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Preface

Rubber has become an indispensable material in Ocean technology.

Rubber components play critical roles such as sealing, damping,
environmental protection, electrical insulation etc. in most under water
engineering applications. Technology driven innovations in electro acoustic
transducers and other sophisticated end uses have enabled quantum jump
in the quality and reliability of rubber components. Under water electro
acoustic transducers use rubbers as a critical material in their construction.
Work in this field has lead to highly reliable and high performance
materials which has enhanced service life of transducers to the extent of 10-
15 years. Present work concentrates on these materials. Conventional
rubbers are inadequate to meet many of the stringent functional of the
requirements. There exists large gap of information in the rubber
technology of under water rubbers, particularly in the context of under
water electro acoustic transducers. Present study is towards filling up the

gaps of information in this crucial area.

The research work has been in the area of compounding and
characterisation of rubbers for use in under water electro acoustic
transducers. The study also covers specific material system such as
encapsulation material, baffle material, seal material, etc. Life prediction
techniques of under water rubbers in general has been established with

reference to more than one functional property.
This thesis is divided into 6 chapters.

Chapter 1 presents a review of under water engineering rubbers with

particular reference to rubbers used in electro acoustic for electro acoustic

transducers. "

Chapter 2 deals with theoretical studies on rubber compounding,

compounding materials and their characterisation techniques.



Chapter 3 covers the experimental studies on diverse parameters affecting
water intake through diffusion and permeation mechanism. This also deals
with specific material system for encapsulation, baffles, seals etc.

Chapter 4 presents theoretical investigation on aging and life prediction
techniques as well as investigation on Viscoelastic parameters of under

water rubbers.

Chapter 5 gives a consolidation of experimental results and the
observations are discussed for better understanding of the underlying
phenomena emerging out of theoretical and experimental works covered in
Chapters 3 and 4.

Chapter 6 presents important conclusions arrived at as a result of the

research work.
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Chapter'l

INTRODUCTION

The use of rubber in engineering applications dates back to mid
nineteenth century. In 1850 rubber springs were used for dray wagons. A
more spectacular application is the use of 12 mm thick rubber blocks in
1889 to support a railway viaduct in Melbourne. Today the original Natural
Rubber (NR) parts are still functioning. Innovations driven by technological
requirements and environmental protection issues have led to several
strides in rubber technology. Some of the most striking examples of such
innovations relate to applications in offshore engineering and underwater
acoustic systems. Offshore oil platform design has transformed from rigid
towers of steel and concrete to compliant structures capable of deep-water
oil production. Elastomeric flex joints form an intrinsic part of the
structural design. The ride comfort and safety of modern passenger
vehicles, trucks etc. depend on advanced suspension systems, which often
use a large number of rubber components. Modern aircrafts, helicopters
and the space shuttles use engineered rubber components for key
functions, where the failure may be catastrophic. Ocean environment is
extremely aggressive in terms of marine corrosion, salt laden atmosphere,
waves, tides, ocean currents, temperature variations, pressure variations
etc. Particular merit of rubber is its ability to function in such aggressive
environments for long years. A unique feature of rubber is very low shear
modulus which.is more than a thousand times lower than its bulk modulus
and its ability to deform elastically several hundred percent. A wide range
of engineering applications has been developed on the basis of these

properties. Rubber components capable of very different stiffness in
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different directions have been designed. In structural engineering they find
applications such as bridge bearings, compliant foundation against seismic
disturbance, offshore mooring system assemblies where flexible
connections are provided by rubber flex joints etc. Rubber plays crucial
roles in underwater acoustic systems, such as acoustic windows, acoustic
baffles encapsulation materials, shock and vibration absorbers. Rubber
components are extensively used as seals, energy absorbers, environmental
protection materjals, electrical insulation etc in most underwater
engineering applications. The range of versatile applications has been
possible due to the large scope for tailor making of properties in rubber

compounds.

1.1 Rubbers in underwater Engineering

1.1.1 General considerations

Rubbers are used in a verity of components and devices starting from
rubber seals, to sonar dome baffles. Performance requirements are specific
to each component. For example, for a deepwater seal retention of sealing
efficiency demands compression stress relaxation to be minimum. On the
other hand for anti vibration applications damping behaviour is
paramount. For rubbers used in acoustic applications, wave propagation
characteristics assume greater significance. Rubbers employed for
encapsulating electro acoustic transducers must have both electrical and
acoustic properties as desired. However, in all underwater applications, the
interaction of rubber with the water medium, determines the reliability and

service life. Reliability is always the over riding priority.

1.1.2 Mechanical Properties

Mechanical properties of rubbers are unique. Stresses, for example
are dependent on time and temperature and non linear with strain.
Rubbers also have unique Poisson’s ratio, frictional properties, Gough-

Joule effect, and very high -energy storage. Hysteresis is high.
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Rubber and rubber products are tested for initial and continued

performance of the unique functions that are enabled by their viscoelastic

properties.

Gtatic or low deformation tests for the common stress -strain
properties of modulus, tensile strength and elongation are usually made
only for quality control since rubber products are seldom elongated in
service. Low rate tests for creep, stress relaxation, and set, reflect the
limitation of service because time dependent properties are peculiar for
rubbers because of the time dependent properties are peculiar to rubbers.
Examples are anti vibration mounts, seals and gaskets. The amount of static
deformations also affects such other properties permeability, electrical
properties, and low temperature behavior. Flexibility is important in
coatings, encapsulation materials, acoustic baffles transducer mountings

etc. Hardness is a function of modulus.

Elastomers are wusually deformed dynamically in service.
Deformation is thus resisted by elastic and damping forces. The principal
purpose of dynamic mechanical tests is to evaluate these forces and

attendant loss of energy.

Physical testing of rubber often involves application of a force to a
specimen and measurement of the resultant deformations. Two common
modes are tensile and shear. Concept of stress and strain is used to denote
the results. Stress is the force per unit cross sectional area i.e., F/ A Strain is
the deformation per unit original length (AL/Lo) in tensile tests or
deformation per unit distance between contacting surfaces (S/D) in shear
tests. Stress is expressed as Pascal (Pa). Strain is often expressed as a
percentage rather than a ratio. The term extension ratio is the length at a
given point in, the test sample divided by its original length Young's
modulus E is given by

_F/4

- 11
AL/L,
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Same equation applies when a bar is decreased in length by a
compressive force. The rigidity or shear modulus G is defined as the ratio
of shearing stress to shearing strain:

_F/4

- 1.2
S/D

A third type of modulus is the bulk modulus B. It is defined as the

ratio of hydrostatic pressure to volume strain.

Hydrostatic Pressure

- Vol.change/unit Volume

When a material is stretched its cross sectional dimensions decrease

Poisson’s ratio v is the constant relating these change in dimensions;

v Changein width per unit of width
changein length per unit of length

The stress-strain test in strain is the most widely used test in rubber
industry. Among the purpose of the tests are to determine effects of liquid
immersion on aging, to ensure that all compounding ingredients have been
added in proportions, to determine rate of cure and for optimum cure for
experimental compounds. Standard methods for tensile testing of
vulcanized rubbers are given in ASTM-D-412

1.1.3 Electrical Properties

Underwater electro acoustic transducer as the name implies are
electrical devices, often handling heavy power in kilowatt ranges. Rubber
components used in their construction such as encapsulation, cable chains,
connectors etc should have adequate electrical insulation characteristics.
Permanence of, insulating capacity under long water submergence
:onditions is an essential requirement. In rubbers electrical insulation
>ehaviour is largely a function of compounding ingredients and their

listribution within rubber itself. Design of the material must cater for high
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and stable electrical resistivity. Effect of different types of carbon black and
their quantity needs to be known for designing rubbers with optimum

electrical behavior

1.1.4 Viscoelastic Properties

8

Rubber molecules are characterised by long chains with a coiled
morphology in an unstrained condition. When stressed, these coils unfurl
and give rise to large strains before rupture. Within elastic limits the
molecular chains retract to at equilibrium once external load is removed. In
the case of an ideally elastic material the strain goes to zero. An ideal linear

elastic solid obeys Hooks law: which can be written in the form
F =kx (1.3)
Where F is force, x is deformation and k is the spring constant.

On the other hand, in a purely viscous material, the molecules
rearrange in the new geometry permanently. An ideal viscous liquid obeys

Newton'’s law: stress is proportional to rate of change of strain with time.
Newton’s law may be written in the form:
T =nc(dy/dt) (1.4)

nc is a viscous damping coefficient and dy/dt is the shear strain rate.
The laws above may be written alternatively as

o=Ge (1.5)
for an elastic solid and
0 = ne{de/dY) (1.6)

for a Newtonian fluid.

where o is shear stress, ¢ is strain, G is the modulus and neis the Newtonian
viscosity. Behaviour of rubber is a combination of such ideal elastic solid

and a purely viscous fluid.
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Same equation applies when a bar is decreased in length by a
compressive force. The rigidity or shear modulus G is defined as the ratio
of shearing stress to shearing strain:

_F/4

57D 1.2

A third type of modulus is the bulk modulus B. It is defined as the

ratio of hydrostatic pressure to volume strain.

Hydrostatic Pressure

- Vol.change/unit Volume

When a material is stretched its cross sectional dimensions decrease

Poisson’s ratio v is the constant relating these change in dimensions;

v Changein width per unit of width

changein length per unit of length

The stress-strain test in strain is the most widely used test in rubber
industry. Among the purpose of the tests are to determine effects of liquid
immersion on aging, to ensure that all compounding ingredients have been
added in proportions, to determine rate of cure and for nptimum cure for
experimental compounds. Standard methods for tensile testing of
vulcanized rubbers are given in ASTM-D-412

1.1.3 Electrical Properties

Underwater electro acoustic transducer as the name implies are
electrical devices, often handling heavy power in kilowatt ranges. Rubber
components used in their construction such as encapsulation, cable chains,
connectors etc should have adequate electrical insulation characteristics.
Permanence of, insulating capacity under long water submergence
conditions is an essential requirement. In rubbers electrical insulation
behaviour is largelv a function of compounding ingredients and their

distribution within rubber itself. Design of the material must cater for high
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and stable electrical resistivity. Effect of different types of carbon black and
their quantity needs to be known for designing rubbers with optimum
electrical behavior

1.1.4 Viscoelastic Properties

X

Rubber molecules are characterised by long chains with a coiled
morphology in an unstrained condition. When stressed, these coils unfurl
and give rise to large strains before rupture. Within elastic limits the
molecular chains retract to at equilibrium once external load is removed. In
the case of an ideally elastic material the strain goes to zero. An ideal linear

elastic solid obeys Hooks law: which can be written in the form
F = kx 1.3)
Where F is force, x is deformation and k is the spring constant.

On the other hand, in a purely viscous material, the molecules
rearrange in the new geometry permanently. An ideal viscous liquid obeys

Newton's law: stress is proportional to rate of change of strain with time.
Newton’s law may be written in the form:
T =nc(dy/dt) (1.4)

N is a viscous damping coefficient and dy/dt is the shear strain rate.
The laws above may be written alternatively as

o0=Ge (1.5)
for an elastic solid and
o = ne/de/dt) (1.6)

for a Newtonian fluid.

where o is shear stress, ¢ is strain, G is the modulus and 1} is the Newtonian
viscosity. Behaviour of rubber is a combination of such ideal elastic solid

and a purely viscous fluid.
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This behaviour can be represented as
o = Ge + ne(de/dt) 1.7)

This combination viscous and elastic behavior makes rubbers
viscoelastic materials. Viscous properties are desired in rubbers for shock
absorption and acoustic damping. Many practical problems like stress

relaxation creep, compression set etc are manifestations of viscous properties.

Underwater acoustic transducers are typical dynamic devices
operating over a wide frequency band and temperature range. Since
acoustic wave imposes periodic stress in material mechanical properties
becomes a function of exciting wave. The term dynamic mechanical
properties refer to the behaviour of materials when subjected to stresses
and strains that change with time. Traditionally viscoelastic behaviour has
been described by means of Maxwell and Voigt elements (Fig.1.1land
Fig.1.2)

|

Fig.1.1 Picture presentation of Fig.1.2.Picture presentation
Maxwell model Voigt model

Most materials exhibit behaviour that is more complex than either of

these two simple models.
The Voigt element in terms of stress and strain is written as (Eqn.1.7)

A sinusoid ally varying strain can be expressed as

G= g, sinwt (1.8)
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Introducing the complex notations,

G= g.exp(int) = g(cos ot + i sinwt) (1.9)
where i = (-1)*
Rate of change of strain with time is given by

de/dt = i® & exp(iot) = ioe (1.10)
Substituting in the equation, we get,

o=(G+ion)e (1.11)

The term in parenthesis represents modulus because it is a ratio of a

stress to strain. It is denoted by the complex dynamic modulus G."

Denoting G is the real part of the complex number. Likewise, wn is defined

as the imaginary dynamic modulus given by symbol Go.

Thus these terms are rewritten as follows :
0=(G1+i G2) e =G'e (1.12)

Egn. 1.12 defines real, imaginary and complex modulii. Absolute value of
complex modulus is given by the ratio of stress amplitude oo, to strain
amplitude &.

Thus, G* = 0y €0 = (G12 +G22)% = Gi[1+ (tan 5)?]% (1.13)
Where tan § is the ratio G2/ Gu.

A typical dynamic mechanical evaluation involves applying a
sinusoidal stress or strain to sample and measuring the resulting strain or
stress. Because of the energy dissipation in material the stress and strain
will not be in phase. The lag between the two is monitored and calibrated
to yield elastic and viscous components of the complex modulus. The

complex elastic modulus will have two components

As shown in Eqh.1.13, we have
G =G'+iG" (1.14)
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Real part of the complex modulus denotes the energy stored in the
material due to its elastic nature, whereas the imaginary part corresponds
to the energy lost due to viscous behaviour. Ratio of the two components is
the mechanical loss factor of the material

tan 6 =G"/G' (1.15)

d is the angle by which the strain lags behind the stress in such cases.
Polymers are characterized by wide variation of stiffness and damping
properties with frequency and temperature. Thus it is imperative that they
must be optimized for specific dynamic mechanical behaviour within the
operating band. Selecting a rubber for a particular application requires an

accurate knowledge of its dynamic mechanical properties.

