high dielectric loss values (1.33-2.00) cause NBR
to lose its insulating properties. The present chapter deals with the investigation of

the dielectric properties of nylon 6 fibre reinforced NBR composites.
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6.2 RESULTS AND DISCUSSION

6.2.1 Dielectric Constant

Dielectric polarization is the polarized condition of a dielectric resulting from an
applied AC or DC field and it can be expressed as the total induced dipole moment
per unit volume of the dielectric. The total polarizability of the dielectric is the sum
of the contributions due to the several types of displacement of charges produced in
the material by an applied field. Generally, the dielectric constant of a composite
material arises due to the polarization of the molecules.The dielectric constant
increases with increase in polarizability. The dielectric constant (E') of a composite
has contributions from interfacial, orientation, atomic and electronic polarizations.
The interfacial polarization occurs in a composite due to the differences in the
conductivities or the polarizations of the matrix and fillers *°. The orientation
polarization is produced, when polymers containing polar groups are placed in an

electric field 6.

The effect of fibre loading on the dielectric constant (E') values of nylon 6 fibre
reinforced NBR composites as a function of logarithm of frequency is shown in
Figure 6.1. It is evident from the figure that the dielectric constant decreases with
increase in fibre loading at a given frequency. The highest E' values are exhibited
by the gum sample (0 phr). This is due to orientation polarization owing to the
presence of permanent dipoles in the NBR matrix (-C=N group). As nylon 6 fibre is
added some of the dipoles are cancelled by the dipoles present in nylon ()C=0) and
thus the dielectric polarization decreases. Therefore the dielectric constant value

decreases with increase in fibre loading. It is also found that for a given fibre
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loading, the E' shows higher values at lower frequencies. This can be accounted by
the fact that the orientation polarization decreases with increase in frequency. The
complete orientation of the molecules is possible only at lower frequencies and the
orientation polarization requires more time to reach the equilibrium static field
value compared to electronic and atomic polarizations. Therefore as frequency

increases the E' reduces due to the lag in orientation polarization.

Dielectric constant

0 T T T T T T T T v T T T T
4.0 45 5.0 55 6.0 6.5 7.0 75
log [Frequency (Hz)]

Figure 6.1  Effect of fibre loading on dielectric constant as a
function of frequency

Figure 6.2 shows the effect of different curing systems on the dielectric constants of
nylon 6 fibre reinforced NBR composites as a function of frequency. Comparison
has been made with samples containing 24 phr loading of fibre cured by sulphur
and DCP (Samples F and M). It can be seen that the values of dielectric constant
are higher for DCP cured sample than for sulphur cured sample at all frequencies.

This can be attributed to the presence of polar -OH groups in the former. These
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-OH groups are produced during the vulcanisation process initiated by dicumyl
peroxide, where the peroxide free radical (R-O) abstract a hydrogen from the

polymer chain to form R-OH.

12| —=— DCP cured
1 —&— Sulphur cured

1"+

10

Dielectric constant

A ) R ] A I 1 1 1 1 N
40 45 5.0 55 6.0 6.5 7.0 7.5

log [Frequency (Hz)]

Figure 6.2  Effect of curing systems on dielectric constant as a
function of Frequency

Figure 6.3 shows the effect of different bonding agents on the dielectric constants of
the composites as a function of frequency. It can be seen that the dielectric constant
values are lower for bonding agent addgd composites at all frequencies. The
dielectric constant value of phthalic anhydride bonded system is slightly lower than
that of hexa-resorcinol bonded composite. The good interfacial adhesion in
presence of bonding agent removes the voids between the fibres and matrix thereby
eliminating the pockets for moisture absorption. Thus, the modified interface
reduces the dielectric constant values. In the case of phthalic anhydride bonded

systems, in addition to this, the interfacial adhesion between nylon fibres and NBR
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through the formation of hydrogen bonding involving the bonding agent, also
reduces the polarization and hence the dielectric constant value is lower than that of

hexa-resorcinol bonded systems. The mechanism of interfacial adhesion in phthalic

12 —=&— Unbonded
—&— Hexa-resorcinol bonded
—a— Phthalic anhydride bonded

11

10

Dielectric constant

1 " 1 " 1 1 1 " i L ] .

4.0 45 5.0 55 6.0 6.5 7.0 75
log [Frequency (Hz)]

Figure 6.3  Effect of bonding agent on the dielectric constant as a
function of frequency

anhydride bonded composites has been explained earlier in Chapter 4 (Scheme 4.2).
Figure 6.4 shows the effect of hexa-resorcinol bonding agent on the dielectric
constant of sulphur and DCP cured composites as a function of frequency. It can be
seen that in the presence of bonding agent sulphur cured sample has higher
dielectric constant values than DCP cured sample. This can be attributed to the
difference in total polarizability in the two systems. In the former, permanent
dipoles due to —OH groups in resorcinol are present, whereas in the latter these -OH
groups may be involved in hydrogen bonding with the R-OH produced by the

abstraction of hydrogen from polymer chain by peroxide free radical.
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13
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Figure 6.4  Effect of hexa-resorcinol bonding agent on the dielectric
constant of sulphur and DCP cured composites

6.2.2 Volume resistivity

The study of the volume resistivity of an insulating material is important because
the most desirable property of an insulator is its ability to resist the leakage of
electric current. Figure 6.5 shows the plot of volume resistivity as a function of
frequency at different loadings of fibres. The volume resistivity has been found to
be decreased with frequency and increased with fibre concentrations. The increase
in volume resistivity with fibre loading can be attributed to the decreased dielectric
polarization upon the incorporation of nylon 6 fibre into the polar NBR matrix.
Figure 6.6 shows the dependence of electrical conductivity (0), which is the
reciprocal of resistivity, on fibre loading at varying frequencies (10 and 13 MHz). It

has been found that, as fibre concentration increases the conductivity decreases.
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Figure 6.5  Effect of fibre loading on the volume resistivity as a
function of frequency
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However, the conductivity has been found to be increased with frequency. The
variation of volume resistivity as a function of frequency in sulphur and DCP cured
composites is shown in Figure 6.7. It can be seen that the volume resistivity of
DCP cured sample is lower than that cured by sulphur. This is due to the higher

polarizability in the former.
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Figure 6.7  Effect of curing system on the volume resistivity as a
function of frequency

The variation of volume resistivity, for bonding agent added composites, is given as
a function of frequency in Figure 6.8. The dielectric constant depends on the
resistivity by the equati0n27:

logR(298K)=23-2E'(29¢K) .. 6.1)

The equation shows that the electrical resistance of composites decreases

exponentially with increasing dielectric constants. The incorporation of bonding
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agent enhances the interfacial adhesion between the fibres and the matrix, which in
turn reduces the voids at the interface thereby enhancing the volume resistivity. It
can also be seen from Figure 6.8 that the volume resistivities of composites
containing both hexa-resorcinol and phthalic anhydride bonding agents are higher

than that of the unbonded one at the same fibre loading.
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Figure 6.8  Effect of bonding agent on volume resistivity as a
function of frequency

Figure 6.9 shows the effect of hexa-resorcinol bonding agent on the volume
resistivities of sulphur and DCP cured composites as a function of frequency. It can
be seen that the volume resistivity of hexa-resorcinol bonded composite cured by
DCP is higher than that cured by sulphur. The difference in behaviour is attributed

to the difference in the total polarizability of the two systems.
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Figure 6.9  Effect of hexa-resorcinol bonding agent on the volume
resistivities of sulphur and DCP cured composites

6.2.3 Dissipation factor

Dissipation factor or loss tangent is the ratio of the electrical power dissipated in a
material to the total power circulating in the circuit. It is the tangent of the loss
angle, directly analogous to the tan & function relevant to the dynamic mechanical
testing, describing the relationship between storage (G') and loss (G') moduli
(tan & = G"/G"). The visco-elastic nature of NBR matrix creates similarities in the
material responses to both mechanical and electrical stimuli. Under the dynamic
excitation, the independent and measured variables move out of phase (stress and
strain in mechanical tests, voltage and current in electrical tests). Most of the
polymers exhibit more than one region of dielectric loss. The measurement of
dissipation factor (tan 8) of an insulating material is thus important since the loss
tangent is a measure of the electrical energy which is converted to heat in an

insulator. This heat raises the insulator temperature and accelerates its deterioration.
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The effect of dissipation factor (tan §) as a function of the logarithm of frequency at
different fibre loading is given in Figure 6.10. The dissipation factor has been
found to be increased with frequency and decreased with fibre concentration. A
strong relaxation is observed, with a peak at a frequency of 5 MHz, which is due to
the a-transition. The positions of peaks are identical for both filled and unfilled
systems. The addition of fibres decreases the relaxation magnitude at each
frequency. The two prime factors contributing to the loss factor (E") are the dipole
polarization and ionic conductance®®. Most of the polymers exhibit more than one
region of dielectric loss. The numerical value of dissipation factor is determined by
both polarity and carrier mobility?. The polarity determines the nature of relaxation
and the relaxation time determines the value of tan § at specific frequency for that

relaxation.
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Figure 6.10 Effect of fibre loading on dissipation factor as a function
of frequency
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It can be seen from Figure 6.10 that, at any given frequency, the intensity of
dielectric loss peak decreases regularly as a function of fibre loading i.e.; higher for
gum (0 phr) and decreases with fibre loading. The increment in dissipation factor
with frequency for the gum sample is associated with its amorphous phase
relaxation. Since NBR contains polar groups it may also be due to dipolar
relaxation. The decrease in tan & value with the incorporation of nylon fibres into
NBR matrix can be attributed to the increase in relaxation time. This can be due to
the dipole~dipole interaction between the nylon 6 fibres and NBR, both of which

containing polar groups.