Like other functional behaviour, acoustic behaviour also undergoes
drastic change around glass transition zone, in polymer. Glass transition in
amorphous polymer materials marks the onset of cooperative thermal
motions of individual chain segments, involving large scale conformational
rearrangements of the chain backbone. Below the glass transition large
scale motion becomes frozen. Major changes in physical properties,
including acoustic properties, take place at the glass transition. According
to the free volume theory [1] the total macroscopic volume of a polymer is
considered to be the sum of the actual volume of the polymer chains (the
occupied volume) and the holes or voids that constitute the free volume.
Glass transition occurs when there is enough free volume for large scale
molecular motions associated with the transition to take place. It is
assumed that the occupied volume increases linearly with temperature
throughout but free volume undergoes a discontinuous increase in
expansion coefficient at the glass transition when the number of holes
increases. A number of factors have been shown to influence glass
transition temperature(Tg), such as backbone flexibility, steric effects,
polarity, pendent groups, crystallinity, presence of plasticizers, cross link

density etc.
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Tablel.1Glass transition temperatures of some common rubbers
Rubber Formula Tg (°C)

Natural Rubber _CH,-C(CH3)=CH-CH2- 7
Polychloroprene -CH2-C(Cl)=CH-CH>- ‘ -50
Styrene butadiene Rubber |[-CH-CH=CH-CH-CH,=CH(CsH5)]| -65
Butyl Rubber -(CHas)2 C-CH,.CH>-CCH3=CH-CH»- -70
Nitrile rubber [-CH-CH=CH-CH2-CH>-CN] 220
Poly cis-1,4-Butadiene [-CH-CH=CH-CHa]- -108
Polydimethyl Siloxane (CH3)Si-O-Si(CHs)- O- 2123

The table illustrates the effect of some of the factors that influence the
glass transition. Poly dimethyl siloxane has the lowest Tg because of two
flexible backbone components. Comparing Poly butadiene with Natural
Rubber, it is seen that substitution of a methyl group for a hydrogen atom
raises Tg as a result of the steric hindrance caused by the larger size of the
methyl group. Steric effects are important because glass transition requires
certain free volume to be available. Comparing natural rubber with
Polychloroprene the methyl group is comparable in size to chlorine atom
but the Tg of neoprene is higher because of the greater polarity of the
chlorine atom. Polarity increases inter chain attraction, which decreases free
volume and hence raises Tg. In SBR copolymer large pendent phenyl group
in styrene is effective in raising Tg of copolymer to -65°C though Tg of poly
butadiene itself is -108°C. Other factors influencing the glass transition are,

cross link density, Co-polymerization and additives such as fillers and
plasticizers.

The linear viscoelastic properties of polymers are both time and
temperature dependent. For underwater transducer applications visoelastic
properties of interest is spread over several decades of frequency.
Experimental estimation of viscoelastic properties over bands of

frequencies can be achieved by use of time temperature super position
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technique. This technique is based on an empirical relationship between the
time and temperature dependent properties of viscoelastic materials. The
relaxation process of a polymer at a particular temperature will be
enhanced at elevated temperature i.e. the relaxation time will be shorter at
any higher temperature. In essence, the time- temperature superposition
principle assumes that by changing the temperature the complete
relaxation spectrum is affected to the same degree. Hence increasing
temperature shortens all relaxation times by the same factor. In the actual
experiment the temperature is held constant, the frequency and time is
varied. By repeating the experiment at different temperature a set of
isothermal dependencies of E’ or E” on frequency, @ can be obtained. Any
of the viscoelastic parameters can be shifted along the time/ frequency axis
such that they are superposed on one another to generate a master curve at

a particular temperature.

According to amount of shift of a frequency scan that is associated
with a particular temperature will be different from that of a frequency
scan associated with any other temperature [2-7]. Therefore for every
temperature, there is a characteristic shift-factor. The William-Landel-Ferry
(WLF) equation [2,8]

1.1.5 Underwater properties

Diffusivity of water in rubber, presents a picture much different from
that of other liquids. Absorbed water affect physical, mechanical and
electrical properties of rubbers. Rubber compounds contain varying
quantities of water-soluble ingredients that act as sinks which absorb water
as it diffuses through the rubber phase. The process is diffusion controlled.
Diffusion of water through rubber is an important consideration in
underwater application [9,10,11]. A number of theoretical treatments have
appeared in the literature on the problem of estimating diffusion coefficient
from absorption data [12-14]. Tester [15] derived an equation from the

consideration of an osmotic mechanism to represent absorption for
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vulcanised rubber immersed in water. The relationship was tested on a
vulcanised rubber and the results are in good agreement with theory in the
absence of air. Deviations found in the presence of air were explained to be
caused by aging resulting from oxygen dissolved in water. Accelerated
aging was shown to be responsible for the marked increase of the rate of
absorption. Aminabhavi et al [16] suggested simple ways by which
diffusivity could be determined from water absorption experiments. They
estimated activation energy of diffusion processes in CR, SBR and EPDM
rubber. Their study showed lower diffusion coefficient for all materials in
salt water as compared to distilled water though solubility coefficient(s)
and permeability (p) are higher. Amerongen [17] reviewed diffusion of
matter in rubbers. The survey covered the fundamental background,
including mathematical models required to understand experimental
approach to diffusion, and for interpretation of measurements. The subjects
discussed include diffusion, solubility and permeation of organic liquids,
water and solids such as sulphur and other compounding ingredient in and
through rubber. Paper also discusses temperature dependence of diffusion;
effects of modification of the rubber vulcanisation, crystallisation etc which

are of great relevance in the present study.

Theoretical aspects of diffusion have been well studied since Ficks
[18] laid foundation in 1855. Solution to the diffusion equation has been
obtained for simple geometric shapes (cubes, rod, sheet etc)[12-14].
Mathematical solution based on the semi- infinite medium has been found
to be adequate for many situations [19]. In this case it is assumed that the
liquid extends to infinity on one side of the interface and that rubber
extends on the other side. In a sheet of finite thickness diffusion behavior is
the same as this until the liquid reaches the centre of the sheet. When a
plane polymer sheet is exposed to fluid, the changes in concentration (C) of
the diffusing substance as a function of time (t) and position (x) is given by

Fick’s second law.



Chapter 1

oc 8¢ 8 ¢
(1.16)

—= +—+
dt o @yz dz
where ‘D’ is the diffusion coefficient. If the material has a uniform initial
diffusion concentration (Co) and the surface is kept at a constant
concentration (C), the solution [12-14] of Eqn.1.1 is
C-Co/CarCo=14/m 3 [(-1)n/ (2n+1)]
x exp [-D(2n+1)2 n2 t/h?] cos (2n+1)n x/h (1.17)
where ‘'n’ is an integer from 0 to «. The total amount of substance diffusing

into the polymeric material (Mt) as a function of time is given by the
integral of the Eqn. 1.17 across the thickness (h):

M,IM,=1-8/m2%" 1/2n+1)’ exp[-2n+1)’n’Dt]/h* (1.18)

where M is the equilibrium value of the diffusing substance at infinite time
and is estimated from the diffusion plots by extrapolation. The diffusion
process will show an initial linear increase and then asymptotic saturation

associated with plasticization effects.

For long times, Eqn.1.18 may be approximated by
M./ M-=1-8/n2exp[-(n2Dt]/ h 2] (1.19)
and the approximation for short time is:

Mt/M.=4/h[Dt/n]\/2 (1.20)

Eqn.(1.20) is a valid representation of the time dependence of the

water uptake.

[t follows from Eqn.1.20 that D = n[h/4Mo]2[ Mt/t *4]2
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When diffusion proceeds, the boundary between swollen and

unswollen matrix advances with a rate ‘P’. P is related to the diffusion
cient ‘D', by the relation [20]
P =(@D/n 121)

LY

Eqn.1.20 implies that swollen boundary movement is proportional to

coeffi

square root of time.

Diffusion of water in rubber is complex due to hydrophilic impurities
present in rubber [20,21]. Several workers [22-24] studied the osmotic effects
in water absorption. Fedors [22] described the absorption of liquids by
polymers which contain liquid soluble inclusions. It was shown that the
equilibrium uptake of water can be calculated if several properties of the
inclusion such as solubility as well as modulus of the polymer were known.
Muniandy and Thomas [21] tested the hypothesis that hydrophilic
impurities cause rubber vulcanisates to absorb high amount of water than
pure hydro carbon rubbers and time to reach equilibrium absorption in such
cases is very high. They carried out experiments on model compounds
incorporating known amount of sodium chloride in a pure rubber. Based on
the results they developed a theory to explain the amount and rate of water
absorption in rubber vulcanizates. Hydrophilic impurities may originate
from natural sources in natural rubber and from emulsifying agents and
catalysts in the synthetic rubbers. Water diffuses through rubber phase in
which it is only slightly soluble and collects around the hydrophilic
impurities forming droplets of solution. The droplets of solution will exert
osmotic pressure on the rubber, which acts as semi permeable membrane.
Resulting elastic stress in the rubber, arising from enlargement of the cavity
containing the impurity will resist dilation. When elastic forces are sufficient
to balance the osmotic pressure no further enlargement of the droplet will
occur. The equilibrium condition is given by

o (1.22)
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where no is the osmotic pressure of the external solution in which the
rubber is immersed m is the osmotic pressure of the droplet solution and p,
is the elastic pressure exerted on the droplet by rubber.
Classically the osmotic pressure is given by

n=CRT/M (1.23)

where C is the concentration of the solute of molecular weight M. R is the

gas constant, T the temperature.

Elastic pressure pr, exerted on the spherical cavity in an infinite block of

rubber is given is given by
pr=E/6[5-4/A-1/24] (1.24)

Where E is the Young’s modulus of the rubber and A is the extension ratio

of the rubber at the surface of the cavity.
no-m1 = E/6[5-4/A-1/24] (1.25)

Impurities act like sinks of water, producing pockets of higher
concentration within the rubber matrix which will reduce the rate of

diffusion.

The study of water permeation through elastomers has attracted much
attention owing to its wide technical applications [13]. The aim of such
studies has been to collect information to the packaging industry, to develop
liquid - liquid separation processes or to study diffusion mechanisms and
morphology of polymer membranes. Water permeation through elastomers
and plastics have been comprehensively reviewed by Cassidy and
Aminabhavi [25]. They summarized the available data for the period
from1968 to1982 on, diffusivity, solubility and permeability of water and
water vapour into and through elastomers and plastics. Kosyanon and
McGregor [26] ahalvsed diffusion data from literature and found that the
diffusion coefficient of gases in elastomers can be accounted for by the WLF

equation [8]. Parameter K=By/B¢ of Frisch and Rogers [27] is used as a
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correction factor. K and log (Dg) are shown to vary with the penetrant. From

the values of K and log Dy of the gases their diffusion coefficient in any
elastomers of known Tg could be estimated. From Arrhenius equation and
the WLF relationships, an equation is derived to predict the activation
energy of diffusion directly from temperature at which diffusion is taking
place, Tg of the polymer, value of K and universal constants A and B. Cassidy
(28] and others have studied several elastomers such as neoprene, styrene
butadiene rubber, nitrile rubber and their binary composites for fresh water
and salt water permeation. Diffusivity data have also been collected on a few
elastomers. Arrhenius activation parameters for the transport processes
involved in the experiments have been estimated at 3 temperatures. Cassidy
and Aminabhavi [29] in another work studied permeability of SBR/ EPDM
single and binary laminates for directional flow behaviour of distilled water
and salt water. Result of the study supported activated transport mechanism.
Under activated transport mechanism temperature increase causes water
absorption rate to increase. For all elastomers, salt water exhibited higher
permeation rates than did distilled water. Distilled water showed greater
directional behaviour compared to salt water. In most cases it was found that
diffusion coefficient D decreases as the total concentration C of water
absorbed is increased. The effect is more pronounced in elastomers
containing water- soluble salts such as sodium chloride. Barrie et.al [30]
measured the sorption, diffusion and permeation of water in cis
polyisoprene and natural rubber. They found that at higher relative
pressures the diffusion coefficient in all cases decreased with concentration
and activation energies for diffusion increased with concentration. Their
findings were to be expected since with increased clustering of the sorbed
penetrant increases at higher relative pressures.

Molecular. diffusion of water through elastomers is an important
consideration in underwater applications. In most practical situations
Molsture content is monitored from the weight gain of the material. The

percent moisture content (Mt) at time t is defined by
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M. = (W-W4)*100/ W4 (1.26)

W and WA are respectively the wet and dry weight of the polymer
membrane. When a material is immersed in a liquid, absorption takes place

and this process can be described by relation (1.19)
Diffusion coefficient, D, in x, y, z direction is given as
D = Dy[1+h/1(Dy/Dx) ¥2+h/n(D,/Dx)'/?] (1.27)

I = film length, n = film width, h = thickness D,, Dy, D, are diffusion

coefficient in x,y,z directions.
For homogeneous materials, Dx= Dy = D, so that
D = Dx [1+h/1+h/n]1/2 (1.28)

Since M is a linear function of t1/2 the slope 6 of the plot allows the
calculation of D and Dy, from Eqn1.28 and Eqn.1.29

D = [6%h2 1/16Ms]1/2 (1.29)

and
Dy = [62h2 t/16M;]1/2[1+h/1+h/n]? (1.30)

Diffusion coefficient can be estimated from permeability [31-34] Q,
using the equation
D=Q/S (1.31)

Alternatively D can be calculated from the absorption vs time curve
using the Eqn.1.29. Some general observations can be made from the above
discussions. The amount of water taken up by a given sheet is proportional
to the square root of time. The time required to reach a given stage of
decomposition is proportional to the square of thickness of the sample. The
percent increase in weight after exposure to water for a definite period i$
inversely related to sheet thickness of sample. This method of determining

diffusion coefficient at vapour pressures above 0.75RH is not reliable.
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Water absorption rates aré observed to be higher than what the water

vapour pressure increase suggests. Also at higher vapour pressures
attaining equilibrium absorption, takes a long time.

The permeability or permeation coefficient (P) of a material depends
on solubility (S) and diffusivity (D) of penetrant liquid through elastomer,
and is a product of D and S [35]

P=D*S (1.32)

Many of the additives when used in the compounded rubber increase
the solubility of water in the rubber. Also an increase in temperature
usually increases both D and S in most polymers. An increase in cure

usually decreases P.

The amount (Q) of the permeant (in mg) transported through the
polymer membrane is given by relation [35]

Q = P(p1.p2)At/L (1.33)

Here piand p: are the vapour pressures (in cm Hg) of water on the
wet side and dry side of the barrier respectively: A is the area (in cm?) of
the membrane exposed to the permeant. L the thickness of the membrane, t
is the time duration of exposure in sec. and P the permeability constant.
Thus it can be seen that the rate at which water is transported through the
membrane depends on the water vapour pressure differential across the

membrane, permeability constant and the membrane thickness.
1.1.6 Sealing properties

Elastomeric seals used in the deep sea applications demand special
design considerations to meet challenges of operating environment,
dynamic response. Major issues include sealing efficiency, compression set,
stiffness, and long term behavior. Studies on compression stress relaxation

behavior under different environmental conditions enable estimation of
long term performance.
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1.1.7 Acoustic properties

For a plane wave propagating in x direction through a homogenous
elastic medium the wave equation is [7]

P = p, cos(kx —wt +¢,) (1.34)

p where p; is the amplitude and is the initial phase. The total phase ¢ at

position x and time t is ¢ = kx -t + @,

The wave number, k, and angular frequency, ®, are related
respectively to the wave length, A, and frequency f, of the wave are as

follows:

k=", ® =2nf (1.35)

The complex number representation of the wave equation is given by
p= poei(kr-(olwo) (136)

In a loss less medium sound waves propagate with constant sound
speed. For a sound wave, which has the single wavelength, the sound

speed and the frequency are related as follows
c=fA=w/k (1.37)

The increase in the wave length of sound with decreasing frequency

has important implications for attenuation of sound.

An elastic wave can be launched in a material like rubber by applying
a sinusoidally varying force into the material surface. A longitudinal wave
is launched if the force applied is perpendicular to the surface. As this
longitudinal wave propagates into it, the rubber molecules are forced back
and forth by the oscillation of the wave. This gives rise to local pressure
and density fluctuations. Wave properties such as, speed and attenuation
are characterised in terms of corresponding modulus. Thus longitudina1

wave is defined by complex elastic modulus, shear wave by complex shear
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modulus etc. ]

the equations
nsight into the nature of sound absorption in the material. Under

arzynski [7] discusses the basic nature of sound propagation,
governing sound interaction in materials properties and

gives ani ,
acoustic transducers use rubbers in three major roles: Acoustic

:;::rrbers, Reflectors, and acoustic window materials. Acoustics absorbers
are important for sonar transducers, acoustic baffles, acoustic calibration
facilities and also for reduction of sound radiation and echoes from ships
and submarines. Acoustic reflectors are used as decouplers as well as in
sonar dome wedges. Acoustic window materials act as the coupling
medium between the transduction material and water. Rho-c rubber [36] is
a widely used material because its acoustic properties are close to that of
water. When pc, the product of density of a material and the velocity of
sound in the material is equal {0 that of the medium, the material is loosely
called as Rho-c material. The product of density (p) and sound velocity(c) is
the characteristic acoustic impedance. This parameter is the ratio of sound
pressure to particle velocity. Sound energy transmission between adjacent
media takes place without reflection losses if the acoustic impedance
matches. But in a viscoelastic medium like rubber there is a certain measure
of sound energy dissipation as the wave propagates through the solid.
Since acoustic waves are pressure waves supported by the particles of the
medium, particles in the medium participate in the oscillatory motion;
sound wave propagation is directly linked to the density as well as elastic
properties of the medium. If the acoustic impedance of the propagating
medium is z;

Z1= P11 (1.38)
and that of the receiving medium

Z2= p2C2 (1.39)
The intensity of reflection

i R=FPi6—P:C 21725

- (1.40)
P +p,yc, z+2z,
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Where acoustic wave is incident on viscoelastic material like rubber
due to the dissipative mechanism within the material acoustic impedance
gets modified as

P,C, | Irp,C,
= + 14
2140 1402 (1.41)

where r=2 1= J-1
®

Since acoustic impedance of rubber is a complex parameter, while it
is possible to provide a perfect match for the real part of the impedance,
there will always be a residual mis- match due to imaginary component.
Reflection free transmission of acoustic energy from rubber to water is not
possible. However, by careful material selection and optimization, pressure
reflection coefficient close to zero and pressure transmission coefficient
close to unity could be achieved. The propagation of an acoustic wave
through a solid polymer is determined by a number of parameters, which
define the reflection, transmission and energy absorbing properties. Sound
wave is incident at a boundary interface. Reflection and transmission occur
as shown in Fig 1.3 The pressure reflection coefficient, R, describes the
reflective properties, correspondingly the pressure transmission coefficient,
Ty and acoustic power dissipation (PD). These relationships can be

expressed as

Re = (pe/p) (142)
Te = (/p) (1.43)
PD = [1-(Rp+Tp?)] (1.44)

where p;, pr, prare incident, reflected and transmitted pressure respectively.
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Fig.1.3 Reflection and transmission of sound at a water polymer interface.

For efficient anechoic function both R and T must be close to zero.

Using the terminology of echo reduction (ER) and transmission loss (TL)
ER = -20 log Ry (1.45)
TL = -20logT, (1.46)

Transmission loss quantitatively describes the weakening of sound
between a point 1 metre from the source and a distant point. Similarly echo
reduction is the weakening of the intensity of reflected signal. In a lossless
medium sound waves propagate with a constant speed. Speed of sound is

related to the wavelength and frequency as per Eqn(1.37.)

It follows from Egn.1.37 that the sound wave length is inversely
proportional to the frequency. Typically an acoustic window material with
sound speed around 1500 m/sec will have the wave length A=15m at
1000Hz. Hence at audio and low ultrasonic frequency range the
€ncapsulation thickness of 3mm is small compared to wave length of sound
and hence acoustic impedance mismatch is less severe. Sound absorption,a,
in units of dB/om, is a measure of the loss in energy of the sound wave as it
travels through the solid. The energy of the sound wave is converted into
random thermal motion or heat. Acoustic attenuation between two

Positions is usually expressed in terms of logarithm of amplitude at the two
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positions, expressed in decibels. In practice, because the polymer is
viscoelastic, sound speed ‘C’ is related to complex moduius. In ap
unbounded, isotropic solid there are two independent modes of acoustic
propagation longitudinal and shear. In the longitudinal mode, the particle
motion is-parallel to the direction of propagation, while in the shear mode,

the particle motion is perpendicular to the direction of propagation.

For characterizing a solid four parameters namely longitudinal sound
speed ¢, shear sound speed, ¢, longitudinal absorption, a1 and shear
absorption, a,. One important experimental technique gives a modulus values

rather than sound speed. The relationship is particularly simple [7]. Thus
= (G*/p)/2 (1.47)
[37] The modulus and velocity may be expressed in complex form as

in Eqn.1.14 and

c* = atic (1.48)
Thus,
(¢ = (G+G") (1.49)
p
=c. —c, +2ic,c2 (1.5C)

Separating and identifying real and imaginary parts gives:

G =p(c’ -¢,) (1.51)
and c =c [l+12ac2/0)]2
i1+a c’/o l

G"=2pcic2 (1.52)

Consideration of the normal complex exponential form for 2
progressive wave [38,39] allows one to relate ¢ and ¢ to the observed

phase velocity c and the amplitude of attenuation constant by the relations
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=— 5 1.53
4 (1+azcz/m2) ( )
and
2
ac
¢ = 2 2, 2 (1.54)
—(x;ﬁ+(l. c’/lo ]
‘e [l+iac/o)] (1.55)
- |1+a2c2/m2| '
since G*=G+iG =[c*/p]? (1.56)

Cquations can be used to solve for the magnitude of the phase

velocity and attenuation.

Doing so yields
. 2@+ 6]
c _a[(G')Z-F(G")z]“z'*'G‘J (1.57)
and
2 1\ 2 mny291/2 [
o 20pl@) +(6) 3] (159

zl(Gr)Z + (GN)ZJ

Therefore by substituting the appropriate storage and loss modulus,
G, K or E the acoustic parameters, sound velocity and attenuation can be
¢stimated from dynamic mechanical properties

1. .
2 Underwater electro acoustic transducers

Electro acoustic transducers are widely used in underwater
Survej . R . . .
illance and detection. In the civilian sector they include fish finders,

Sea botto . . .
m profilers, ocean depth sounders, and seismic exploration
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devices while in the military sector applications ,they are found in minel
hunters, torpedo nose cones, homing heads and anti submarine detectiop
systems.

A transducer is a device that converts one form of energy inty
another. If a transducer converts mechanical energy into electrical energy
and vice versa, it is called an electro mechanical transducer, a particulay
class of the electro mechanical transducer is the electro acoustic transducer,
Acoustic radiation in the form of an acoustic wave arises from the
vibrations of the transducer, which is energized, by a voltage source. The
transducer vibration of the transducer imparts a periodic motion to the
particles of the medium in contact with it: the periodic motion of the
particle of the medium about their equilibrium position along the line of
energy propagation constitutes the acoustic wave. Such a transducer is said
to function in transmission mode. When the sound wave is incident on a
transducer the pressure variation in the medium in contact with the
transducer surface imparts a vibratory motion into it. The mechanical
cnergy is converted by the transducer into electrical energy, resulting in a
voltage out put. Such a transducer is functioning in the reception are

known as acoustic receivers, or hydro phones.

Transducers can be designed to operate at over wide range of
frequencies starting from a few Hertz to several thousand Mega Hertz
Frequencies between 20 Hz and 20 kHz is known as audio frequencies and

those between 16 kHz and10° as ultra sonic frequencies.

Acoustic systems are operated with a wide range of power- from
microwatts to kilowatts. The minimum acoustic power needed to b
detected in a system is set by the thermal noise of the system or medium
The upper limit is set by practical design problem such as break down Jimit
and mechanical strength in the transduction material. Maximum powe!
that can be transmitted in water is only 0.33 watts per cm? withou!

distortion.
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The geometry of a transducer varies depending upon the application.

It may be planar, spherical, or cylindrical. Its dimensions vary from a few

illimeters to 2 few meters. It is difficult to manufacture large transducers
mi

gle element. It is common practice to fabricate either mosaics of

in sin.

closely spaced elements or arrays with inner spaced elements of the

required size and shape.

The majority of transducers fall into two categories-those which
employ electric fields in their transduction process and those which employ
magnetic fields. Some are inherently linear, while others have to be
polarized to produce linear action. This arises from the fact that the force
producing acceleration of the active mass of the transducer, which in turn
causes acoustic radiation, can be directly proportional to the square of the
applied signal, depending upon the physical mechanism employed tor

transduction.

1.2.1 Acoustic transduction

Under water electro acoustic transduction is accomplished by either

of the two phenomena: Electrostriction and magnetostriction

Electrostriction refers to the conversion of energy between acoustical
and electrical forms by means of a dependence between electrical fields and

particle displacements in ferroelectric or piezo electric materials.

Magnetostriction denotes conversion of energy between acoustical
and electrical forms by means of a dependence between magnetic fields
and particle displacements in ferro magnetic materials. In the
electrostriction phenomenon, there is a distinction between piezo electric
effect and ferroelectric effect. Piezoelectric transducers use crystals in which
the dimensions change according to the applied electric field. If the field is
al.ternating, the crystals vibrate and give an acoustic radiation. Typical
Piezoelectric materials used for this purpose are quartz, ammonium
hydr O8en phosphate, Tourmaline and Lithium sulphate.
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Ferroelectricity is an electrical phenomenon analogous to the’
ferromagnetic phenomenon. Ferro electricity can be defined as reversibility
in a polar crystal, of the direction of the electric dipoles by means of an
applied electric field. Most popular Ferro electrics or piezo electric ceram;,
used in electro acoustic transducer fabrication are Barium Titanate ang
Lead Zirconate Titanate

1.2.2 Transducer Materials

Transducer materials can be broadly classified into two categorie
namely active transduction materials and passive acoustic materials. Bot
are equally important in the efficiency and reliability of the transduce
system performance. A brief discussion of these materials will be relevarn

in the context

Piezo- electric effect was discovered in 1880 by Jacques and Pierre
Curie in quartz. It is based on the observation that a mechanical strain
results from a voltage applied to a piezoelectrical material and voltage
produced is proportional to the strain. The inverse effect was discovered in
the following year by Lippman in quartz. It relates to the appearance o
electric charges on the opposite surfaces of the crystal, proportional to the
stress. This unique property of certain crystalline material has been

exploited in the design of piezo electric transducers.

1.2.2.1 Active Materials

Piezoelectricitv is the property possessed by some materials ¢
becoming electricallv charged when subjected to a mechanical stress. Suct
materials also exhibit the converse effect. i.e. the occurrence of mechanic?
deformation on application of an electric field. The piezoelectric effect we
first observed in naturally occurring single crystal compounds e.g. quaﬁf
and Rochelle salt. The occurrence of piezoelectricity in such compound5 ¢
due to the lack of a centre of symmetry in the unit cell and conseque“tlv‘

distortion of the unit cells produces electric dipoles
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Certain compounds can be made piezo electric by the application of a

1 electric field (polarization), these are termed Ferro electric materials
h:(imples of such materials are Barium titanate and Lead Zirconate Titanate
jvhi ch can be produced as single crystals or as poly crystalline aggregates
by the ceramic process The polarization process involves the application of
an electric field across the ceramic, usually at an elevated temperature,
causing switching or realignment of the dipoles in the direction of the field.
After removal of the electric field there is a remnant polarization in the
ceramic, which is responsible for its piezo electric properties. The resulting
ceramic is now anicotropic and can be returned to its unpolarised iso tropic
condition by raising its temperature above the Curie point or by

mechanically over stressing.

These piezo electric materials are the actual energy converters used in
the construction of underwater acoustic transducers. Poly crystalline
Ferroelectric has been extensively used for fabricating transducer elements.
Most favored transduction material for underwater electro acoustic
transducers are polarised ferroelectric ceramics like Barium Titanate and
Lead Zirconate Titanate. The applications of ceramic transducers fall
basically in two broad categories-High power sources and high sensitivity

receivers; specific ceramic compositions are recommended for the two
applications.

1.2.2.2 Passive Materials

There are a number of materials, other than active transduction
Materials, used in the construction of underwater electro acoustic
transducer system. They are, in general, referred to as passive acoustic
Materials. Passive materials include a range of metallic and non-metallic
mat?rials with well defined and carefully controlled acoustic properties.
Their role in the construction of the transducer are diverse, like sounder
absorbers, acoustic baffles, window materials, acoustic reflectors, de-
Couplers, acoustic fill fluids, seals, o’ rings etc.