Figure 6.11 shows the effect of different curing systems on the dissipation factor, as
a function of the logarithm of frequency. It can be seen from the figure that the
dissipation factor values of DCP cured sample is higher than that of sulphur cured

sample.
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Figure 6.11 Effect of curing system on dissipation factor as a function
of Frequency
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The effect of bonding agents on the dissipation factor (tan 8) as a function of the
logarithm of frequency is given in Figure 6.12. The dissipation factor of both hexa-

resorcinol and phthalic anhydride bonded composites are lower than that of the

unbonded one.
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Figure 6.12 Effect of bonding agent on dissipation factor as a function
of Frequency

Figure 6.13 shows the effect hexa-resorcinol bonding agent on the dissipation factor
of sulphur and DCP cured composites as a function of frequency. It can be seen that
the dissipation factor of hexa-resorcinol bonded composite cured by sulphur is
higher than that cured by DCP. The difference in the dissipation factor values of

bonded composites can be attributed to the difference in the relaxation magnitudes.
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Figure 6.13  Effect of hexa-resorcinol bonding agent on the dissipation
factor of sulphur and DCP cured composites

6.3 CONCLUSIONS

The dielectric properties such as dielectric constant, volume resistivity and
dielectric loss factor of short nylon 6 fibre reinforced NBR composites have been
studied as a function of frequency at different fibre loadings. The effect of curing
systems and bonding agents on the dielectric properties has also been studied. The
dielectric constant values have been found to be lower for fibre filled systems than
gum. Composite sample cured by DCP exhibited higher dielectric constant value
than that cured by sulphur which can be attributed to the presence of polar -OH
groups in the former. The addition of the bonding agent reduced the dielectric
constant of the composites. It has been found that in the presence of hexa-resorcinol
bonding agent the sulphur cured sample has higher dielectric constant values than

DCP cured sample which has been attributed to the difference in the total

155



Chapter 6: Dielectric Properties

polarizability of the two systems. The volume resistivity of the composites was
found to be increased with the addition of fibres and with the incorporation of
bonding agents. The conductivity of the composites decreased with increase in fibre
loading. The added fibres and different bonding agents decreased the dielectric
dissipation factor of the matrix. A dielectric relaxation has been observed at a

frequency of 5 MHz.
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Chapter 7

Thermal Characterisation of
Nylon 6/NBR Composites

Abstract

The thermal behaviour of nylon 6 /NBR composites has been studied by thermo
gravimetry (TG) and differential scanning calorimetry (DSC). The degradation
temperatures of fibre filled composite systems have been observed to be higher than that
of NBR. The percentage weight loss at different temperatures during thermal scanning
has been found to be decreased with fibre loading. Composite samples cured by DCP
exhibit a higher decomposition temperature compared to the sulphur cured samples
indicating that the vulcanisation routes can significantly affect the thermal features of
fibre filled polymer systems. The addition of bonding agents enhances the thermal
stability of the composites. The DSC studies indicate that the fibre filled systems possess
higher glass transition temperatures (T,) than the gum. The bonding agent added
composite shows higher T, compared to the other composite systems, which has been

attributed to the higher interaction between the fibres and the matrix in the former.

Contents of this chapter have been communicated to:
Polymers and Polymer Composites




Chapter 7: Thermal Characterisation

7.1 INTRODUCTION

Thermal analysis is an important tool in the characterisation of polymeric materials.
During the fabrication of new products from polymer composites, a knowledge of
the thermal stability of their components is essential'. The threshold temperature for
break down determines the upper limit of temperature in fabrication. Optimisation
of the processing temperature and time with an understanding of the matrix, the
reinforcing element and the interface can lead to a best balance of composite

properties.

Thermogravimetry (TG) can help in understanding the degradation mechanism and
thus to assist any effort to enhance the thermal stability of a polymeric
material’. This analysis needs only a small quantity of the sample. It is possible to
quantify the amount of moisture and volatiles present in the composites which have
a deteriorating effect on the properties” . Thermogravimetric data provides
the different stages of thermal breakdown, weight of the material in each
stage, threshold decomposition temperature etc. Both TG and differential
thermogravimetry (DTG) curves provide information about the nature and

conditions of degradation of materials.

Differential scanning calorimetry (DSC) helps us to obtain quantitative information
about the melting and phase transitions by measuring the heat flow rate associated
with a thermal event as a function of time and temperature. This technique can
explore the heterogeneous nature of polymeric composites and can provide
information about the glass transition temperature (Tg). Miscible systems will show
a single and sharp transition peak intermediate between those of the components.

Separate peaks are generally obtained for heterogeneous systems”.
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The thermal stability of individual polymers can be enhanced to a greater extent by
blending it with other polymers or by reinforcing with fibres. The synergism so
obtained is usually attributed to the interfacial adhesion of the components. Various
researchers have previously studied the thermal behaviour of rubber blends and
composites in detail 7. Corre™a et al.® examined the influence of short fibres on the
thermal resistance of the matrix, its T, and kinetic parameters of the degradation
reaction of thermoplastic polyurethane. They also found that the thermal resistance
of aramid fibre-reinforced composites was greater than that of carbon fibre-
reinforced composites. The degradation characteristics of Kevlar fibre-reinforced
thermoplastics were reported by Kutty ef al’. TG has been used by Faud er al.' to
determine the filler content of wood-based composites. Suhara ef al.'' reported the
thermal degradation of short polyester fibre-polyurethane elastomer composites.
They observed that incorporation of short fibres enhanced the thermal stability of
the elastomer. George et al.'? characterised the thermal behaviour of pineapple fibre
reinforced polyethylene composites. Ahmed et al.' reported the thermal studies on
sulphur, peroxide, and radiation cured NBR and SBR gum vulcanisates and also
with fillers such as carbon black and silica. It was found that the radiation cured
NBR and SBR vulcanisates possessed better thermal stability. Seema and Kutty 14
investigated the thermal degradation of short nylon 6 fibre reinforced SBR

composites.

The present chapter deals with the thermal analysis of short nylon fibre reinforced
NBR composites by thermogravimetry and differential scanning calorimetry. The
effects of fibre loading, vulcanising systems and the bonding agents on the thermal

features of the composites have been examined.
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7.2 RESULTS AND DISCUSSION

7.2.1 Thermal analysis of nylon 6

Figure 7.1 represents the TG and DTG curves of nylon 6 fibre. The onset
temperature (Tonset) and the temperature of maximum decomposition (Tp.) are
408 °C and 454 °C respectively. The major decomposition step of nylon, which
occurs in the range 330 °C - 480 °C, is due to volatilisation'’. In this stage, probably
a crosslinked structure is also formed. Because of the formation of a thermally more
stable structure the rate of degradation slows down after 480 °C. On further
heating, the crosslinked structure decomposes and yields 1.1% thermally stable char
at 800 °C. The DTG curve of nylon 6 fibre shows a degradation peak at 454 °C

corresponding to the major decomposition step.
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Figure 7.1 TG and DTG curves of nylon 6 fibre
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7.2.2 Thermal analysis of composites

Figures 7.2 and 7.3 show the thermal degradation behaviour (TG and DTG curves)
of gum (NBR) and fibre filled composite system consisting of 24 phr fibres cured
by DCP (Mix M). In the case of NBR gum sample, a two stage degradation is
observed (Figure 7.2). This is due to the presence of both acrylonitrile and
butadiene units in nitrile rubber'®. The first step of degradation is from 365 °C to
425 °C and the second step is from 426 °C to 530 °C. Mass losses during the first
and second stages of degradation are 70% and 13.7 % respectively. Only 6 % of the

sample remains at 800 °C.
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Figure 7.2 TG curves of DCP cured gum and fibre filled sample
The DTG curve (Figure 7.3) of NBR shows two peaks; one at 425.8 °C and the

other at 452.5 °C. The first peak is mainly due to the degradation of butadiene

segments and the second one corresponds to the degradation of acrylonitrile units.
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From the TG curve of fibre filled composite (Figure 7.2) it is clear that the onset of
thermal degradation is shifted to a higher temperature (370 °C). The major
decomposition occurs in the range of 370- 460 °C and at 800 °C the weight loss
observed is about 90 % compared to 94 % in the case of gum sample. The DTG
curve of fibre filled composite (Figure 7.3) shows only one major decomposition
peak. It can be seen that there is only one major decomposition step which occurs at
456.5 °C. The temperature of maximum degradation is higher than that of the gum
sample. Thus it is evident from the thermo-gravimetric scan that the thermal
stability of fibre reinforced NBR system is higher than that of the gum sample. This
is reflected in the weight losses of NBR (gum) and nylon-NBR composite systems
at different temperatures (Table 7.1). It can be seen from the table that the weight

losses are lower in the case of composite systems compared to the gum sample.
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Figure 7.3 DTG curves of DCP cured gum and fibre filled sample
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Table 7.1 Thermal degradation of various mixes at different temperatures

Sample Percentage weight loss at various degradation
temperature

300 °C | 400 °C | 500 °C | 600 °C | 700 °C | 800 °C

H 4.46 4373 | 91.54 | 93.30 | 93.90 | 94.05

J 4.40 19.91 91.35 | 9232 | 92.64 | 93.02
L 3.88 19.29 | 89.77 | 90.60 | 90.80 | 90.95
M 3.78 1895 | 87.77 | 88.58 | 89.59 | 90.10
Q 3.60 18.40 | 87.10 | 88.21 88.30 | 89.50
R 3.57 18.60 | 8690 | 88.04 | 87.68 | 88.40
A 4.76 44.73 | 9238 | 94.50 | 9520 | 95.70