27



Chapter 1

Acoustic reflector materials are used in transducer arrays for
reflecting and isolating the noise generated by the propellers. Acous,ﬁt
reflectors are fabricated of rubber sheets into which holes have beg
moulded and open end covered. The air trapped in the holes provide the
necessary compliance for effective low frequency isolation of underwatg,
sound, reflector materials are also designed with syntactic foams ang
various micro balloons. The visco elastic polymer air micro bubbig
composites are particularly useful in the design of anechoic coatings
Various inclusion-viscoelastic polymer matrixes have been investigated fq,
use as sound absorbing material. Among the inclusions are sawdust [40]
metal oxides, metal oxide micro particles, phenolic micro particles, mety

powders [41] etc.

Acoustic baffles are used in large high performance underwate
transducer arrays for the purposes of isolating ship’s noise as well as fo
improving directivity and sensitivity of the transducer elements. The baffl
forms a major element contributing to better performance of the system
The materials used for construction of baffles are therefore required &
possess specific acoustic and dynamic mechanical properties. As the
application of baffles is in deep marine environment baffle rubber mus
also be compatible with marine water, temperature pressure and dynam
loading condition. Rubbers show unique combination of stiffness an
damping capability. A major consideration is the constant modulus ove
wide range of the operating frequency. Frequency - modulus relationshif
of SBR rubber has been studied to achieve an optimum combination ¢

properties. Results of the study are reported in the present work.

1.3 Rubbers as passive acoustic materials

Rubber forms a major class of passive acoustic materials. Rubl
components in underwater electro acoustic transducers rank as one of t
most sophisticated applications due to the additional functio®

. . : i
requirement namely propagation of acoustic waves. Because of !

2
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traints imposed by ocean environment coupled with application
constra

specific performa

hardly meet the per. _
tudy and develop application specific passive acoustic rubbers with
stu

nce requirements, conventional engineering rubbers can

formance standards envisaged. There exists a need to

balance of performance and long service life. Good amount of information
is available in literature on the rubbers used in general underwater
engineering applications. But in functionally specific cases like passive
acoustic components used in underwater transducer technology there
exists large gaps in information. The present study pays attention to such
critical technologies. In these fun-tion-specific applications the rubbers are
required to possess critical combinations of commonly referred engineering
properties as well as desired acoustic properties. In several cases the
intended underwater service life is of the order of a decade and more.
Rubber is extensively used in the construction of underwater electro
acoustic transducers. The major applications include, transducer

encapsulation, acoustic baffle materials, under water seals, junction box.

Primary function of an encapsulation material is the protection of
electro acoustic transduction devices from water. In this positive role
encapsulation material should not adversely affect the acoustic transmission
efficiency of the transducer. Because of the close acoustic impedance
properties of rubber with water, ease of fabrication, sealing efficiency, and
versatility to tailor make properties; rubbers are the most favored material
chosen for this application. However, the performance requirements
reliability and service life demanded of the underwater transducers call for

rubbers with more stringent performance specifications.

The important properties considered in the design of encapsulation
rials for underwater electro- acoustic transducers are (1) Water
absorption and Ppermeation (2) Electrical resistivity (3) Dynamic mechanical
Properties (4) Acoustic impedance (5) Ease of processing and (6)

Perma -
fience of properties. Of the above parameters water absorption and

Mmate
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permeation and consequent changes in other properties determine the
service life of underwater devices

1.4 Scope of the study

* Foregoing review brings out the need for function specific rubbers fo,
optimum performance in underwater electro - acoustic transducers. There
exist large gaps of information in the functional properties for specific
application areas such as encapsulation rubbers, baffle rubbers, seg
materials. The above rubbers must function in an operating environmen;
characterized by dynamic stresses from cyclic mechanical forces,
temperature variation, electrical field, and corrosion etc. Water ingress
causes unacceptable changes in properties. Present investigations aim at
filling gaps in the system and evolving compound design approaches for
performance improvement and added service life. A major part of the work
is devoted to studying the long term properties of the selected vulcanizates
based on CR, BIIR and NBR with the aim of generating viable life

estimation model.

1.5 Structure of the thesis

The thesis comprise of six chapters

CHAPTER 1

This chapter introduces the topic of the work starting with a general
introduction to the engineering applications of rubbers, discusses role
of rubbers in underwater engineering. Chapter gives a description of
underwater electro acoustic transducers, materials used in theif
construction and goes on to describe the role of rubbers as the majo’
passive component. Chapter discusses in some detail the impOrtant
propertieé, pertaining to the application of rubber as encapsulants’
namely water ingress through diffusion and permeation'

.. . . . . ve
viscoelasticity, ~dynamic mechanical testing, acoustic W2

N
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ropagation through rubbers, electrical properties and processing
fechnjques The chapter also gives an introduction to specific end use

in acoustic baffles and under water seals.

CHAPTER 2
Chapter 2 deals with theoretical aspects of rubber compounding. The

chapter includes detailed discussions on the compounding materials
used in this work. Compounding principles and techniques adopted
for achieving specific properties have been discussed. The chapter
addresses in detail theoretical aspects of important properties,
including processability testing, static mechanical properties,
dynamic mechanical testing, environmental properties with
particular reference to action of liquids, cause of ageing in rubbers,

mechanism of thermal degradation, thermal analysis techniques etc.
CHAPTER 3

This chapter covers the studies conducted on Neoprene rubber,
Bromobutyl rubber, Styrene butadiene rubber, Nitrile and Natural
rubber, on properties relevant to underwater electro acoustic
transducer technology. The properties dealt with, include water
intake characteristics: diffusion and permeation, static and dynamic
mechanical properties, cure characteristics of conventional and low
temperature curing systems, thermal behavior, electrical resistivity.
Studies conducted on the specific material systems: viz encapsulation
material, acoustic baffle material, under water seal material etc have

also been included in this chapter.

CHAPTER 4

This chapter gives a brief account of the theoretical and experimental
studies conducted on the degradation behavior of rubbers with

arti _ . ‘
Particular reference to the controlling properties such as water intake,
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static mechanical and dynamic mechanical properties and electricy
properties.

CHAPTER 5

Results of experimental studies arrived at on compounding
techniques and the life prediction techniques are consolidated ang
presented in this chapter. Trends are discussed and conclusion of the

present work is presented.

CHAPTER 6

This final chapter gives the summary of the theses
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Chapter 2

RUBBER COMPOUNDING: THEORETICAL STUDIES

2.1 Introduction

This chapter discusses the underlying principles employed in
compounding application specific rubbers and the functional properties of
various compounding materials used in the study. The chapter also reports
the theoretical studies on the important properties relevant to present

investigations.

in the design of rubber compounds one must take into account not
only the properties of the vulcanisate essential to satisfy service
requirements and cost of raw materials but also the process by which raw
rubber will be transformed into final products. The principal task of
compounding is therefore concerned with arriving at an acceptable balance

between the demands arising from these three considerations.

The raw rubbers, whether natural or synthetic, vary from soft plastic
material to tough gristly substance. They are not suitable for use in the
form in which they are supplied. Their elastomeric properties have to be
developed by compounding. The possibilities are many.

The addition of various chemicals to raw rubber to impart desirable
Properties is termed rubber compounding. Typical ingredients include

Cross |i : I . . .
lmkmg agents, activators, and accelerators, reinforcements, anti-
de .

gradants, process aids, and extenders.
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2.2 Rubber polymer

In rubber compounding although the type and amount of additive,
can give considerable variation to the end product, the main characterisy;,
is determined by the kind of rubber used.

Present work concentrates mainly on Polychloroprene (Neoprene-w)
rubber. Better balance of properties like, seawater compatibility,
weathering resistance, bonding with metal, amenability to build in desireq
static and dynamic mechanical properties favour Neoprene over othe

rubbers for this application.

Apart from Neoprene rubber, following additional polymers have
been included in the study for specific properties of interest. These rubbers
are
1. Bromo butyl rubber
2. Styrene butadiene rubber
3. Acrylonitrile butadiene rubber
4. Natural rubber.

A Brief review of properties of rubbers covered in the present

investigations is given in following sections.

2.2.1 Poly chloroprene rubber

Neoprene is the popular name for polymers of chloroprene, 2 chloro-
1, and 3-butadiene.This is one of the favoured materials for underwater
application. It has a combination of desirable properties as discussed
Neoprene consists mainly (88-92%) of trans-1,4-chloro-2- butenylene units.
A poly Chloroprene unit is shown in Fig 2.1

Cl

wiw CHyg == C = CH == CHjp =~

n

Fig 2.1 Polychloroprene structure
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The cisl, 4 addition accounts for 7-12%, and the 1, 2 around 1.5%.

The allylic chl
owes its resistan

orine facilitates vulcanisation in Neoprene [1].Neoprene
ce to ozone attack, oxidation, or weathering to the electro

tive chlorine on the 1, 4 Trans double bond. Its weather resistance
nega

rpasses that of other diene rubbers such as SBR or NR but requires
su

. i ervice. This polymer has flame resi ]
aging resisters to give best s poly stance

Because of the regularity of structure neoprene crystallises easily,

especially when stretched.

Among different grades of neoprene, W and GRT grades are
generally used in underwater application. Neoprene-W is more
crystallisation resistant. It is mercaptan modified to give C-C link in the
polymer. W grade has better storage stability and heat resistance [2].
Their better molecular weight distribution imparts better processability.
GRT grades are sulphur modified to give C-5-C link. They have lower
storage stability due to wide molecular weight distribution. GRT grade is
suitable for low temperature vulcanisable formulations. Neoprene GRT
contains co monomers for improved resistance to low temperature

crystallisation and hardening.

Neoprene is generally vulcanized using metallic oxides. A
combination of 5 parts of zinc oxide and 4 parts of magnesium oxide is the
most commonly used. Zinc oxide increases the rate of cure during its early
states and ensures good aging properties. Magnesium oxides serve as mild
Peptizer for neoprene and help to improve storage life and resistance to
scorch. For minimum water absorption red lead (PbsOs) is generally

.recommended. A typical basic Neoprene rubber compound shall consist of
INgredients listed in Table 2.1
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Table 2.1 Basic neoprene compound

Ingredient Amount (pphr)
Neoprene G 100 -
Neoprene W _ 100
Phenyl beta naphthyl amine 1 1
Magnesium oxide 4 4
Zinc oxide 5 5
NA 22 - 0.5

The selection of fillers is very important in properly compounding
neoprene stocks. In general, all types of carbon black exert greater
reinforcing effects in neoprene-w compounds than in the G types. Channel
and furnace blacks provide greatest reinforcement and impart weathering
resistance, abrasion and tearing resistance. Where high resilience and flex
crack resistance are required the furnace and thermal black grades are
recommended. Mineral fillers such as clay do not in general, exert
reinforcing action but act as diluents, thereby modifying the physical
characteristics. Among non black fillers clays provide superior resistance to
weathering, while barites impart mineral acid resistance. Whiting is the
preferred filler for heat resistant compounds. Three types of acceleration
system have been developed for the w types. First is the use of sulphur
with accelerators like thiuram disulphide. Second is with neoprené
accelerators like mercapto imidazoline (NA-22) with a retarder like Di BenZ
thiazyl disulphide (MBTS). Thirdly, the use of NA-22 alone or if
conjunction with the safe processing combination like Tetra Methylent
Thiuram disulphide (TMTD). Neoprene G type can be cured without

organic accelerators.
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- BIIR)
putyl Rubbers (
2.2.2 Bromo

promobutyl rubber is the brominated modification of butyl rubber
ro

(R). Butyl rubber
resulting from the €
H,C=C[CH3]2

is a general purpose, non oil resistant elastomer
polymerisation of isobutylene.

and isoprene.
H,C=CCH;-CH=CH_ to yield Butyl rubber (Fig.2.2)

ay

|

(— @ —Cc—) (—® —c=—a —@,—),

|

ay ai
Fig 2.2 BUTYL RUBBER

During bromination a molecule of bromine reacts with each available
isoprene unit in the rubber molecule. The sterically hindered nature of the
unsaturated unit directs the reaction towards substitution. The primary
microstructure is represented as

-C[CH3)>-CH,-CCH2-CHBr-CH»-

Many of the physical properties of butyl rubber are a function of the
crosslink density, which is directly proportional to the isoprene content of
the polymer. Proportion of isoprene may be varied from low for good
f)zone resistance, chemical and flex resistance to higher values for
!mproved tensile and abrasion resistance. Commonly used fillers and
reinforcing agents include both carbon black and mineral fillers. Carbon
blacks provide superior reinforcement compared to mineral fillers with
:::l::e particlehsize providing higher tensile strength and hardness. BIIR

‘.'l selected for the present study on the basis of its outstanding
:::;?:OZ'resisténce to both water and gases. It can be compounded for
ielectric strength and insulation resistance. BIIR has high
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damping and abrasion resistance at room temperature. Tg of this rubber
about ~70°C. BIIR has enhanced cure compatibility as compared to IIR, The

material used in this study (POLYSAR X2) has been obtained from My,
Polysar, UK

2.2.3 Styrene -Butadiene Rubber (SBR)

SBR is a general purpose, non oil resistant rubber manufactureq by
the co polymerisation of butadiene

CH.=CH-CH=CH»
and styrene (i.e. vinyl benzene)

CH=CH-C¢Hs

Unreinforced SBR has poor tensile properties, therefore carbon black
or inorganic fillers such as silica, calcium silicate or clay are added t
improve the strength. Carbon black filled compound have lower densities,
high strength and lower water absorption than mineral filled compounds.
SBR formulation deteriorates quickly in contact with oils and solvents. The
grade selected is 1502 which contains about 23.5% by wt., styrene and hasa
glass transition approx.-65°C.

Polymer properties of the grade used for studies are given in
Table.2.2
Table 2. 2 Polymer properties

Property Value
Arrangement of monomers Random
CIS -1-4 Butadiene (% by wt.) 9
Trans-1, 4-Butadiene (% by wt.) 76
1,2- Butadiene (vinyl) ((% by wt) 15
Intrinsic viscosity (dl/g) 20
Moonev viscosity [ML(1=4)100°C] 50
Specific gravity 0.94
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224 Natural rubber (NR)

rural rubber is 2 product coagulated from latex of tree, Hevea
I.N:,'s It is chemically polyisoprene. Isoprene and poly isoprene
jliensts. . .
brast "cal structures are represented as Fig.2.3 (a) and (b) respectively.
chem¥

CHy CH,

CHy= C = CH = CHy 4 CHy = C = CH = CH, =
n

(@) (b)

Fig.2.3 (a) Isoprene monomer unit (b) Poly isoprene

It must be blended with inorganic or carbon black reinforcing agents
and sulphur and then vulcanised to exhibit maximum physical properties.
Physical properties depend on the extent of vulcanisation which in turn
deperids upon the amount of sulphur contained in the final product. NR
has poor oil resistance as well as poor oxidation and weather resistance. Its
Tg is about -70°C.Technically specified grade ISNR5 obtained from RRI],
Kottayam, India was used for studies.

The specification of the material is given in Table 2.3

Table 2.3 Specification of ISNR -5

Dirt content (% max by mass) 0.05
Volatile matter (%max by mass) 08
Ash (% max by mass) 05
Nitrogen (do.) 06
Initial plasticity {min) 30
Plasticity re€tention index(min) 60
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2.2.5 Acrylonitrile-Butadiene rubber (NBR)

NBR, Nitrile rubberis an emulsion copolymer of acrylomtn]e
(CH2=CHCN,) and butadiene, (CH,=CH-CH=CH). Acrylomtme
funcnonahty imparts excellent fuel and oil resistance to the rubber. GradQ
differ accordmg to their acrylonitrile content, which is the determining facte

in final vulcanisate.

Nitrile Rubbers offer excellent resistance to oils and hydro carboy
solvents. The grade used in the present study is 34% ACN obtained from

Korean synthetic rubber company, Korea.

2.3 Compounding of rubber

None of the rubbers discussed have useful properties until they are
properly formulated. Various processes involved in compounding are

discussed in the following sections.

2.3.1 Vulcanization and vulcanising agents

A Raw rubber is a high molecular weight liquid with low strength.In
spite of entanglement they can readily disentangle upon stressing leading
to rupture or viscous flow. Vulcanisation is an irreversible process during
which a rubber compound through a change in chemical structure (cross
linking) tocomes less plastic and more resistant to swelling by organi
liquids while elastic properties are conferred, improved or extended overé
great range of temperature. This process can be brought about by a varief

of agents.

2.3.1.1 Sulphur Vulcanisation

. . . . . . ¢
Sulphur is combined in the vulcanization net work in a number

ways as illustrated in Fig.2.1.



s I ?*’

_ —H—H=—CH— C——
—h —c=a r -[-S]—sz— ¢ l_s_]
Sx

1M

_‘[f]_a{z——— C—, —(1,
ajh

Fig2.4 Probable combinations of sulphur in vulcanised NR net work

As cross-link it may be present as mono sulphide, disulphide or
polysulphide. It could be forming pendent sulphides, or cyclic
monosulphides and disulphides. The number of sulphur atoms in each has
been estimated. An unaccelerated rubber vulcanisate may have 40-45
atoms. In a conventional accelerated vulcanizates this figure may drop
t010-15. An efficient vulcanising system this number could reduce to 4-5.
Sulphur less system could have even lower values. The general course of
vulcanization could be deduced from the estimates of nitrogen and
sulphur, relative amount of inefficiency and degree of cross linking,
pendent and intra molecular sulphur.

The initial step in the vulcanisation seems to be the reaction of
sulphur with the zinc salt of the accelerator to give Zinc per thio salt
X5.ZnS,X where X is a group derived from the accelerator. This salt reacts
with the rubber hydrocarbon RH t o give rubber bound intermediate

X5ZnS, X + RH—XS,R + ZnS + HS,..1X

a :
nd a perthio-accelerator group. This group with another Zinc oxide
molecule wyi]] form a

¢ 3 per thio-salt of lower sulphur content. This may
urther be an active su

Iphurating agent, forming intermediates of varying
attac, ty. The hydrogen atom which is removed is likely to
ac

edtoa methylene group in the a position to the double bond. The

degree of poly SUIphldl
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intermediate X SR then reacts with a molecule of rubber hydrocarbOnRL'
to give a crosslink and more accelerator is be generated: ‘
XS:R+ RH— RSx1R+XSH

On further heating the. degree of poly sulphidity further declipg,
This process is catalysed by XS yZn S,X. Cross links which were initia, e
position 4 and 5 undergo an allylic shift, with the result that ney
configurations appear.

2.3.1.2 Major compounding ingredients

Vulcanization is only one aspect of tailoring the properties of
rubber product. there are several other ingredients added to the by
polymer for building specific properties into the product rubber each g
with a specific role to play.The major ingredients involved in compoundi
of rubber can be divided into cure system filling agents, anti degredanﬁ

process aids and softeners.

2.3.1.3 The cure system

The cure system for a rubber consists of curing agents or vulcanisir
agents, cure accelerators accelerator activators and retarders. The me
commonly used vulcanising agents are sulphur and sulphur beant
compounds. Organic peroxides such as dicumyl peroxides are also used?
vulcanising agents. Organic compounds currently used as cure acceleral®
include carbamates, thiuram and thiazoles. Several different types '
chemical compounds function as accelerator activators. Zinc oxide is
necessary accelerator activator for sulphur vulcanisation. A fatty acid ¥

as stearic acid is a useful cure accelerator.

2.3.1.4 Sulphur

i"
Almost all commercial products of natural rubber, styrene butadlm
rubber, nitrile rubber and butyl rubbers are cured with sulphur. Rel#
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—_— sulphur for normal vulcanization have been established

irement of . . . .
requ eral quantities of sulphur requirement are given in Table 2.4.

empirically- Gen
Table2.4 General Requirement of sulphur
General sulphur
Rubber Type Requirement (pphr)
-
NR 1.75-2.75
SBR 1.50-2.00
NBR 1.00-2.00
[IR 1.00-1.50

In semi-efficient vulcanisation, efficient and sulphur less curing, the
proportion of sulphur used are, 0.8 tol.5 phr, 0.3 to 0.8 and 0 to 0.3
respectively. Normal sulphur vulcanization generally produces
polysulphidic crosslink. Low sulphur and sulphur less cures leads to mono
or disulphide cures. The presence of sulphur increases the tensile strength,

elongation at break and resilience but aging properties deteriorate.

2.3.1.5 Sulphur donors

Thiuram disulphide and di morpholyl disulphide are examples of
sulphur donors. Main advantages of sulphur donor curatives are that the
vulcanizates produced have only mono and disulphide cross links. Poly
sulphidic cross links are liable to degradation. Mono and disulphide cross

links impart high heat resistance, better mechanical properties and aging
properties,

2.3.16 Metallic oxides

hl Because of the deactivating influence of chlorine atom on the
oro

T i . . . . R .
chlo Préne unit normal sulphur vulcanisation is impractical in poly
ro

Prene rubbers.

chl Metallic oxides are necessary for vulcanising
0r0prene mbber, M

ost often used is a combination of zinc oxide and
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magnesium oxide, zinc oxide acts as cross-linking agent and Magnes;,
oxide as acid acceptor. The dosage is generally MgO: 4 pphr, ZnO: 5 Pphy '

2.3.2 Accelerators

Vulcanisation with sulphur alone is an extremely slow Proces,
Relatively large amount of sulphur and longer vulcanisation time ar;
necessary. The compound has a strong tendency to revert ang the,
resistance to aging is poor and mechanical properties are also poor
Sulphur exists as Ss ring and is relatively stable. To make sulphur reactive,
considerable amount of activation energy is to be expended. The sulphy,
ring has to split. The process of activation occurs at high temperature anq ;
can be promoted by certain organic substance called accelerators gy
metallic oxides. Important accelerators fall into following major groups i
Dithiocarbamates (2) Xanthates,(3) Thiurams, (4) Thiazoles.

2.3.2.1. Dithio Accelerators
(A) Zinc diethyl dithio carbamate (ZDC)

This is most important dithio carbamate. It is particularly suitable fr

hot air and steam vulcanization. Dosage is-0.3-0.6pphr.
2.3.2.2 Xanthate Accelerators

The most important ones are: 1. Sodium isopropyl xanthate 2.
isopropyl xanthate. These are extremely fast accelerators are used mainly?
latex industry.

2.3.2.3 Thiuram Accelerators

These form a group of ultra accelerators with higher prOCeSSl
safety than dithio carbamates. Most important accelerators of this grouP
Tetra methylene thiuram disulphide (TMTD) and Tetra methylene thiu®
monosulphide(TMTM). When used as primary accelerators in “om

sulphur vulcanization, they impart to the vulcanizates relaflVely
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od mechanical properties and aging properties. Dosage is 0.5

modulusl go

onset of vulcanization of compounds containing thiuram
e

ppht. Th an be retarded with small amount of MBTS and the rate can

accelerators € ~ . .
sed by adding small amount of basic accelerators such as di
be increa

pheny! S“a“idinels (PG

Generally, thiuram accelerators are used as secondary accelerators to

ise rate of vulcanization of thiazole accelerators.
rat

2.3.24. Thiazole accelerators

These are most popular class of accelerators. The following

derivatives are more commonly encountered.

(A) Mercapto accelerators

Compared with dithio carbamate and thiuram, mercapto accelerators
have to be used in somewhat larger proportion and with somewhat larger
amount of sulphur. The most important accelerators in this group are
mercpto bens thiazole(MBT), zinc salt of mercapto bens thiazole(ZMBT)
and mercapto bens di thiazole(MBTS).

(B) Sulphenamide Accelerators

The most important ones are
1. Cyclo hexyl benz thiazyl sulphenamide ~CBS
2. Dicyclo hexyl bens thiazyl sulphenamide-DCBS
These are typical delayed action accelerators. They can be used in

combinatj i . . .
'nation with mercapto accelerators. Mechanical properties of articles

produ i .
ced with these are superior to those produced with mercapto
accelerator alone.,
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2.3.3 Fillers and reinforcements

For many service applications, it is necessary to incorporate inty
rubber relatively large amounts of reinforcing materials in order to increg,
its hardness, stiffness, tensile strength and resistance to abrasion ang tey
properties of the products. These filler materials include various carby,
blacks, fine particle calcium carbonates, clays and silica. Use of these filley
materials in compounding requires knowledge of properties Obtaingg
through their use. Carbon black is commonly used filler.

2.3.3.1 Carbon black

Carbon blacks are essentially elemental carbon prepared by
converting liquid or gaseous hydrocarbon into elemental carbon. They a
prepared by partial combustion or thermal decomposition. Lepending on
the process adopted for the preparation, carbon blacks are grouped a
furnace blacks, thermal blacks, and channel blacks. The properties
imparted by carbon blacks to the rubber vulcanizates depend on several
factors like particle size, structure, physico chemical nature of the particle
surface, and chemical nature of the particle surface and particle porosity o
the carbon blacks. Carbon blacks are actually fused clusters of individual
carbon particles. The particle size of the blacks range from10 to 25nm for
the channel black, 20 to 80 nm for the furnace blacks and 180 to 470 nm for
the thermal blacks. The aggregation of carbon of carbon particles into lonf
chains is referred to as structure of the blacks. Compared with the other
processes, the furnace process gives high structure blacks. The physic®
chemical nature of the particle surface is indicated by the degree ¢
orientation of the particles in the layer planes. Those which are les
reinforcing, are found to have highly oriented layers whereas th
reinforcing ones, are irregular in shape and have less crystalline orieﬂtatior‘:
The carbon particles contain very small amounts of hydrogen, oxygen ant:
sulphur on the surface as phenolic, ketonic and carboxylic groups ™

. . n
presence of these groups affects the rate of cure of the mixed compo¥
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ies of carbon blacks used in this work are given in
The physic?

Table 2.5.
Table 2.5 Physical properties of carbon black

// ASTM Particle Iodine Structure

Name Abbreviation Design. . (nm) No (cm3DBP/

100g)
e ——
High Abrasion Furnace

HAF  N-330 32 80 105

Fast Extrusion Furnace FEF N-550 47 42 120

General Purpose Furnace GPF N-660 70 35 90
Semi ReinforcingFurnace SRF N-770 83 26 70
Medium Thermal MT N-990 300 - 33

Depending on the particle size and structure of carbon black,
processing properties of the mix varies. On the processing side the black
decreases loading capacity, dispersability, scorch time and extrusion rate
decreases and incorporation time, mill bagging, viscosity and surface finish
increases. As the structure in black increases, loading capacity, scorch time
and extrusion smoothness increase. Similarly particle size and structure of
the black affect the vulcanisate properties also. As the particle size of the
black decrease rate of cure, strength, modulus, hardness, abrasion
resistance, tear resistance, heat build up and electrical conductivity
increase. As the structure of the black is increased, tensile strength,
clongation, cut growth resistance and flex resistance decrease and
modulus, hardness, abrasion resistance and heat build up increase.

2.3.3.2 Non black fillers
. In compounding rubber for a specific application, there are a variety
act ‘A i
€10rs to be considered and controlled. It is essential to know how the

Vario .
th U5 Properties are affected by the addition of non-black fillers. Some of

€ import .
Portant properties to be considered are strength, stiffness, elongation,
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hardness, permanent set, resistance to tearing, flexing and abl‘asion’
resistance to deterioration, time and temperature of cure, compatibyj;
with adjacent materials, and adhesion. Most of these properties are alffecty
to varying degrees by the non black fillers.

Factors other than fillers that affect the tensile properties are the type
and quality of rubber, amount of softeners, degradation resulting from
mixing, degree of vulcanisation. The effect of filler itself depends op the
quantity used. There is an optimum quantity for every filler. Physicy
parameters factors mentioned under carbon black hold here as wel]
Chemically it is important to know whether the material is acidic or alkalip,
and whether it will react with accelerators. Generally the best reinforcing
actior is achieved with fine particle fillers. Presence of agglomerates ang
coarse particles reduce the effect. Dispersability of the niler is equally
important. Surface area of the filler has an effect on curing because of the
possibility of adsorption of accelerator. Additionally the ability of the filler to
wet the rubber is dependent on the surface activity of the filler regard less of
whether that activity is chemical or electrical. Chemical activity of the filler
may cause under cure or over cure. In either case the strength will be poor.
Alkaline filler increases the rate of cure and an acidic one retards it. In cases
like calcium silicate MBT accelerator will be chemically converted so that the

resulting product may not be an accelerator.

Among non-black fillers precipitated silica is maximum reinforcing
The next in line is calcium silicate, and chemically altered clay followed by
zinc oxide and ultra fine carbonates. Effect of filler is to reduce elongatio®
of the vulcanisate. For high elongation it is best to use medium partick
precipitated calcium carbonate. The resilience of compounds containift
different fillers is generally inversely proportional to the reinforcemen
imparted to thém. Whiting stocks have good resilience while Calcmf“
silicate is relatively poor in this respect. Precipitated silica is an exception g
that they impart both resilience and reinforcement. This unique behavio”
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estigated on SBR based acoustic baffle material. Hardness is

inv

has been
perally incré?

on the s ,

dePenldS ond to arTange themselves in parallel lines during mixing, tubing
rticles .