F 3.86 1920 | 8890 | 89.80 | 90.20 | 91.40

7.2.2.1 Effect of fibre loading

Figures 7.4 shows the TG curves and Figures 7.5 represents the DTG curves of
composite samples consisting of 0, 12, 18 and 24 phr fibres respectively (Mixes H,
J, L and M). On comparing the thermograms, it is clear that the increment in the
loading of short nylon fibres has a retarding effect on the extent of degradation of
fibre reinforced NBR composites. From Table 7.1, it is obvious that, at each
temperature, the percentage of weight loss decreases with increase in fibre loading.
As fibre loading increases, the degradation temperature also increases as indicated
in Figure 7.5. Thus the resistance to degradation increases with fibre loading due to

the enhanced interaction between the fibres and rubber at higher loading.
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Figure 7.4 TG curves of short nylon 6 fibre reinforced NBR
composites at different fibre loadings
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The degradation temperatures evaluated from the thermograms of nylon 6-NBR
composites at different fibre loading are tabulated in Table 7.2. From the table it is
clear that the onset temperature (Tonset), temperature at which 50% weight loss takes
place (Tso) and the temperature of maximum degradation (Tmax) increase as the fibre
loading increases (Mixes H to M). The increase in decomposition temperature
confirms the increased interaction between the fibres and the matrix, which

enhances the overall thermal stability of the composites.

Table 7.2 Degradation temperatures of different mixes

i | e | ed | 6
H 366.0 404.3 452.5
J 368.2 443.6 453.2
L 369.5 4440 456.0
M 370.1 446.8 456.3
Q 371.0 4472 458.2
R 370.8 447.0 457.0
A 365.2 403.1 451.3
F 367.6 446.1 455.5

Figure 7.6 shows the plot of onset temperature, temperature at which 50% weight
loss takes place, and the temperature of maximum degradation against fibre loading.
From the figure it is clear that the degradation temperatures increase with fibre

loading.
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Figure 7.6 Variation of different degradation temperatures with fibre loading

7.2.2.2 Effect of curing systems

The thermal degradation behaviour of nylon 6 fibre-NBR composites cured by
different yulcanising systems is found to be different. This can be seen from the TG
(Figure 7.7) and DTG (Figure 7.8) curves of samples containing 24 phr fibre cured
by sulphur and DCP (Mixes F and M). The onset temperature and temperature of
maximum decomposition are highest for DCP cured samples indicating their higher
thermal stability (Table 7.2). This can be explained on the basis of the difference in
the type of crosslinks produced by sulphur and DCP. The C-C linkages in peroxide
cured system are less flexible with higher bond energy (85 kcal mol™") compared to
the polysulphidic linkages in sulphur cured system. From Table 7.1 it can be seen
that the mass loss observed at a particular temperature is lesser for DCP cured

system.
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Figure 7.7 TG curves of mixes cured by sulphur and DCP systems
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7.2.2.3 Effect of bonding agents

The incorporation of bonding agents, namely hexa-resorcinol and phthalic
anhydride plays a significant role on the thermal degradation of nylon fibre
reinforced NBR composites. This is evident from the TG (Figure 7.9) and DTG
(Figure 7.10) curves of unbonded and bonding agent added composite systems. The
extent of degradation is comparatively lesser in both hexa-resorcinol and phthalic
anhydride bonding agent added systems (Mixes Q and R) than that of the unbonded
one (Mix M). This is also evident from the weight losses at different temperatures
given in Table 7.1. It has been found that the onset temperature, temperature at
which 50% weight loss takes place, and the temperature of maximum degradation
of bonding agent added composites are higher than that of the corresponding
unbonded one (Table 7.2). The effect of bonding agents on the increased thermal

resistance of the composites can be attributed to the strengthening of the interface.
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Figure 7.9 TG curves of unbonded and bonding agent added composites
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Figure 7.10 DTG curves of unbonded and bonding agent added composites

7.2.3 Energy of activation for thermal degradation

The activation energy for the process of thermal degradation has been calculated
using the basic Arrhenius relationship;

log X =log Xo - Ep/2.303 RT e {7.1)
where X is the percentage loss of weight of composite at temperature T. X, is the
pre-exponential factor and Ep represents the activation energy for the thermal
degradation, obtained from the slope of the typical Arrhenius plots of log X versus
1/T. The calculated values of Ep at different fibre loadings are given in Table 7.3.
From the table it can be seen that the Ep is least for the gum sample. This indicates
that the degradation occurs easily in the absence of fibres without consuming much
energy. However, as the fibre loading increases the process of degradation takes
place only at higher temperatures, consuming more energy. These observations
parallel with the higher thermal stability of the composite systems at higher fibre

loading.
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Table 7.3 Activation energy at different fibre loadings

Fibre Energy of
loading activation
(phr) (kd/mol)
0 24.76
12 25.46
18 26.07
24 26.94

7.2.4 Differential scanning calorimetric studies

Figure 7.11 shows the DSC curves of gum (NBR) and nylon 6 fibre reinforced

NBR composite containing 24 phr fibres (Mix M) cured by DCP. Unlike the gum

Heat flow (mW)

-50 0 50 100

Temperature (°C)

Figure 7.11 DSC curves of gum and composite sample containing 24 phr fibre
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sample, the composite system shows two endothermic peaks, indicating two
different transitions and also the heterogeneity of the system. The T, value of gum
compound is found to be -24.8 °C and is very close to that of uncrosslinked NBR
(26 °C). The T, value increases with fibre loading (Table 7.4). The T, value of the
sample containing 24 phr fibres is found to be -22.3 °C. The increment in T, is due
to the stiffness and rigidity provided by the fibres. The change in T, of the
composites upon the incorporation of fibres has been reported by several

authors'”'%,

Table 7.4 T, of matrix of various mixes

Tg of matrix

Mix (o C)

-24.8

-23.3

-23.0
-22.3
-21.8

IO |||~ | =

-22.0

Figure 7.13 shows the DSC curves of hexa-resorcinol and phthalic anhydride
bonded composite samples (Mixes Q and R). It is observed that the T, value
corresponding to the matrix increases on the addition of the bonding agent. The
bonding agent added composite systems show higher T, values compared to the
others (Table 7.4). The higher interaction between the fibres and matrix, in the
presence of bonding agent, provides higher stiffness to the resultant composite

system and as a result the T, value increases.
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Hexa-resorcinol bonded
- Phthalic anhydride bonded
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Figure 7.13 DSC curves of unbonded and bonded composite samples

7.3. CONCLUSIONS

The thermal behaviour of nylon 6 fibre, and nylon/NBR composites has been
studied by TG and DSC with special reference to the effects of fibre loading, curing
systems and the incorporation of bonding agents. The degradation temperatures of
fibre filled composite systems were observed to be higher than those of the gum. As
the fibre loading increased, the decomposition temperature has been shifted to
higher temperature range. The percentage weight loss at different temperatures
decreased with fibre loading. The decomposition temperature of DCP cured sample
was higher than that of sulphur cured one. The extent of degradation was
comparatively lower for bonding agent added fibrous composite systems compared
to the unbonded one. The activation energy for thermal degradation of the
composites increased with fibre loading. The DSC studies of composites indicated

that the fibre filled systems possessed higher T, values than the pure gum due to the
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higher rigidity and stiffness of the matrix provided by the fibres. The bonding agent
added fibrous composite systems showed higher T, values compared to the others
due to improved fibre-matrix interaction. These results have been found to be
complementary to those obtained from the evaluation of the mechanical properties
of nylon 6/NBR system.
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Chapter 8

Dynamic Mechanical Analysis of
Nylon 6/NBR Composites

Abstract

The dynamic mechanical properties of short nylon 6 fibre reinforced NBR composites
such as storage modulus (G'), loss modulus (G") and the damping behaviour (tan J)
have been analysed with reference to the effects of fibre loading, curing systems and
bonding agents over a range of temperature (-100 to 100 °C) and at varying frequencies
(0.1, 1, 10 and 50 Hz). The storage modulus has been found to be increased with
increment in fibre loading. The loss modulus and damping characteristics decrease with
fibre loading. The glass transition temperature has been found to be shifted to higher
temperature upon increment in fibre loading. DCP cured composites show higher
storage modulus and lower damping than the corresponding sulphur cured one. The
addition of hexa-resorcinol and phthalic anhydride as bonding agents enhances the
dynamic mechanical properties of the present composites. The Cole-Cole plots further
indicate the heterogeneous nature of the composite system. The experimental results

have been evaluated by comparing with Einstein, Guth and Nielsen models.



Chapter 8: Dynamic Mechanical Analysis
8.1 INTRODUCTION

Rubbers show both elastic and damping behaviour because of their visco-elastic
nature. When they are deformed by a sinusoidal stress within the linear visco-elastic
region, the resulting strain will also be sinusoidal but will be out of phase with the
applied stress. Dynamic losses are usually associated with hysteresis and specific
mechanisms of molecular or structural motion in polymeric materials. The damping
in the system or the energy loss per cycle can be measured from the tangent of the
phase angle or loss tangent (tan 8) which is defined as tan 3 = G"/ G' where G'is
the storage modulus due to stored elastic energy in the materials and G" is the loss
modulus due to viscous dissipation. One method that has been used to investigate
the storage modulus, loss modulus and loss tangent is dynamical mechanical
thermal analysis (DMTA). This technique has widely been employed for
investigating the visco-elastic behaviour, stiffness (modulus), damping (energy
dissipation) characteristics, phase transitions and the interfacial adhesion of polymer
composites as they are deformed under periodic stresses" 2. It is particularly useful

because of its non-destructive nature unlike other static mechanical testing methods.