P lendaring and will prod

arbonate from ground shell is result harder stokes

sed by increasing the proportion of filler in rubber. It also
hape and size of particles. Needle shaped or lamellar

uce harder stokes than spheres of the same
or € |
material. Thus calcium ¢
e. Size and shape of the filler particle also determine

than ground lime ston . .
how much tear resistance it imparts. The best tear resistance is obtained
from fine particle size, spherically shaped fillers. Lamellar shaped particles
give poor results. Among non black fillers highest tear resistance is given
by Precipitated silica followed by calcium silicate and chemically treated
clays. Precipitated calcium carbonate gives only marginal tear resistance.
Ground whiting, clav magnesium carbonate and similar fillers give poor
tear resistance. Fine particle size fillers give the best resistance to flex
apparently because coarser particles act as nuclei from which crack will
spread. Fillers that produce grain effect and overloading with any type are
to be avoided. Zinc oxide, precipitated silica and calcium silicate are good
fillers for resistance to flexing. The highest resistance to abrasion is given
by the finest particle size fillers. Precipitated silica gives best results.
Calcium silicate, zinc oxide, and clay follow in that order. Calcium
carbonate is poor in this respect. To obtain the best electrical properties one
should us: fillers which are free of water soluble materials and which are
not hydrated. Some carbonates are good in this respect. Individual types of
non black fillers used in the present study are reviewed.

2333 Precipitated Calcium carbonates

Precipj .
carbo Tecipitated calcium carbonates are made from limestone. The
nate is f; . ..
| te is flrS} converted into another calcium compound. And this is

Ater converteq back into th

co i
ntrol of particle size. Pr
800d tear resistance.

e carbonate under conditions that permit

ecipitated calcium carbonate imparts reasonably
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2.3.3.4 Precipitated Silica

Precipitated silica is the best non-black reinforcing filler. They han
particle size as low in 20nm. They also have an extremely reactive squac:
Precipitated silica is easily mixed and excellent dispersion is Obtained'
Silica stiffens rubber compounds to a considerable extent. The stiffness Can
be modified with plasticizers. Since silica is highly adsorptive in Tubbey
like NR additional quantities of curatives are needed. The precipitay o
silica imparts very good tensile and tear resistance to synthetic Tubber,
particularly nitrile rubbers.

2.3.4 Plasticizers

Plasticizers are added in rubber compounds for meeting following
objectives (1) increasing plasticity and workability of the compound (2) tor
better wetting and incorporation of fillers (3) to provide lubrication (4) to
improve moulding operation and to modify the properties of vulcanised
product. There are two classes of plasticizers; chemical plasticizers and
physical plasticizers. The chemical plasticizers act by reducing the
molecular weight of the rubber by chain scission. Physical plasticizers ac
as intermolecular lubricants. Chemical plasticizers are appropriate for
modifying the properties of the uncured stock rather than those o
vulcanised. The type of rubber being used is one which responds to such
agents. Physical plasticizers are used when modification of the vulcanizat
properties is desired and when processing requires the lubricating
tackifying and other special properties. Available chemical plasticizers &%
quite different from one another. Aromatic mercaptan, certain petroleu®
sulphonates, penta chloro thiophenol are typical chemical plasticizers. It
important to note that in NR chemical plasticizers are effective at high®

. s . Ong the
temperatures. [mportant physical plasticizers come from am

s
following sources. Petroleum, pine tree, coal, synthetic organic compound
o hlv

Petroleum oils are most common among these. They range from high!

. . .. . . . iUt
aromatic to naphthenic and paraffinic oils. These are available in var
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/;n:ufdosages aromatic oils are suitable. For high

ades. For
y with high quantities of fillers, naphthenic oils are

par ticularl - )
point of view of compatibility and age resistance.

5 Anﬁ degradants .

dergo change in properties with passage of time.

23

Rubbers un -y
i is the major cause. A number of external
e tmospheric oxygen is t j
Oxidation by 2

d internal factors influence aging. Type of rubber, cure system and
nal

a tioxidant are among these. More saturated rubbers show better
antio

istance, possible reason being that oxidation is primarily a free radical
res ’

process. The general class of anti degradants include substituted phenol, p-
Diphenyl amines, Phosphites etc. Materials used for protection during
storage and processing are referred to as stabilisers. Stabilisers may be
destroyed or rendered ineffective during vulcanisation. Thus, they do not
always serve as antioxidants in the vulcanised product. The minimum
amount of stabiliser necessary is normally added, with the assumption that
additional anti oxidants will be added during compounding to give the
desired aging characteristics. There are number of factors external to the

polymer itself that affect aging. These factors are heat, oxygen, fatigue,
ozone and metal catalysts.

Generally heat is an important factor in rubber aging. This is due to
the temperature dependence of rate process. Accelerated tests are thus
helpful to the extent that they give general aging trends. Though heat aging
is not a major concern in the underwater applications, temperature
fiependem activation of water diffusion is relevant in the context of present
::::fgarx:;; The effect O.f oxygen on an elastomer will depend upon the
tWo compet: r and the aging condition to which it is subjected. In gener.al

o Peting processes take place; chain scission and cross linking. Chain
:‘sr:;?o;e::lts in the breaking of bonds. Cross linking results in the
bonds as a result of sites of unsaturation. Net effect of chain

SCission .
1S a reduction of tensile strength. NR and IIR are more susceptible
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to chain scission than other rubbers. Crosslinking typically results jp a)
of elasticity that is characterised by increase in modulus. Neoprene, SB
NBR is most susceptible to crosslinking. Cyclic loading may lead to seri
reduction in useful life. It is important to use anti oxidants to prevep; fly
cracking and fatigue failures.

The effect of ozone on rubbers is typically a surface effect, The
mechanism of reaction of ozone is believed to proceed through 0zonolysg;,
[3]. The reaction is believed to proceed as shown in Fig. 2.4

>C—c< + 03 _.>?_?<
0-0—0
(a)
~. 0 >?/°\?<
0-o(¢) © 0-0
 OR
>c. + ROH—» 4
OOH

>c.  —— —t{-o0-o04;
,0 —0()
Fig.2.5 Ozonolysis reaction

The ozonide intermediates decompose to cause chain scission, resulting
in the formation of cracks in a stressed rubber. The characteristic feature a

ozone cracking is that cracks are at right angles to the direction of strain.

In unstressed rubbers ozonolysis will give a bloom like appearan‘f
called frosting. The formation of cracks is dependent on the degree o
elongation of the rubber. The degree of elongation necessary for CTaCks. g
begin forming will depend on the type of rubber and compou“dm?

ingredients. Usually the range is 5 to 10 percent. At a high elongation Jargf
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///_;—'I_"h::s—e large cracks lead to failure. The type of rubber

are foun

deep cracksf \ cracking. NR forms fine cracks, SBR forms large cracks.
ec
will also afhows much better crack resistance. Protection against ozone
s
Neoprene

jves surface coating or waxes that bloom to the surface, certain
often inV

combination of PO
rubbers and pvC.

lymers give better ozone resistance such as nitrile

236 Principles of compounding

The mixture of rubber and ingredients used for manufacturing of a
rubber product is known as compound. The process of making such a
compound is called compounding. The process consists of the selection of
the type and amount of various compounding ingredients used in a mix,
the manner of mixing, processing of the finished mix and the method and

Jetails of vulcanisation.

2.3.7 General compounding formulation

Major constituents of a technical rubber vulcanizates have been listed
in Table 2.6

Table 2.6 Major constituents of technical vulcanisates
- Ingredient ~ Types
‘TBLase polymer Natural or Synthetic rubber
' (i) Cross linking agent
Aids and means of curing ((ii) Accelerator for the cross linking reaction

(iii) Activator and retarder
— eg. Zinc oxide, Stearic acid
Aids to processing El)) gzgtising agents
—_— ii eners
Aids to quality (i)  Fillers-reinforcing type

M\ (ii) Anti degradents
~———— | Nonreinforcing fillers
(i) Colour,

(i) Blowing-agent,

TT——— | Antifoulingagents

ispecial Materialg
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2.3.8 Compounding for specific properties

For a particular application, the basic polymer or a blend of polymers
is to be selected first according to the broad pattern of final Properti,
required. This must then be combined with an appropriate CTosslip
system, carbon black or a combination of carbon black and non blag,
reinforcement if any, process aids being included to ensure satisfactory
mixing and processing. Reinforcing fillers of finer particles size are as 3 rule
difficult to incorporate during mixing, and they yield stiffer stocks
Protective agents are selected depending on service conditions and th,

nature of the base polymer.

Compounding considerations for different vulcanisate propertig
differ in approach. Following is a brief discussion on each vulcanisat

property vis a vis compounding procedure.

2.3.8.1 Hardness and modulus

Hardness gives a measure of the modulus at low strains. Hardness
and modulus of a vulcanizate are normally increased by the use of
particular fillers, greatest effect being obtained with finer carbon black and
silica. The extent of hardness increase per part of filler for different carbon
black types in CR.IIR, NR and SBR are given by Jacques [4] Highes
influence is found with CR among the above rubbers. For the same
quantity of carbon black NR is shown to give higher tensile strength. The
reinforcement pattern of non black fillers is less clear. Varying chemica
nature of materials concerned in addition to their varying particle shapt
and surface state, influence the hardness. In effect the broad picture of finf
particle resulting in greater hardening remains. Data relating to the
influence of calcium carbonate of known particle size have been published
[5]. Compounding which increases hardness also produces increase in the
higher strain moduli values. Use of silane coupling agents to improve the

bonding of rubber to silica and silicate fillers during vulcanisation havt
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figated (6] Elastic modulus in a filler-rubber system could be
es

been <od by USing heat treatment during mixing. Sulphenamides tend to
increa .
produce slig

htly harder vulcanizates than thiazoles. Softeners and

ce hardness.

2382 viscoelasticity

Vulcanised rubber shows visco elasticity, and is different from elastic
materials. High elasticity property can be imparted to vulcanised rubber by
reducing its visco elastic properties like loss modulus, creep and stress
ation. Glass transition event dominate the viscoelastic in polymers.

;:?sxdecides the frequency and temperature at which damping maximum
occurs as also the intensity of damping. Compounding which contributes
to a more tightly knit cross linking, occupying the maximum possible
volume proportion of the vulcanisate will enhance the elastic properties. A
stable cross linking system can minimise stress relaxation and creep in
rubbers. Such vulcanizates should be able to resist degradative influences
of the service environment as well. The Highest strength is given to rubbers
by using fine particle size carbon blacks or reinforcing silica and to obtain
higher levels, it is essential that these are well dispersed. Selection of type
and quantity of carbon black significantly influence the dynamic
mechanical properties [7]. Low structured carbon black is the choice for
higher elasticity. Certain resins like phenolic resins are also capable of
producing increased strength levels.

Rubbers such as CR and NR, which crystallise on stretching yields

high tensile strength hardness value below 50 IRHD. Other polymers such
as SBR,

NBR of low gum strength., require fine particle size reinforcing
fillers

to develop maximum strength. And this reinforcement is

accompanied by increased modulus and hardness.

. In both cases highest strengths are achieved by the use of fine particle
s
12e carbon black or reinforcing silica. To obtain highest levels it is essential
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that these are well dispersed. Optimum levels vary according 4,
polymer filler- system, but generally lie in the range of 30-60 pphr., h

2.3.8.3 Resistance to abrasion

Compounding of rubber for improving abrasion* resistance Ofte
gives confusing results. In general fine particle size blacks lmprov
abrasion resistance. Optimum level of filler for maximum remforc:em,ent
found to be 50 pphr. Abrasion resistance can also be improved by adjust,
polymer types. Thus it is established that a blend of NR and poly butadie,
gives better abrasion resistance than NR alone in a similar compound,
good level of anti oxidant protection is also needed for getting abragiy,

wear properties.

2.3.8.4 Tear

Unlike abrasion resistance use of reinforcing blacks does not resuitir
a noticeable effect in tear properties. Natural rubber and poly isoprene giv
some response, but SBR and Neoprene show much reduced effect. Coars
fillers of mineral origin particularly those with relatively large partice
fractions generally reduce tear values. Certain resinous processing aids lik
coumarone indene resin, petroleum resins and Phenolic resins are capabl
of improving tear resistance. It is believed that these resins can wet t
surface of fillers and improve rubber to rubber particie contact. In lo*
hardness stocks the high gum strength polymers such as NR or CR gi*
higher tear levels than low gum strength types such as SBR or NBR. InCk
small particle size non carbon black fillers such as aluminium silicate g
high tear strength figures. Silica is capable of producing superior te¥
resistance than that given by reinforcing carbon blacks. Tear resistance falt

appreciably with increasing temperature.
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/ceta’cy;; stress, flex cracking cut growth

2.3.6.5 Resistar

initiation and development of crack in rubber vulcanizates is a
e l 313 3 »

™ use of failure. The nature and stability of cross linking system,
a
,equent <

f otective agents and the degree of dispersion of curatives,

e choice of P
reinforcing and ot
if compounding r¢

flexing resulting in
pounding variation can have quite complex effects on crack
com

her fillers are factors influencing performance in flexing.
duces resilience additional heat will be liberated during
failures. Apart from the choice of base polymer,

Jevelopment. Crack growth rate is high for SBR, BR and CR but low for
NR. The Goodrich flexometer data reported in literature show 7°C
temperature rise for 4.1% reduction in resilience. The effect of polymer
choice can be seen from the data provided by Beaty [8]. Results on moulded
test pieces stressed at 12kHz, show that good resistance to crack initiation

need not be accompanied by good crack growth resistance.

2.3.8.6 Electrical properties

Electrical properties depend not only on the nature of polymer but
also on the type of filler and platiciser. NR, SBR and IIR are all capable of
giving good electrical properties. PVC, neoprene and NER are useful for
low voltage resistance applications, but are more useful as outer protective
coatings over insulating layers for weather or solvent resistance depending
on service conditions. Reinforcing furnace blacks are used in production of
anti static or conductive rubbers, being used in special applications like in
Oxygen masks used in operation theatres. Mineral fillers (whitings, clays)
coate‘.j silica with low water soluble contents give appreciably higher
:::r::mreéi.stance and diele-ctric. characteristics. Some .synthe'tic
sntsate pr z; lcates are conductive in nature and are used in white

ucts. Other compounding ingredients used should be such

that the
v .
¥ have minimum water absorption properties.
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2.3.8.7 Bonding with adhesives A

For successful rubber to metal bonding highly polar Polymey, |
CR, NBR are better than NR or SBR of lower polarity. These in turn
more readily than IIR. There are several other factors than the type
polymer which determine bonding performance. These include f}’pe Q
level of plasticizers used, carbon black, cure system etc. TMTD /Sulp X
less sulphur donor systems have been known to give rise difficulties Wi
certain bonding systems.