Dynamic mechanical properties of polymeric materials are of considerable practical
significance when determined over a range of temperatures and frequencies. They
can yield an insight into various aspects of material structure, by providing a
convenient measure of T,. These properties are also of direct relevance to a range of
unique polymer applications, concerned with the isolation of vibrations or
dissipation of vibrational energy in engineering components. For fibre reinforced
polymer composites, the dynamic mechanical properties depend on the type of

fibre, fibre length, fibre orientation, fibre loading, fibre dispersion and fibre-matrix
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adhesion. Some of the major objectives of the works carried out on the dynamic
mechanical properties of fibrous composite materials have been the study of
chemical or physical modifications of the matrix induced by the introduction of
surface treatment of fibres and the related analysis as a function of the properties of
each phase. The importance of dynamic mechanical testing as a powerful tool for

characterising the interfacial adhesion is well known®?.

Several researchers have studied the dynamic mechanical thermal properties of
rubber composites'®!”. Ashida and Noguchi'® investigated the dynamic mechanical
properties of short fibre reinforced chloroprene composites. The effects of
carbon black and china clay on the visco-elastic properties of thermoplastic
1, 2-polybutadiene rubber have been investigated by Bhagwan et al . Visco-elastic
properties, role of adhesion and the effect of particulate fillers on short jute fibre
reinforced NR composites have been investigated by Murthy and De 1214
Sombatsompop'’ examined the visco-elastic properties of NR vulcanisates filled
with polyurethane foam particles and carbon black in terms of storage modulus, loss
tangent and T,. It was highlighted that a shift of T, to higher temperature with a
decrease in loss tangent peak indicated the higher interaction between the fillers and
the rubber phase. The dynamic visco-elasticity of isoprene rubber reinforced with
short cellulose fibres have been analysed by Yano et al'®. Finegan and Gibson'’
predicted the importance of different fibre-matrix combinations on the enhancement
of damping in polymer composites. Pothan et al'® carried out the dynamical
719

mechanical analysis of banana fibre reinforced polyester composites. Saha ef a

made comparative studies on the damping of unmodified and chemically modified
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jute polyester composite samples. The visco-elastic properties of wood fibre
reinforced polyurethane composites were analysed by Rials ef a/*°. The addition of
fibre was found to increase the storage modulus indicating an extensively bonded
network. Ibarra and Chamorro®' pointed out that the loss modulus values increased

with the loading of short polyethylene fibres into NR, SBR, CR and NBR matrices.

The present chapter examines the dynamic mechanical properties of nylon 6 fibre
reinforced NBR composites at varying frequencies and temperatures. The properties
of the composites have been analysed with special reference to the effects of fibre

loading, curing systems and bonding agents.

8.2 RESULTS AND DISCUSSION

8.2.1 Effect of fibre loading

Figure 8.1 shows the variation of storage modulus (G') with temperature of nylon
6/NBR composites, as a function of fibre loading, at a frequency of 10 Hz. The gum
compound, without fibres, has the lowest stiffness and hence the lowest storage
modulus at a given temperature. When fibres are incorporated in to the rubber
matrix, they can participate in effective stress transfer and as a result the stiffness of
the composites increases leading to higher storage modulus. This can be attributed
to the combination of the hydrodynamic effects of the fibres embedded in a visco-
elastic medium and to the mechanical restraint introduced by the filler at their
higher concentrations, which reduce the mobility and the deformability of the
matrix 2. It has been observed that the storage modulus increases with increasing

fibre loading at all temperatures. As the fibre loading is increased the stress is more
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Figure 8.1 Effect of fibre loading on storage modulus as a function of
temperature at a frequency of 10 Hz

evenly distributed and the storage modulus of the composite increases. The
increment in G' is prominent in the glassy state, below T, while it is not so
significant in the rubbery plateau region. This is demonstrated in Figure 8.2, which
shows the variation of storage modulus with fibre loading in the glassy and rubbery
regions. It can be seen that in the glassy region the modulus values gradually
increase while in the rubbery region the change is relatively very less. In the glassy
region, the components are in a frozen state i.e.; highly immobile. In such a state,
there exists a close and tight packing in the composite structure resulting in higher
modulus. It is important to mention that the modulus in the glassy state is
determined primarily by the strength of the intermolecular forces and the way the

polymer chains are packed. As temperature increases the components become more
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mobile and lose their close packing arrangement. As a result, in the rubbery region,

there is no significant change in the modulus.
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Figure 8.2  Variation of storage modulus with fibre loading in glassy
and rubbery regions

The effectiveness of fillers on the moduli of composites can be represented by a

coeffiecient C which is given as »

_ G, /G;comp
G /G, resin

Where G and G'; are the storage modulus values in the glassy and rubbery region
respectively. The lower the value of the constant C, the better is the effectiveness of
the filler. The values obtained for different systems at a frequency of 10 Hz are
given in Table 8.2. It can be seen that the value of C decreases with fibre loading

upto 24 phr which shows the increased reinforcing effect of fibres with increment
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Table 8.1 Values of the coefficient C

Fibre Value of C
loading
(phr)
0 1.0
12 0.97
18 0.22
24 0.12

in loading. From Figure 8.1 it can be seen that the storage modulus of all systems
decreases with increase in temperature. At higher temperatures, the close packing of
fibres would be disturbed due to the relaxation of macromolecular chains and the
weakening of the physical bonds between the fibres and polymer phases, resulting
in the deterioration of the composite structures and thus lowering the storage

modulus®*.

Figure 8.3 shows the variation of loss modulus (G") with temperature as a function
of fibre loading at a frequency of 10 Hz. Loss modulus is a measure of the energy
dissipated or lost as heat per cycle of sinusoidal deformation. It is in fact the viscose
response of the material. Loss factors are more sensitive to molecular motions. It
can be seen from Figure 8.3 that the loss modulus values generally increase with
increase in fibre concentration at temperatures well below the glass transition. In the
region of transition the loss modulus peak values are lesser for fibre filled samples
than for the gum. Figure 8.4 shows a schematic representation of the fibre, matrix
and the immobilized polymer layer. A specific interaction between the filler and the

polymer layer would create a layer of immobilized polymer between the filler and
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matrix. The matrix surrounding the fibres can be taken as an inter-layer which is in
a different state compared to the rest of the matrix where the molecular motions are
relatively hindered®. A shell of immobilized polymer surrounds the fibres?® and,

the higher the volume fraction of the matrix, the more the restraint at the interface.
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Figure 8.3 Effect of fibre loading on loss modulus as a function
of temperature at a frequency of 10 Hz
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Figure 8.4 Schematic representation of the fibre, matrix and
immobilized polymer layer.

The effect of fibre loading on the damping characteristics (tan 8) as a function of

temperature at a frequency of 10 Hz is illustrated in Figure 8.5. The tan & is a
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damping term that can be related to the impact resistance of the material. Since the

damping peak occurs in the region of glass transition where the material changes
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Figure 8.5 Effect of fibre loading on damping characteristics (tan d) as a
function of temperature at a frequency of 10 Hz

from a rigid to a more elastic state it is associated with the movement of small
groups and chains of molecules within the polymer structure, all of which are
initially frozen in. In a composite system, damping is affected through the
incorporation of fibres. This is mainly due to shear stress concentrations at the fibre
ends in association with the additional visco-elastic energy dissipation in the matrix
material. It can be seen from Figure 8.5 that tan & value is highest for the gum
sample and it decreases with increase in fibre loading. The lowering of tan & values
is due to the improvement in the interfacial bonding in composites with increment
in fibre loading. When the fibre concentration is lower, the packing of fibres will
not be efficient in the composites. This leads to matrix rich regions and thus to an

easier failure of the bonding at the interfacial region. At higher fibre loading, when
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there is relatively high close packing of fibres, crack propagation will be prevented

by the neighboring fibres.

Incorporation of fibres reduces the tan 8 peak height by restricting the movement of
polymer molecules. The temperature at which maximum damping occurs (tan Smax)
represents the glass transition temperature (T,) of the system. As the fibre loading
increases, the tan dma decreases and the T, values show a positive shift (Table 8.2).
The shifting of T, to higher temperatures can be associated with the decreased
mobility of the chains by the addition of fibres. Elevation in Ty is taken as a
measure of interfacial interaction. Composites with poor interface bonding tend to
dissipate more energy than those with good interfacial bonding®’. At higher fibre

content, an applied strain has to be controlled mainly by the fibres themselves. As a

Table 8.2 Effect of fibre loading on the damping characteristics of
composites at a frequency of 10 Hz