2.3.8.8 Resistance to Liquids

All rubbers can absorb liquids to a greater or lesser degree. The acgi,
of liquid on vulcanisates may result in physical swelling of the polyms
degradation of the polymer and fillers, and the ieaching of or attack g
plasticising agents. Cross linked rubbers prevent rubber molecules fror
becoming completely surrounded by the liquid and restrict deformation¢
rubber. Amount of liquid absorbed by a given rubber depends on th
number of crosslink per unit volume. The shorter the average length of th
rubber chain between cross links lowers the degree of swelling. fe
optimum resistance to a particular liquid, the polymer should be chosens
that its solubility parameter is as far apart from that of the contact liqu
[9]. Chemical attack on the polymer is most likely to arise from oxidisit
substance, and in this event polymer having a relatively inert backbor
structure should be chosen, IIR, CSM, or EPM. In addition to the intrit®
swelling and chemical resistance of the polymer, volume content of th

polymer in the vulcanisate should be kept as low as practicable since ¥

U

will minimize its contribution to any volume change. Fillers chosen. sho
ty*

be as inert as possible under the service condition. Plasticizer stabili
VC

e h\drOl

also important., Ester plasticizers should be avoided wher .
- - W

could occur. Extractable plasticizer or additives are undesirable )

shrinkage effects cannot be permitted, for instance in certain seals, U

swelling of polymer by liquid in which it operates compensates for thi¢
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/m‘k:n_g';' the final vulcanisate will also assist in reducing

tate of crossl . . .
high § lling. Where resistance to water or aqueous solutions is
. we ’ . . .
glimateé Sm oresence of water soluble salts in the vulcanisate is
: e
required:

al as they facilitate the ingréss of water. CR which is cross linked
getrimer™ esia-zinc oxide systems produces traces of water soluble
using Magr

ter resistance lead oxide cures are preferred.
. 1c. so for better wa
chlorides: S

2 4 Rheology of Rubbers

A significant factor favouring the choice of rubber for transducer

plication is its processability. Rubber lends itself for easy fabrication by
ap

compression moulding, transfer moulding and injection moulding
operations. Parameters like scorch safety, viscosity, cure temperatures etc
could be adjusted in judicious compounding. Cure parameters can be
conveniently studied using rheometers. Conventional moulding
temperature of rubber is around 150 °C. For transducer fabrication lower
processing temperature is desirable, for preventing accelerated thermal
aging. Lower vulcanisation temperature also facilitates insitu moulding
with thermoplastic structural components and cables. In literature and

patent no practical curing system have been reported for effective cross

linking of rubbers particularly neoprene.
24.1 Viscosity control

When raw polymer are selected it is necessary to select the correct
Mooney viscosity level to ensure acceptable mixing and processing
;:::C:::CS Sy ntl?etic rubbers are available in several viscosity values.
When high g Operation rub.bers of same viscosity grades are recommended.

green strength is required high viscosity grades are required

24, z
411 Mooney viscosity

The M°°ney Visco

the193(y meter was introduced by Melvin Mooney in

S. It sti .
still remains very popular process ability tester. The Mooney
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viscometer is a shearing disc viscometer. The standard test is carrjq, do
per ASTM D-1646-80. Under this test method, two measurements
made. b

t

1. Mooney Viscosity is a measure of shearing torque averaged Overa,
of shearing rates. The rotating disc is used to determine the' M
viscosity of various types of rubber or of the fully mixed compoun
temperature is normally selected based on rubber type.

g
Moone
d.Ty

2. Mooney scorch- the viscosity of the compound containing ,
curatives/ is monitored in Mooney units, over a given test time
Minimum viscosity at the scorch test temperature and time Tequired ,
specific change in minimum viscosity are used as a measure of th
beginning of vulcanisation and the rate with which the vulcanisay,

proceeds.

Both the rotor and die are serrated. That is a crosshatch pattem
milled into the surface. This pattern mechanically grips the rubber. Tw
rotors are available one is 1.2 inches in diameter; the other is 1.5 inches. Th
rotor revolves at 2 rpm. Rubber fills the remainder of the cavity an:
shearing action of the rotor revolving in the rubber sample provides:
thrust which mechanically deflects a U shaped spring which in turn turns:
micrometer type gauge thus permitting measurement.. Test temperature
selected. Sample is loaded and given one minute to warm up. The motort
turned on and the test is completed in four, six, or eight minutes dependir

on the type of rubber.

Scorch or processing safety is determined with small rotor and th
dies preheated to test temperature. The rotor driven by a motor revolves?
2 rpm through the rubber sample. The rubber offers resistance to the tunitt
rotor. This resistance is measured in the same manner as for viscosi®
determination. Test temperature is higher in scorch safety determma“on

With fully compounded stock the accelerators and sulphur mteract
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__— begins scorch safety is the time T

jsation .
n’:s.arent on the scorch curve. m
ap ulcani

242 Rheometers

Monsanto oscillating disc rheometer is the most popular. In this
01: ) biconical disc is embedded in a sample of fully compounded
method @

rubber. ;

ok o
.ulcanisation. The 10
\ulct 100 rpm and it exerts a shear strain on the rubber sample. The torque
5°a

he maximum required to oscillate the rotor is proportional to the
at the

ess on the rubber. Torque is recorded as a function of time. Since the

Dies are heated to appropriate curing temperature to effect
1

r is oscillated sinusoidally through an arc of 1, 3, or

stiffn
uifness of the rubber compound will increase during vulcanization, a
S

complete curing curve can be generated which actually represents a finger

print of the compound during curing.

The dies are electrically heated to temperature is based on the
application. The typical temperature range is 100-200°C. A rubber sample is
placed on the rotor and the dies are closed and held closed by the air
driven arm. The rubber sample then flows to fill the cavity formed by the
closed dies and the rotor is then embedded in the rubter. The rotor then
gets oscillated through a pre selected arc of 1, 3 or 5°. The force required to
oscillate the rotor is measured electronically by a strain gauge which are

mounted on the torque arm. An electronic signal is sent to the recorder
which then plots the curve.

The rheograph is typically divided into three separate regions the

ha . . M i
Phase 1, is the processing area on which a judgement can be made on the
flow characteristics and a

3 .
Phase 2 gives the rate of cu

induction point. Phase 3 re

general viscosity level prior to vulcanisation.
re. This phase begins after passing through the
presents the maximum torque developed or the

n\aximum
State of cure. The important parameters derived from cure
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include minimum torque, maximum torque, scorch time and cyre tim,
. . 3
These are useful input for quality control and product development, ’

2.5 Engineering properties of rubber vulcanizates

2.5.1 Static mechanical properties

Rubber is unique among engineering materials in the diversity o
physical properties that can be achieved through compounding, Becaug,
the physical properties of the rubber material are crucial to the Servig
performance of a component, significant efforts have gone in to the
development of physical testing methods. Engineering properties of direq
relevance to the present work include static mechanical propertie
dynamic mechanical properties, acoustic properties, electrical propertie

environmental properties and age associated changes in properties

2.5.1.1 Tensile stress -strain

Tensile strength is the maximum tensile stress reached in stretchinga
test piece, usually a flat dumb-bell shape to its breaking point. By
convention the force required is expressed as the force per unit area of the
original of the test length. Elongation is the extension between bench mark
produced by a tensile force applied to the test piece and is expressed as?
percentage of the original distance between the marks. Elongation at break
is the elongation at the moment of rupture. Unlike metal stress is 0
proportional to strain and therefore modulus is the stress at some strain. !
is neither a ratio nor a constant but merely the coordinates of a point on the
stress- strain curve.

The tensile stress strain properties of rubbers are measured Withf
tensile testing machine. The early heavy pendulum dynamometers h:!
e 1

largely been replaced by inertia -less transducers which convert 0 .
i . inuou*
an electrical signal. Measurement of stress and stain are taken contint "
. . . je ¢~
from zero stain to breaking point. Dum-bell shaped test pieces ar¢ d
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/;;:re placed in the grips of the testing machine and

o flat sheet: The € , . o
fro ¢ grip i power driven at 50 cm per minutes so that the piece is
the lowe

4 until it breaks. Tensile strength and elongation are useful for
gretched ¥

o pound developm
Y .

om pounds resistanc
<

universally used as

Aompoundiﬂg ingredi
¢ odients affect the rate and state of vulcanisation of the rubber. Similarly
ingr

ent, manufacturing control and for determining and
e to attack by various chemicals. Tensile tests are
a means of determining the effect of wvarious

ents and are particularly useful when such

tensile tests are excellent for controlling product quality one compound has
been selected. The tests are sensitive to changes in manufacturing condition
and can be used to identify under or over vulcanisation and presence of
foreign matter. Tensile tests can be made before and after exposure to
Jetermine the relative resistance of a group of compounds to deterioration
of a group by heat, oil, ozone weathering chemicals etc. Even a small

amount of deterioration causes appreciable changes in tensile properties.

2.5.1.2 Compressive stress -strain tests

Elastomers for engineering applications are more often used in
compression than in tension and ISO 7743 provides a method for
determining the compression stress-strain relationship. The test piece is a
cvlindrical disk of 29+0.5 diameter and 12+0.5 mm in thickness. The test
piece is compressed axially in a universal tensile testing machine used in its
‘ompression mode, with auto graphic recording of force and deflection.
The ‘.95‘ piece is placed between two sheets of fine glass paper with the
3bra§1\f'e side against the elastomer, in order to resist lateral slip. Two
::i‘:mt‘:;i Ci);cles ar.e made in which the test piece is compressed to ?%
COmpression ass required for. the standard. The 'results from the t'h.lrd
Strain or 5 corics oe:pressed either as the compression stress at a specified

of sex; strains or as the compression strain at a specified stress
1es of stresses
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25.2 Dynamic mechanical properties >

In a cyclic or dynamic situation such as in underwater aco
applications, viscoelastic nature of materials having both elashc
viscous behaviour is very important. Energy required to deform a perf
elastic material is completely recovered when the force is removed But t}
viscous element which is caused by internal molecular friction Tetay,
elastic deformation and energy is lost. The lost energy is dissipateq i, b
form of heat and the consequent temperature rise in the elastomer ig calle
the heat build up. The percentage energy loss per cycle of deformatigy ,
known as hysteresis. If force is plotted against deflection for one cycle ¢
deformation a hysteresis loop is obtained. The area under the unloadp,
curve is proportional to the energy returned. Resilience is the term useq;,
define the energy returned on rccuvery and is expressed as a percentag
Rebound resilience is used as a test of dynamic properties the difference.
the hysteresis energy loss. If the relationship between stress and strain wer
perfectly linear the loop will be elliptical. And if the sample were perfect:
elastic the ellipse will collapse to a straight line. If the loading an
unloading cycle is repeated the shape and position of the hysteresis curve
change. In a rubber containing carbon black filler, most of the break dow

occurs in the first cycle.

In phase stress is due to the elastic component of in the rubbe:
Because of the hysteresis losses, the stress lags behind the resultant of t
two stresses by an amount which is known as the phase or loss angle: ¢
Fig.2.6 demonstrates resolution of complex modulus into viscous an-

elastic components.
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kalvrnmtinn

- E*

I

Rosponse =
E* = Stress/ strain
E = E*Cosd
E° = E*Sind

Tand = E’/F

Fig.2.6 Resolution of complex modulus into elastic and viscous components

The more viscous the material the greater is the loss angle. The
tangent of the phase angle, tan 6 in the simplest terms is the viscous
modulus. For mathematical convenience the viscous modulus is some

times considered to be imaginary.

2.5.2.1 Measurement of dynamic properties

Dynamic Mechanical Analysis (DMA) is a technique used to measure
the mechanical properties of a wide range of materials. Many materials,
including polymers, behave both like an elastic solid and a viscous fluid,
hence the term viscoelastic. DMA differs from other mechanical testing
devices in two important ways. First, typical tensile test devices focus only
on the elastic component. In many applications, the inelastic, or viscous
component, is also important. It is the viscous component that determines
PP?perfies such as impact resistance. Second, tensile test devices work
f"r;:ramvi:c:;s@e the 'linear viscoelastic range. DMA works primarily in the

astic region and hence it is more sensitive to structure.
) DMA me
r:::’::n.ols:n::;y tests. Transient tests include creep and stress
while defol’ﬁlation .

asures the viscoelastic properties using either transient or

a stress is applied to the sample and held constant
S measured vs. time. After some time, the stress is
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removed and the recovery is measured. In stress relaxation, a deforma

is applied to the sample and held constant, and the degradation of g,
stress vs. time is measured. Both tests are used to assess the Viscoe
nature of materials. The most common test is the dynamic oscillat

Or}qq'
alstl‘am

where a sinusoidal stress is applied to the material and a sinusoiq
is measured. Figure 2.7

Fig.2.7 Schematic representation of sinusoidal stress stain response

Also measured is the phase difference, between the two sine waves
The phase lag will be zero degrees for purely elastic materials and %
degrees for purely viscous materials. Polymers will exhibit an intermediate
phase difference.

Since modulus is stress divided strain, the complex modulus, E', a
be calculated. From E* and the measurement of, the storage modulus, £
and loss modulus, E", can be calculated as illustrated in Fig, 2.5. E, ¢
storage modulus is the elastic component and related to the sampie
stiffness. E" the loss modulus is the viscous component and is related to*
samples ability to dissipate mechanical energy through molecular motio®
The tangent of phase difference, or Tan §, is another common parame"
that provides information on the relationship between the elastic
inelastic component. These parameters can be calculated as a fundwn
time, temperature, frequency, or amplitude (stress or strain) deP‘mdlng
the application
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2522 Dyram™

; ties

amic proper ) ‘

o t especially if fillers are present. It is therefore important to
remen

meters used when testing the general requirements are

of a rubber are depended upon the method of

measu

Jefine the t t doe: ot giv y detail f
oum“ed

hine. These may be classified as follows
machine.