Fibre tans T Peak Peak Energy of activation
loading (n?:x y | é) height width for glass transition
(phr) (cm) (cm) (Ea), (kJ/mol)
0 0.67 9.0 5.22 4.1 174.06
12 0.50 -0.5 3.40 5.1 212.75
18 0.41 1.4 3.04 5.8 223.38
24 0.40 1.9 3.03 9.6 239.34

result the interface strains only to a lesser degree, since it is assumed to be the more
dissipative component of a composite?® ?°. The higher restrictions on the amorphous
phase result in a higher or broader glass transition behaviour. The broadening of the
tan § peaks is indicative of the increased volume at the interface. Table 8.2 shows
the relative peak height and peak width at half height from the damping curves of

the samples. It can be seen that peak height decreases and peak width increases with
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fibre loading. Increase in concentration of fibre increases the interfacial

interaction®®,

8.2.2 Effect of curing systems

Figure 8.6 shows the variation of storage modulus of composite samples cured by
DCP and sulphur, as a function of temperature. It can be seen that, at optimum fibre
loading, the storage modulus of DCP cured sample is higher than that of sulphur
cured one in the glassy region whereas the difference is not so significant in the
rubbery plateau. The difference in this behaviour can be attributed to the difference
in crosss-links introduced by sulphur and DCP. These results are in well agreement
with the observations from the static mechanical tests of the present composite

system discussed in Chapter 3.
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Figure 8.6  Variation of storage modulus of DCP and sulphur cured
samples with temperature at a frequency of 10 Hz
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Figure 8.7 shows the variation of tan & with temperature of DCP and sulphur cured
samples. It can be seen that DCP cured sample shows the lower tan §p,ax compared

to corresponding sulphur cured one.
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Figure 8.7  Variation of tan 8 of DCP and sulphur cured samples with
temperature at a frequency of 10 Hz

8.2.3 Effect of bonding agents

Figure 8.8 shows the effect of two bonding agents viz; hexa-resorcinol and phthalic
anhydride on the storage modulus (G'), as a function of temperature, at a frequency
of 10 Hz. It is evident that the G’ values of composites containing bonding agents
are higher than that of the unbonded one at 24 phr fibre loading. This is due to the
better interfacial adhesion in bonding agent added composites. The variation of
tan & with temperature for the unbonded and bonding agent added composites at a
frequency of 10 Hz is given in Figure 8.9. It is obvious that the presence of bonding
agent reduces the tan  values. The tan 8y, of the bonding agent added composite

is lower than that of the unboned one. Also the T, values are shifted to higher
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temperatures due to greater interfacial interaction. The broadening of tan 6 peak is
also indicative of the improved interfacial adhesion in bonding agent added

composites.
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Figure 8.8  Variation of storage modulus with temperature of unbonded
and bonded composites at a frequency of 10 Hz
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Figure 8.9  Variation of tan 3 with temperature of unbonded and
bonded composites at a frequency of 10 Hz
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8.2.4 Effect of frequency

8.2.4.1 Influence on visco-elastic properties

Figure 8.10 shows the variation of storage modulus (G") of composite sample
containing 24 phr fibres (Mix M) as a function of temperature. It can be seen that
the storage modulus increases with increase in frequency from 0.1 to 50 Hz,
whereas it decreases with increasing temperature. The visco-elastic properties of a
material are dependent on temperature, time and frequency. If a material is
subjected to a constant stress, its elastic modulus will decrease over a period of
time. This is due to the fact that the material undergoes molecular rearrangement in
an attempt to minimise the localised stresses. Therefore, the modulus measurement
performed over a short time (high frequency) results in higher values whereas
measurements taken over a long time (low frequency) result in lower values®.
Moreover, the time-temperature equivalence of visco-elastic materials proves that

the dynamic mechanical behaviour tested at lower frequency is equivalent to that of
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Figure 8.10 Effect of frequency on storage modulus (G’) of composite
containing 24 phr fibres (Mix M) as a function of temperature
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higher temperature’’. The lesser mobility of polymeric chain at higher frequencies
results in better binding between the fibres and matrix, which thereby increages the

stiffness of the composite.

Figure 8.11 shows the effect of frequency on loss tangent (tan 8) of composite
sample containing 24 phr fibres (Mix M) as a function of temperature. At lower
temperature regions, the tan & values are found to be decreased with an increase in
frequency. However, the reverse occurs in the higher temperature regions. Below
Tg, the deformation by the fillers are non-virtual, the components are in a frozen
state i.e.; highly immobile and hence the damping is mainly dependent on the
segmental mobility of the matrix. In such a case, an increment in frequency can
induce the segmental mobility or molecular motions of the matrix resulting in lower
damping properties. However, in higher temperature regions (above T,) as the

frequency increases, the molecules will not get time to undergo rearrangement and
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Figure 8.11 Effect of frequency on tan § of composite containing
24 phr fibres (Mix M) as a function of temperature
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as a result the material behaviour will be more like a liquid with enhanced damping
properties. Due to the same reason it has been observed that the temperature

corresponding to tan dmay or T, is shifted to the high temperature region at higher

frequencies.

8.2.4.2 Master curve

Dynamic modulus is a function of temperature as well as of frequency or time. The
visco-elastic property measured at one given temperature can be superimposed upon
the data collected at different temperatures by shifting the curves according to the
time-temperature superposition principle’” **. Figure 8.12 shows the plot of the
storage modulus (G') of the composite sample with 24 phr fibre loading (Mix M) as
a function of logarithm of frequency at different temperatures ranging from 40 to
80 °C. The curves obtained by plotting the experimental moduli at different

temperatures against log v have been superposed by horizontal shifts along a
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Figure 8.12  Plot of the storage modulus (G') of composite sample with
24 phr fibre loading (Mix M) as a function of logarithm of
frequency at different temperatures
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logarithmic frequency scale to give a single curve (master curve) covering a very
large range of time or frequency. The amount of horizontal shift or distance
between the curves of log G’ versus log v is given by the shift factor, ‘asg’. The shift
factor characterises the rate of relaxation mechanism at some temperature T in
comparison with a reference temperature Tg. In the present case 80 °C is taken as
the reference temperature for constructing log asp vs temperature graph which
is shown in Figure 8.13. The method of relating the horizontal shifts along the
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Figure 8.13 Variation of shift factor (log asr) with temperature

Logarithamic time scale to temperature changes as developed by Williams, Landel
and Ferry is known as W-L-F method®***. The master curve can be used where the
variations of the storage modulus at different frequencies and temperatures are not

experimentally accessible.

8.2.5 Energy of activation for glass transition

The apparent activation energy (E,), for the glass transition of different composite

systems, was calculated using the modified form of Arrhenius relationship® **:
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logv=logvo—(E;/2303RTmax) ... (8.2)
where v is the measuring frequency, vy is the frequency when temperature T
approaches infinity, R the gas constant, Tpax, the temperature corresponding to the
maximum of tan & curve and E,, the energy of activation for glass transition,
obtained from the slope of the typical Arrhenius plot of log v against 1/T. Table 8.2
gives the values of energy of activation (E,) for the glass transition, for nylon 6
fibre reinforced NBR composites as a function of fibre loading. As fibre loading
increases, the process of transition becomes more difficult to occur and takes place
at higher temperatures by consuming larger quantity of energy which is indicated by
a shift in T, to higher temperatures. At lower levels of loading, the fibre/matrix
interaction will be less and hence the activation energy is also low. The systems
with higher activation energy have lower chain mobility and a better interfacial
adhesion. Thus the calculations of activation energy can be used as a criterion for

measuring the interfacial adhesion between the fibres and the matrix.

8.2.6 Cole-Cole plots

Structural changes taking place in crosslinked polymers after fibre addition to the
matrix can be studied using Cole-Cole method. The dissipation or loss factor
measured during dielectric measurements is directly analogous to the tan 6 function
relevant to the dynamic mechanical testing. The visco-elastic nature of NBR matrix
creates similarities in its response to both mechanical and electrical stimuli. Cole-
Cole is a particular treatment of dielectric relaxation data, obtained by plotting the
dielectric loss (E'") against dielectric constant E’, each point corresponding to one

frequency.
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The dynamic mechanical properties examined as a function of temperature and
frequencies are represented on the Cole-Cole complex plane. Figure 8.14 shows the
Cole-Cole plots of various composite systems, where the loss modulus data
(log G") are plotted as a function of the storage modulus (log G') at a frequency of

10 Hz.
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Figure 8.14 Cole-Cole plots of composites with different fibre loadings
at a frequency of 10 Hz

The nature of Cole-Cole plot is reported to be indicative of the nature of the system.
The homogeneous polymeric systems are reported to show a semicircle diagram®
whilst the two-phase systems show modified semicircles’® *®* .On analysing the
Cole-Cole plots of the present composite systems it is seen that the curves show the
shape of imperfect semicircles. The shape of the curves thus points towards the

good fibre-rubber adhesion.
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8.2.7 Crosslink density

The crosslink density of macromolecular networks can be evaluated from storage
modulus measurements. It represents the number of active network chains per unit
volume and is some times called the network density. Crosslink density can be
calculated from the theory of rubber elasticity. The modulus G’ of a crosslinked

rubber is given by the equation®’,

G =T /2 )Ro? +1/0) .. 83)
where n represents the crosslink density, T is the absolute temperature and ¢

represents the fractional change in shape in three directions, i.e.; @ = (L / Lo)i,

where i =X, y or z . The quantity (r?/ E) known as the front factor. It is the ratio of

the mean square end-to-end distance between the crosslink sites binding the
polymer chain in the sample to the same quantity in a randomly coiled chain (mean
square end-to-end distance of the equivalent free chain). In fact, the simpler
derivations of the equation of state for rubber elasticity do not treat this quantity,
implicitly assuming it to be unity’®. Equation 8.3 represents the engineering
modulus, which utilises the actual cross section (three dimensional fractional
changes in shape, ¢). However, in relaxed state the value of ¢ = 1 and by

assuming (’r,'2 / r—oz—)z 1, the modulus becomes®”:

'=3pRT . (8.4)
The crosslink density of the composites can thus be calculated from the above
equation. For the present systems, G' is measured in the rubbery plateau region
above Ty The variation of crosslink density with fibre loading at ambient

temperature is shown in Figure 8.15. It can be seen that as fibre loading increases
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the crosslink density values increase, supporting the observed increment in storage
moduli. It is apparent from the figure that the composite containing bonding agent

shows the highest crosslink density.

g

0.03

0.02

Cross-link density (kg mol/m®)
= A
(=]

0.00

Figure 8.15 Crosslink densities of different samples

8.2.8 Theoretical modeling

8.2.8.1 Storage modulus

The simplest equation for calculating the reinforcement in polymer matrix,
theoretically, is given by Einstein®’,

G U N E R By s Wiy ¢ L . (8.5)
where G’ is the storage modulus, the subscripts ‘c” and ‘m’ represent the composite
and matrix respectively and Vyis the volume fraction of fibre. The Einstein’s

equation has been modified by Guth* as,

G.=Gu[l +25Ve+141VeY 0 (8.6)
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The experimental and theoretical storage moduli (G’) as a function of fibre loading
at a temperature of -50 °C and at a frequency of 10 Hz are given in Figure 8.16.
The experimental values of the storage modulus of the composite system show a
reasonably good agreement with Einstein’s and Guth’s models. The experimental
G' values show a good agreement with Guth’s model especially at 24 phr fibre

loading

17000 |-

16000 |- —=— Experimental
- —e— Einstein model
—&— Guth model

15000

14000

13000

12000

11000

Storage moduius (MPa)

10000

9000 |-

Fibre loading (phr)

Figure 8.16 Comparison of experimental and theoretical storage modulus (G')
of composites as a function of fibre loading

(Mix M). This clearly indicates that at 24 phr fibre loading, the fibre population is
just right for maximum orientation so that the fibres can actively participate in

stress transfer and the composites show optimum properties.

8.2.8.2 Damping behaviour

Composite damping features result from the inherent damping of the constituents.
This can be represented as":

tan 8. = V¢tan 8¢ + [I-Vf] tand, . 8.7
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where tan 3, tan 8, and tan 8, represent the damping values of the composite, the

fibre and the matrix respectively. According to Nielsen®

, the damping of a
composite (tan J;), is given by the proportional contribution of the matrix based on
its relative content. The rigid fillers and fibres usually decrease the damping to an
extent and hence the first two terms can be neglected and the Equation (8.7) thus
becomes,

tan§.=tan d, [1-V¢}y L. (8.8)
Figure 8.17 represents the experimental and theoretical plots of tan & against fibre
loading at a frequency of 10 Hz and at their respective glass transition temperatures.
It can be seen that the experimental and theoretical values show the same trend. In

both the experimental and the theoretical plots, the tan 8 values of composites at

varying fibre loading are found to be lower than that of the gum (0 phr).
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Figure 8.17 Comparison of experimental and theoretical tan Smax of
composites as a function of fibre loading
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8.3 CONCLUSIONS

The dynamic mechanical properties such as storage modulus (G’), loss modulus
(G"), and damping behaviour (tan 8) of nylon 6 fibre reinforced NBR composites
have been studied as a function of fibre loading, crosslinking systems and the
bonding agents, at varying temperatures (-100 to 100 °C) and frequencies (0.1, 1, 10
and 50 Hz). The storage modulus was found to be increased with increment in fibre
loading whereas it decreased with temperature. The loss modulus and damping
characteristics were observed to be decreased with fibre loading. The change in
dynamic mechanical properties was more prominent in the glassy state, below Tj.
The glass transition temperature was found to be shifted to higher temperature upon
increment in fibre loading. The DCP cured composites showed higher storage
modulus and lesser damping than the corresponding sulphur cured one. It has been
found that the addition of hexa-resorcinol and phthalic anhydride as bonding agents
enhanced the dynamic mechanical properties of the present composite system. It

caused an increase in storage modulus and decrease in damping.

The study of the effect of frequency on the stiffness of the composites showed that
as frequency increased the storage modulus increased. The damping behaviour
decreased initially with an increase in frequency. However, after passing through
the transition region an increment was observed. T, was shifted to higher
temperatures with increase in frequency. The time-temperature superposition
principle and master curve were also used to predict the visco-elastic behaviour of
the material outside the used frequency range. The energy of activation for glass
transition of the composites was found to be increased with increase in fibre loading

indicating improved interfacial adhesion. The Cole-Cole plots of the present
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composite systems showed the shape of imperfect semicircles pointing towards the

relatively good fibre-rubber adhesion. The crosslink density, calculated from

storage modulus, was found to be highest for bonding agent added composite

supporting the existence of strong interfacial adhesion in such system. The

experimental values of the storage modulus of the composite system showed a

reasonably good agreement with Einstein’s and Guth’s models.
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Chapter 10

Conclusions and Future Outlook

Abstract

The major findings of the investigation based on short nylon 6 fibre reinforced NBR
composites have been summarised in this chapter. The results of the examinations of the
cure characteristics, mechanical properties, interfacial adhesion, dielectric properties,
thermal features, dynamic mechanical behaviour and ageing characteristics of the
composites have been consolidated. The scope of future studies based on the results of

the present work has also been discussed.
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10.1 CONCLUSIONS

Short fibre reinforced rubber composites have by now received wide acceptance as
useful engineering materials, offering advantages such as low weight, high stiffness
to weight ratio, excellent durability, design flexibility, corrosion resistance, high
fatigue strength and faster assembly. The properties and performance of short fibre
composites depend mainly on; (a) type of fibre and matrix, (b) fibre content, (c)
aspect ratio of the fibre, (d) degree of dispersion of the fibre and (e) adhesion of the

fibres to the matrix.

Acrylonitrile butadiene rubber (NBR) is a special purpose synthetic rubber used in a
wide variety of application areas requiring oil, fuel, and chemical resistance. Nylon
6 is a synthetic fibre having high tensile strength and modulus. In the present work,
a systematic attempt has been made to develop and characterise a composite

material in which the NBR matrix is reinforced with nylon 6 fibre.

The nylon 6 fibre/NBR composites were prepared on a two roll open mixing mill by
using dicumyl peroxide and accelerated sulphur vulcanisation systems. The fibre
breakage analysis showed that the fibres used for reinforcement were not
undergoing considerable breakage during processing. This clearly indicated the
viability of developing composite systems based on these fibres. The analysis of
cure charactestics showed that the addition of fibres increased the rheometric
torque, due to the higher stiffness of the matrix provided by the fibres. It was seen
that the maximum torque was higher in composite systems cured by DCP than those

by sulphur which indicated the higher stiffness of the former.

The mechanical properties of the composites were analysed as a function of fibre

length, loading, orientation and rubber crosslinking systems. Addition of nylon
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fibres to NBR offered good reinforcement and improved the mechanical properties.
A fibre length of 6 mm has been found to be optimum for the best balance of
properties. Tensile properties have been observed to be increased with fibre loading
up to 24 phr. The composite systems showed anisotropic properties and those
containing longitudinally oriented fibres exhibited better mechanical properties.
Composites vulcanised by DCP system showed higher mechanical properties than
those by sulphur system. The experimental results were compared with the

theoretical values by using parallel and Hirsch models.

Two different bonding agents, viz. hexamethylene tetramine- resorcinol and
phthalic anhydride, were used to modify the interfacial interaction in nylon 6 fibre
reinforced NBR composites. The cure characteristics and mechanical properties of
the bonded composites have been analysed. It has been found that the addition of
bonding agents increased the maximum torque and reduced the optimum cure time
and scorch time. The addition of bonding agents enhanced the tensile strength and
modulus. SEM studies supported the observation of better interfacial adhesion

between the fibres and matrix, in presence of the bonding agents.

The extent of interfacial adhesion between short nylon fibres and the NBR matrix in
the present composite system has been evaluated by restricted equilibrium swelling
technique (RES). The gum compound which did not contain any fibres took
maximum amount of solvent at equilibrium, due to the lesser restriction for the
penetrants to enter into the vulcanisates. The increment in the concentration of
fibres and the addition of bonding agents offered a higher restriction to swelling.

The swelling in the composites was significantly controlled by the direction of fibre
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orientation. Swelling mainly took place in a direction perpendicular to the direction
of fibre orientation. As a result, in highly bonded composite systems, swelling was
highly constrained in one direction i.e., the thickness direction. The rubber-fibre
interactions were evaluated by using Lorenz-Parks and Kraus equations. The
anisotropic swelling measurements revealed that the system consisting of bonding

agent and 24 phr fibres exhibited good fibre-rubber interaction and better fibre

alignment.

The dielectric properties such as dielectric constant, volume resistivity and
dielectric loss factor of nylon 6 fibre reinforced NBR composites have been studied
as a function of fibre loading and frequency. The effects of different crosslinking
systems and bonding agents also have been studied. The dielectric constant values
have been found to be lower for fibre filled systems than the gum. Composite
samples cured by DCP exhibited higher dielectric constant value than those cured
by sulphur which has been explained in terms of the presence of polar -OH groups
in the former. It has been found that the addition of the bonding agents reduced the
dielectric constant of the composites. In the presence of hexa-resorcinol bonding
agent, the sulphur cured sample showed higher dielectric constant values than the
DCP cured sample; attributed to the difference in total polarizability in the two
systems. The volume resistivities of the composites were found to be increased with
the addition of fibres and with the incorporation of bonding agents. It has been
found that the conductivity of composites decreased with increase in fibre loading.
The dielectric dissipation factor of the matrix was decreased by the addition of

fibres and the incorporation of bonding agents.
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The use temperature and the heterogeneity of nylon 6 fibre/NBR composites have
been evaluated by thermal analysis. The thermal behaviour of nylon fibre, and the
composites has been studied by TG and DSC with special reference to the effects of
fibre loading, curing systems and the bonding agents. The degradation temperatures
of fibre filled composite systems were observed to be higher than those of gum. It
has been found that as the fibre loading increased, the decomposition temperature
was shifted to higher temperature range. The percentage weight losses at different
temperatures also were decreased with fibre loading. The decomposition
temperatures of DCP cured samples were higher than that of the sulphur cured ones.
The bonding agent added fibrous composite system showed lower thermal
degradation features compared to the unbonded one. The activation energy for
thermal degradation of composites increased with fibre loading. The T, values of
fibre filled systems, as measured by DSC, were found to be higher than that of pure
gum due to the higher rigidity and stiffness of the matrix provided by the fibres. The
bonding agent added fibrous composite systems showed higher T, values compared

to the others due to the enhanced fibre-matrix interaction.

The visco-elastic properties such as storage modulus (G'), loss modulus (G"), and
damping behaviour (tan 8) of nylon 6 fibre reinforced NBR composites have been
studied as a function of fibre loading, crosslinking systems, and the bonding agents
at varying temperatures (-100 to 100 °C) and frequencies (0.1, 1, 10 and 50 Hz).
The storage modulus was found to be increased with increment in fibre loading
whereas it decreased with temperature. This has been attributed to the increase in
stiffness of the composites. The loss modulus and damping characteristics were

decreased with fibre loading. The change in dynamic mechanical properties was
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more prominent in the glassy state, below T,. The glass transition temperature was
found to be shifted to higher temperature upon increment in fibre loading. The
DCP cured composites showed higher storage modulus and less damping than the
corresponding sulphur cured one. The addition of hexa-resorcinol bonding agent
enhanced the visco-elastic properties of the present composite system. The storage
modulus has been found to be increased with frequency. The loss modulus and
damping behaviour decreased initially with increase in frequency and after passing
through the transition region an increment was observed. The increment in

frequency shifted the T, to higher temperatures.

The time-temperature superposition principle and master curve were also used to
predict the visco-elastic behaviour of the material outside the used frequency range.
The Cole-Cole plots of the present composite systems showed the shape of
imperfect semicircles pointing towards a relatively good fibre-rubber adhesion. The
crosslink density, as calculated from storage modulus, was found to be highest for
bonding agent added composite supporting the existence of strong interfacial
adhesion in such system. The experimental results of storage modulus and tan &

values were evaluated theoretically by using Einstein, Guth and Nielsen models.

The ageing characteristics of nylon 6 fibre reinforced NBR composites were
analysed by exposing them to degrading agents such as heat, gamma (y) radiation
and ozone. Thermal and gamma ageing resistance have been studied by measuring
the percentage retention of tensile modulus. The composites consisting of higher
concentration of fibres showed better percentage retention of modulus after

exposure to thermal and gamma radiation. In the case of DCP cured sample, the
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percentage retention of tensile strength decreased as the ageing period increased
from 7 to 14 days. However, a reverse trend was observed in the case of sulphur
cured samples. An increment in the dosage of y-radiation from 5 to 10 Mrad
increased the percentage retention of modulus of sulphur cured composites;
however a higher dose of 15 Mrad lowered it due to polymer chain degradation. In
the case of DCP cured samples a continuous a decrease in the percentage retention
of modulus was observed with increase in radiation dose from 5 to 15 Mrad. The
ozone resistance of NBR increased with fibre loading. The bonding agent added
fibrous composite systems exhibited better themal, y-radiation and ozone resistance

than the unbonded one.

10.2 FUTURE SCOPE

The present study on nylon 6 reinforced NBR composites offers many interesting

extensions to it.

(i) Non-destructive testing of composites

For getting a better understanding of the interface, fracture mechanism, failure
characteristics and crystallinity, non-destructive tests such as acoustic emission
analysis, X-ray diffraction and atomic force microscopy (AFM) could be employed

for the present system.

(ii) Modification with particulate fillers

The properties of short nylon 6 fibre reinforced NBR composites can further be
improved by the incorporation of particulate fillers. Fillers such as carbon black,
silica and other white fillers could be tried along with the fibres for giving more

effective reinforcement for the development of suitable products. The electrical
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properties of the composite system could be modified by the incorporation of

different types of carbon black fillers.

(iii) Modification of interface

In the present study interface modification has been done by using two different
bonding agents, viz. hexamethylene tetramine—resorcinol and phthalic anhydride.

The use of other suitable bonding agents could be tried.

(iv) Commercial exploitation

The use of nylon 6 fibre reinforced NBR composites for the manufacture of various
rubber goods is worth attempting. The production of cost effective V-belts, hoses,
gaskets, oil seals and automotive products could be worked out with these

composites. This has to be done in collaboration with the industry.
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Chapter 9

Ageing Characteristics of
Nylon 6/NBR Composites

Abstract

The ageing characteristics of nylon 6 fibre reinforced NBR composites have been
analysed by exposing them to degrading agents such as temperature, gamma ()
radiation and ozone. The effects of fibre loading, curing systems and bonding agents on
the percentage retention of tensile properties of the composite samples after being
exposed to these degrading agents have been studied. The addition of fibres improves
the ageing resistance of NBR. The percentage retention of modulus of DCP cured
composites decreases with increment in thermal ageing period from 7 to 14 days,
whereas a reverse trend is observed for sulphur cured samples. In the case of sulphur
cured samples, increase in the dosage of y-radiation from 5 to 10 Mrad increases the
percentage retention of modulus whereas a further higher dose of 15 Mrad lowers it.
However, a continuous decrease in percentage retention is observed in DCP cured
samples. The surface morphology of the composite systems exposed to ozone has been
analysed by using optical photographs. Composite system containing hexa-resorcinol as
the bonding agent shows better resistance to heat, y-radiation and ozone than the

unbonded one.
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9.1 INTRODUCTION

Most of the polymer products gradually lose their properties during long period of
service due to the macromolecular chain degradation. This is mainly caused by the
action of degrading agents such as heat, oxygen, ozone and high energy radiation on
them. The effects of these degrading agents depend mainly on the chemical
structure of the polymer chain. The thermo-oxidative degradation of particulate and
fibre reinforced polymer composites has been extensively studied. Paiva Ju’nior
et al.' studied the accelerated ageing of hybrid ramie-cotton resin matrix composites
in boiling water. Sun et al.? analysed the thermal oxidative oven ageing of carbon
black filled ethylene propylene rubber (EPR) at 125 °C. The analysis of weight and
denstity indicated that the substantial resistivity decreased mainly due to the mass
loss of the polymer matrix and the sample shrinkage during the thermo-oxidative
ageing process. Schwartza ef al.® performed an extensive work to analyse how and
why electrical properties of carbon black filled rubber compounds changed during
thermal aging. Morrell et al.* conducted studies to investigate the life of O-rings -
based on NBR. The results indicated the good ageing resistance of the O-rings.
Celina ef al.’ studied the thermal degradation of a commercial, stabilised, filled and

unfilled chloroprene rubber at temperatures up to 140 °C.

The effect of radiations on polymeric materials has been reported by several
research groups®®. The crosslinking of ethylene-vinyl acetate rubber by high energy
radiation has been reported by Sweet’. Koshy er al.'® studied the effects of blend
ratio and cure systems on the degradation of blends of NR and ethylene-vinyl
acetate rubber. The effect of gamma-radiation on both the electrical and thermal

properties of SBR loaded with different concentration ratios of copper and iron fine
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powders has been analysed by Gwaily er al''. The effects of short-carbon fibres on
the anisotropic swelling, mechanical and electrical properties of radiation
vulcanised SBR composites have been investigated by Aziz et al'>. The degradation
and protection of polymers in presence of ozone has been examined by Ungar'.
The resistance towards flame, heat, gamma radiation and ozone, of aluminium

powder filled NR composites, was studied by Vinod et al'*.

The present chapter deals with the ageing characteristics of nylon 6/NBR
composites under the influence of heat, gamma radiation and ozone. The effects of
temperature and y-radiation have been analysed by measuring the percentage
retention of the tensile modulus of the composites after exposing them to these
degrading agents. The ozone resistance of the composite system has been examined

from the initiation of cracks in the matrix.

9.2 RESULTS AND DISCUSSION

9.2.1 Thermal ageing

During thermal ageing, main chain scission, crosslink formation and crosslink
breakage can take place. It is also possible that the existing crosslinks may break
and a more stable type of crosslink can be formed. In composites, bonded resin
formation also takes place during ageing. The relative ratios and magnitudes of such
reactions will govern the percentage change in properties and the performance of

the composites.

9.2.1.1 Effect of fibre loading

Figure 9.1 shows the effect of fibre loading on the percentage retention of tensile

strength of nylon 6 fibre reinforced NBR composites, cured by DCP, after ageing
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for 7 and 14 days at 100 °C. The addition of fibres offer better thermal resistance to
NBR and the retention in tensile modulus increases continuously with fibre loading.
The first degradation step of the vulcanisates is controlled by the fibres, whereas the

fibre as well as the matrix contributes to the second degradation step. An increment
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Figure 9.1  Effect of fibre loading on percentage retention of tensile strength
of composites after thermal ageing

in fibre loading decreases the rate of degradation. Therefore, as the fibre loading
increases from 6 to 24 phr the percentage retention of tensile strength of composites
has been found to be increased. However, as the ageing period is increased from
7 to 14 days, the composites show a lower retention of tensile strength. This
indicates that the polymer degradation or chain scission starts due to the prolonged
increment in ageing time. The modulus at 10% elongation shows the same trend on
ageing as that of tensile strength. As it can be seen from Figure 9.2, the percentage
retention of modulus of composites increases with increase in fibre loading. The
composites show a lower retention of modulus as the ageing period is increased

from 7 to 14 days.

207



Chapter 9: Ageing Characteristics

N

a

o
T

200 |

150

—=&—7 days
—e— 14 days

100

(4]
o

Retention of modulus at 10 % elongation (%)

) . 1 :
12 18 24

Fibre loading (phr)

(=]
(=]
(o208 o

Figure 9.2  Effect of fibre loading on the percentage retention of modulus at
10% elongation of composites after thermal ageing.

9.2.1.2 Effect of curing systems

Figure 9.3 shows the effects of different curing systems on the percentage retention
of tensile strength of composites after being subjected to thermal ageing for 7 and
14 days. Comparison has been made with samples containing 24 phr fibres cured by
sulphur and DCP systems (Samples F and M). It has been found that, in the case of
DCP cured sample, the percentage retention of tensile strength decreases as the
ageing period increases from 7 to 14 days. This can be due to the polymer
degradation or chain scission upon prolonged ageing. However in sulphur cured
samples the percentage retention of tensile strength increases with increment in
ageing time from 7 to 14 days. This indicates that bonded resin formation
predominates over polymer chain degradation. The percentage retention of modulus
at 10% elongation of composites cured by sulphur and DCP systems after being
subjected to thermal ageing for 7 and 14 days is shown in Figure 9.4. The variation
shows the same trend as that of tensile strength. The difference in the behaviour

of composites cured by DCP and sulphur on thermal ageing can be attributed to
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the different crosslinks introduced between the macromolecular chains of NBR

during vulcanisation. 2
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Figure 9.3 Effect of curing systems on the percentage retention of tensile
strength of composites after thermal ageing
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Figure 9.4  Effect of curing systems on the percentage retention of modulus
at 10% elongation of composites after thermal ageing
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9.2.1.3 Effect of bonding agents

Figure 9.5 shows the effect bonding agent on the percentage retention of modulus at
10% elongation of composites after being subjected to thermal ageing for 7 and 14
days. Comparison has been made with samples containing 24 phr fibre cured by
sulphur with and without hexa-resorcnol bonding agent (Samples F and G). The
percentage retention of tensile strength for hexa-resorcinol bonding agent added
composite is found to be higher than that of the unbonded one. As the ageing period
was increased from 7 to 14 days, the bonding agent added composites show better
percentage retention of tensile strength. This indicates the predominance of resin

formation over chain degradation in these composites.
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Figure 9.5  Effect of bonding agent on the percentage retention of modulus

at 10% elongation of composites after thermal ageing
Figure 9.6 compares the effect of bonding agents (hexa-resorcinol and phthalic
anhydride) on the percentage retention of modulus at 10% elongation of nylon 6
fibre reinforced NBR composites (Mixes Q and R cured by DCP). It can be seen
that the percentage retention of modulus for composite containing phthalic

anhydride as bonding agent is lower than that containing hexa-resorcinol bonding
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agent. The difference in this behaviour can be attributed to the different bonding
mechanisms offered by hexa-resorcinol and phthalic anhydride which influepce the
relative proportions of chain degradation and resin formation. However, as the
ageing period increases from 7 to 14 days percentage retention of tensile strength

decreases in both hexa-resorcinol and phthalic anhydride bonded composites.
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Figure 9.6  Effect of different bonding agents on the percentage retention of
modulus at 10 % elongation of composites after thermal ageing

9.2.2 Gamma (y) radiation ageing

9.2.2.1 Effect of fibre loading

Figure 9.7 shows the plots of percentage retention of tensile strength of composites
against fibre loading at three different radiation doses (5 Mrad, 10 Mrad and 15
Mrad). The percentage retention of tensile strength has been found to be increased
with fibre loading. As fibre loading increases, more reactive sites are created at the
interface leading to the formation of covalent bonds between the matrix and fibres.
It has been found that when the radiation dose is increased from 5 Mrad to 15 Mrad
the percentage retention of tensile strength decreases. This is due to the increased

degradation of polymer chain with increment in radiation dose. The percentage
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retention of modulus at 10% elongation also shows the same pattern of variation as

that of tensile strength (Figure 9.8).
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Figure 9.7  Effect of fibre loading on percentage retention of tensile strength
of composites after y-radiation ageing
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Figure 9.8  Effect of fibre loading on percentage retention of modulus at
10 % elongation of composites after y-radiation ageing
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9.2.2.2 Effect of curing systems

Figure 9.9 shows the effects of different curing systems on the percentage retention
of modulus at 10% elongation of composites after being subjected to y-radiation
ageing for different doses. Comparison has been made with samples containing
24 phr fibres cured by sulphur and DCP systems (Samples F and M). In the case of
DCP cured sample the percentage retention of tensile strength is decreased

continuously as the y-radiation dose increased from 5 Mrad to 15 Mrad.
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Figure 9.9  Effect of curing systems on percentage retention of modulus at
10 % elongation of composites after y-radiation ageing

This indicates the increased chain degradation upon increment in y-radiation dose.
In the case of sulphur cured sample the percentage retention increases as the
radiation dose is increased from 5 Mrad to 10 Mrad. This can be attributed to the
formation of covalent bonds between the matrix and fibres at the interface.

However, as the radiation dose is further increased from 10 Mrad to 15 Mrad the
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percentage retention of modulus decreases. This indicates that polymer chain
degradation is the main reaction taking place at higher radiation doses. it thus
follows that a radiation dose of 10 Mrad is ideal for establishing some kind of
permanent bonds between fibres and rubber in the case of sulphur cured

composites.

9.2.2.3 Effect of bonding agents

Figure 9.10 shows the effect bonding agent on the percentage retention of modulus
at 10% elongation of composites after being subjected to y-radiation ageing.
Comparison has been made with samples containing 24 phr fibres cured by sulphur
with and without hexa-resorcnol bonding agent (Samples F and G). The percentage

retention of modulus for hexa-resorcinol bonding agent added composites is higher
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Figure 9.10 Effect of bonding agent on the percentage retention of modulus
at 10 % elongation of composites after y-radiation ageing
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than that of the unbonded ones. As the radiation dose is increased from 5 Mrad to
10 Mrad the percentage retention of modulus increases and with further incrgase in
radiation dose to 15 Mrad the percentage retention decreases. This trend is observed

in both bonded and unbonded composites.

Figure 9.11 shows the effect of different bonding agents on the percentage retention
of modulus at 10% elongation of nylon 6 fibre reinforced NBR composites.
Comparison has been made with composites containing 24 phr fibres vulcanised
DCP system (Samples Q and R). It can be seen that the percentage retention of
modulus for composite containing phthalic anhydride as bonding agent is lower
than that containing hexa-resorcinol bonding agent. The carbonyl group ()C=0)
present in phthalic anhydride makes them more susceptible to high energy or
ionizing radiations. The presence of carbonyl group initiates the free radical
mechanism thereby causing damage to the fibres. Therefore the first step

degradation of fibres easily takes place in the phthalic anhydride bonded

composites.
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Figure 9.11 Effect of different bonding agents on the percentage retention of
modulus at 10 % elongation of composites after y-radiation ageing
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9.2.3 OZONE AGEING

Unsaturated elastomers, especially those containing activated double bonds«in the
main chain, are severely attacked by ozone, resulting in deep cracks in a direction
perpendicular to the applied stress. Protection against ozone attack can be achieved
by blending with any saturated elastomers or by mixing with antiozonants. In the
case of composites, the fibres are incorporated in the elastomers to prevent crack
initiation and propagation in two ways; firstly, by a fibre orientation perpendicular
to the direction of crack propagation and secondly by good bonding between the
fibres and rubber'”. Figure 9.12 shows the optical photographs of short nylon 6 fibre
reinforced NBR composites, at varying fibre loading, after exposure to ozone
(Samples H, I, L and M ) . The gum, which contains no fibres, is being attacked
easily by ozone as evident from the crack initiated on the surface. The intensity of
cracks decreases with increase in fibre loading. Due to the uniform distribution of

stresses among the fibres, they are highly resistant to crack propagation.

Figure 9.12 also shows the optical photograph of bonding agent added fibrous
composite system (sample Q) after exposure to ozone. The bonded composite
system prevents the ozone attack much better than the unbonded one, due to the
better interfacial adhesion between the fibres and rubber. If the bonding between the
fibres and rubber is sufficiently strong, the resulting composites can easily prevent

the crack propagation by ozone attack.

H I L M Q

Figure 9.12  Optical photographs of typical composite samples after
exposure to ozone
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9.3 CONCLUSIONS

The ageing characteristics of short nylon 6 fibre reinforced NBR composites were
analysed by exposing them to degrading agents such as temperature, gamma (y)
radiation and ozone. The addition of fibres enhanced the ageing resistance of NBR.
In the case of DCP cured sample, the percentage retention of tensile strength
decreased as the thermal ageing period increased from 7 to 14 days. However, a
reverse trend was observed in the case of sulphur cured samples. An increment in
the dosage of y-radiation from 5 to 10 Mrad increased the percentage retention of
modulus whereas a higher dose of 15 Mrad lowered it in Isulphur cured composite
samples. However, in case of DCP cured samples there was a continuous decrease
in percentage retention of modulus with increment in y-radiation dosage from 5
Mrad to 15 Mrad. The ozone resistance of the composites increased with fibre
loading. The bonding agent added fibrous composite systems showed better
thermal, y-radiation and ozone resistance than the unbonded ones. The ageing
resistance of hexa-resorcinol bonded composite was comparatively higher than that

of phthalic anhydride bonded one.
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