(a) Free vibration
®) Forced vibration
«©) Propagation

Machines using free vibration set the test piece in oscillation and the
amplitude is then allowed to decay due to the damping in the system. With
forced vibration oscillation of the test piece is maintained by external
means and the frequency is adjusted either to be non resonant or resonant.
Methods based on propagation of ultrasound operate at much higher

frequencies. Rebound resilience and torsion pendulum and Yerzly
oscillograph methods are based on free vibration principle.

TA Instrument 983 dynamic mechanical system is has been used for
characterisation of dynamic mechanical properties in the present
investigations. The test piece is clamped between the ends of two parallel
arms, which are mounted on low-force flexure pivots which only allow
motion in the horizontal plane The distance between the arms is adjustable
by means of a precision mechanical slide. An electro magnetic motor
attached to one arm drives the arm/test piece to a strain selected by the
::':;’ofest:sﬂ ethe arm/ test Piece system is displaced, the test piece

xural deformation as depicted schematically in Fig.2.8
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Sample Deformation
Clamp

Sample

Fig.2.8 Flexural deformation of sample

A linear variable differential transformer mounted on the driven g,
measures the response to the applied stress and provides feed back cont,
to the motor. The test piece is positioned in a temnerature controlly

chamber which contains a radiant heater and a coolant distribution system

The unit can be operated in a number of modes. When operating it
fixed frequency mode the test piece is subjected to a sinusoidal oscillatior
at a selected frequency and amplitude. The unit can be programmed t
measure the viscoelastic characteristics at 57 frequencies during a singk
test. The test piece is allowed to reach mechanical and thermal equilibriur
at each frequency before the data is collected. After all the frequencies ha
been scanned, the test chamber temperature is automatically stepped to the

next temperature and the frequency scan is repeated.

In the resonance mode, the unit operates on the mechanical princiPk

of forced resonant vibratory motion at a fixed amplitude (selected)'m

arms and test piece are displaced by the electro magnetic driver, subject™
. . ar

the test piece to a fixed deformation and setting the system into reson

oscillation.

per
fro”
it

In free vibration, a test piece will oscillate at its resonance fred
with decreasing amplitude of oscillation. The resonant mode differs

the free vibration mode in that the electromagnetic driver puts energ)
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o maintain fixed amplitude. The make up energy, oscillation
(o

the system geometry are used by the DMA software to
frequency 2%
calculate the desire

n ofDMA

d the test piece
d viscoelastic properties.

2523 Applica tio
A common measurement on polymers is the glass transition

ature, Tg. It can be measured with various techniques, but DMA is
temper -

by far the most sensi
g peak, or the peak of Tan 5. In addition to the Tg, the absolute value of

the various viscoelastic parameters is also useful. Because Tg has a kinetic
it is strongly influenced by the frequency (rate) of deformation.

tive. Tg can be measured by the E’ onset point, by the

component,
As the frequency of the test increases, the molecular relaxations can only

occur at higher temperatures and, as a consequence, the Tg will increase
with increasing frequency. In addition, the shape and intensity of the Tan &
peak as well as the slope of the storage modulus in the transition region
will be affected. Assessing the effects of plasticizer and other additives such
as fillers, on modulus and transition temperatures is common among the
use of DMA. Based on end-use conditions, it is important to understand the
temperature and frequency dependence of transitions. DMA is the only
technique that can measure B and y secondary transitions. Secondary
transitions arise from side group motion with some cooperative motion
from the main chain as well as internal motion within a side group. The
miﬁOm are below the Tg and typically sub-ambient. They are very
‘mportant as they affect impact resistance and other end-use properties.

25, i
24 Time-temperature super positioning (TTS)

The TTS techni

) que, well grounded in theory, is used to predict
Material Performance i

at frequencies or time scales outside the range of the

u\st"“mer\t :
dllring an . Data 1s usually generated by scanning multiple frequencies
refere ‘sothermal step-hold experiment over a temperature range. A

Nce tem .
Perature is selected and the data shifted. A shift factor plot is
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generated and fitted to either a William-Landel-Ferry (WLF) [10)
Arrhenius model. Finally, a master curve at a specific temPeratu,em
§

generated as illustrated in Fig.2.9. Using this technique, propertieg aty,

high frequencies (short time scales) or very low frequencies (long timg

scales) can be assessed.
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Fig.2.9 Master curve of neoprene rubber generated through time
temperature superposition technique

2.6 Environmental properties

All polymers and rubbers in particular, are potentially sensitive ®
temperature, fluids and mechanical conditions that they are likely to be
encountered in service. The changes in properties are often large enough®
cause failure. Most of these changes are understood scientifically and &
be predicted if the material is adequately characterised. Rubbers va‘r,“
widely in their resistance to specific environment depending on mater

composition.

2.6.1 Effect of fluids

sic}‘
Almost all rubbers undergo some form of chemical and P

. . ; yub>
changes if continuously exposed to fluid environments. Different
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/d‘su:;;k;o different extent. If a rubber absorbs a large

an with stant

e of liquid: 1 .
volu . vions. Moreover, chemical attack can cause further

¢ will generally become weak and useless for most

eﬂgm, rations: in either case, weakenihg will be progressing. It is clear from
Jetenio

hese observations t .
t od by its environment. Elastomer selection therefore needs to take
mﬂuenC h

{ the service fluid composition. Organic liquids tend to weaken

hat the durability of an elastomeric component is

xcount o)

clastomers by physica _
kalies and marine waters tend to attack chemically as well.
a

1 means only, whereas corrosive liquids such acids

Rubbers are used as coatings and lining to protect the chemical plant
equipments, pipes, and underwater systems so on against corrosion and
abrasion. The physical processes associated with the phenomenon have
already been considered in chapter 1. The absorption process is governed

by thermodynamic parameters.

AG = AH - TAS @.1)

Thus the requirement is that TAS be greater than AH. Enthalpy
change is largely influenced by solubility parameter y values for liquid and
polymer [11] where y 2 is the cohesive energy density- a measure of the
energy of attraction between like molecules. AH will be less than TAS only
when certain conditions for W are met: such as y values are within aboutl
{cal/em3)1/2 each other. Then considerable swelling will occur. If the liquid
: ; moderately viscous oil, this maximum difference in y reduces to about

Bleal/em)i72. Application of solubility parameter becomes more complex

at "
values of solubility parameter greater than about 15-23 (cal/cm3)1/2.

lae ¢ final concentration Mw is lower for a highly cross linked
tomer eyen for li

o quid of similar y. A more important parameter
Roverning the rubber.

liquid interaction is viscosity of the liquid.
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2.6.2 Rubber water interaction ™~

Effect of the interaction of water with rubber forms key issye o
present investigation. The basic parameters governing these interacﬁ
have been already discussed in chapterl. Stevenson and Campigp, i
discuss effects of the phenomena and give some typical water absoxpﬁz
values of elastomers exposed for 2 year in salt water. Equilibriyp, Wa::
absorption by NR is about 4%, NBR about 5 %, and poly chloroprene e
with magnesium oxide cure is more than 32%. However, according t, the
authors salt water is not generally a deleterious environment for Tubber
They cite the examples of neoprene based protective coatings useq .
offshore installations, fracture mechanical analysis of NBR based flex joink
used in tension leg platforms in North sea and the case history (13) of ;

rubber tyre after 42 years of exposure to sea water.

2.6.3 Hydrocarbon liquids

In hydrocarbon liquids, diffusion dominates the movement of liqui:
into the rubber bulk. Individual molecules move by jumping into adjacer
holes formed momentarily in the elastomer matrix during random motio
arising from kinetic energy. The thermodynamic drive is a tendency *
equalise chemical potential of the diffusing liquid throughout the rube
matrix. The rate of migration is governed by Ficks laws of diffusion. fi
amount diffusing across an area A as per the above laws can be expressed
[1/A](dm/dt) = -D(dc/d¢) ®

By considering incremental increase in concentration along the pi*
of the species Fick’s second law is obtained:

,:

(de/dt) = D(d2c/ dx?) e

a Pam{;

As diffusion progresses, the average distance travelled by "
diffus®

in time t from x=0 is (2Dt)/2. This expression indicates that a

related phenomena increase with the square of rubber thickness-
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//:s;;;o:s of Fick’s second law are complex but have

tic
themafor many situations [14]. An easy means of measurement of
peen obtamed ining mass uptake. Sheet samples are immersed into the
pis by dete: Irlesu ¢ Samples are removed at appropriate intervals and
f interess

muid o

ase in weight noted.

To determine D for the sheet sample th‘e solution of Fick’s second law
« applied with appropriate boundary conditions:
- Mt/Mw=2/h (D t/m)* (2.4)

Eventually D becomes concentration dependent as, after awhile
pquid that has entered can contribute to the rate at which fresh liquid
::fmses One convenient method of obtaining a diffusion coefficient is to

measure Day, an average D at the point of 50 % mass uptake so that:

0.5 = (2/h)(Davta/m)* (2.5)

From the equation it follows that a plot of mass uptake vs sq root of
ure should be informative.

2.7 Acoustic properties

Rubbers exhibits extreme versatility for tailor making acoustic
properties; be it for acoustic window pérformance or an absorber in sonar
dome, baffle or a reflector for acoustic decoupler device. The parameters
governing the acoustic wave propagation are the density and sound speed
in the material. But sound speed in viscoelastic materials is a complex
quantity owing to the fact that the dynamic modulus of rubbers is a super
‘Mposition of viscous and elastic components of modulus. The
encapsulation material while meeting the primary function of protecting

Sensor i
Tnate“al from sea water must also posses the requisite acoustical
Properties for trans

10 water medidim,
Teans:

Cactive componen
oustic impe. dance

mitting the maximum acoustic power from transducer
Acoustic impedance of the rubber has an inherent
t. Mathematical relationship between the specific
of water and rubber has been already discussed in
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chapter 1. It is brought out that it is practically impossible to get Complet\
reflection free transmission across rubber. However, by adjustip, ki
density and modulus it has been possible to achieve optimum aCope
transmission through rubbers. Another important aspect is the ffequ
and temperature response of rubber. Practical implication of Cong ’
acoustic wave velocity is extremely important in acoustic baffle des; ‘
Glass transition in the material determines damping maximum of mbbg;
Tg in the material could be tailored to modify the frequency response [15)

2.8 Thermal analysis of Rubber

Thermal analysis is a generic term for a series of techniques
measures some physical change in a material as a function of temperatyp
All materials as they experience changes in temperature, undergo change
in their physical and or chemical properties. These changes are sensed
suitable thermo couples and converted in into equivalent electrical signak
which are collected and analysed to give thermo grams showing ti
property change as function of temperature. Among the various technique
following three are used in the present work.

2.8.1 Thermogravimetric Analysis (TGA)

TGA measures weight changes associated with thermal events. T
technique is commonly used for compositional analysis, determination®
thermal stability and for evaluation of thermal decomposition kinetics*
order to predict long term as well as short term thermal stability: Usst
working temperature range is from ambient t01200°C

2.8.1.1 Applications of TGA

.y v
TGA provides information about the gross composition of Po'h(
osp

over the sample, it is easy to determine the weight loss associated W! o
cing 4"

en switchi™

formulations. Using programmed heating and a change in the at™

or heavy oils, bulk polymer and carbon black or other reinfor

By heating elastomers in TGA under nitrogen and th
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oC Itis possible to determine the amounts of oils, polymers,

800 ° &

k and organic filler present.

dely used technique for predicting the resistance to oxidation
ide
One W:i ngypolym er sample in an oven and periodically testing for the

involves hea ygen uptake. TGA allows the same measurements to

eight gain due t0 0% . .
we'd tinuously The sample is heated to the temperature of interest
n .
w n‘ade cO

1 atmosphere, then purge gas is changed to oxygen. The time from
\n an in  duction 10 the onset of weight gain is a measure of the
n in

yge
oxyg ¢ stability off the polymer system.

oxidativ

TGA provides a method[16] for accelerating the life time testing of
polymers sO that short term experiments can be used to predict life time.
The procedure consists of recording TGA curves of the sample at different
heating rates. The temperature (T) for a selected value of conversion (say
5%) is noted from the TG curves. The slope of the plots of heating rate (©)
versus 1/T the activation energy E’, is evaluated by the method proposed
by Flynn and Wall [17]Jusing the equation.

E=-R/bd logf/ d(1/T)] (2.6)

where E= activation energy, R= gas constant T = temperature at constant

conversion, K. 8 = heating rate,(°C), b= constant 0.457 evaluated from Flynn
and wall method.

Estimated time of failure t; can be evaluated by using Toops [18]equation

Int=E/ RTf + In[(E/ 6R*p(X/)] 27)

where t = estimated time of failure(min), Tf= failure temperature(K).P(Xf)

- a f .
unction whose value depends on E at the failure temperature
282 p; .
ifferentia] Scanning Calorimetry (DSC)

DSC m ..

e casures the heat flows associated with transition in materials.
ure : s . . :
chemycy; cha ments provide qualitative information about physical and

n .
8es that involve endothermic or exothermic processes or
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changes in heat capacity. In addition to the determination of heagg
temperature of physical and chemical transitions, DSC has specifj, use
finding out calorimetric purity and second order transitions. o

2.8.2.1 Applications of DSC

DSC is routinely used to measure glass transition temperaty, o
melting point, degree of cure, degree of crystallinity, heat of fusion ang /,,
crystallisation; decomposition temperature and numeroys Othey
parameters. The area under the curve in DSC is proportional to the heat

transition and the mass of the reactive sample.

AH m= KA o

Where AH is heat of transition (or reaction), m is the mass of reactjy
sample, K heat is the calibration constant and A is area under the Dg
curve. The calibration coefficient, K is determined using compourds of
known heats of transition. Thus from the knowledge of the characteristi
peak, sample mass and known heat of transition it is possible to estimate
the amount of polymer in the blend. DSC is an effective technique for
rapidly evaluating the oxidative stability of polvmers. The oxidative
degradation is seen as an exothermic peak in DSC and extrapolated onse!
temperature of the peak gives an idea about the relative thermal stability.
As already defined, glass transition temperature, T; is the temperature &
which the amorphous phase of the polymer is converted between rubber
and glassy states. Since cooling causes the polvmer to freeze into &
unordered solid, this process is also referred as vitrification. Tg i8¢
secondary thermodynamic transition related to flexibility of a polym®
(rubber) back bone, the secondary inter chain forces acting on it and the
free volume of the system.

2.8.3 Modulated DSC (MDSC)

MDSC [19] is an extension modulated DSC offers unique advantage

. . fr
of providing quick and accurate determination of thermal events
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/DS C a different heating profile is applied to the sample and
modulaté the furnace. Especially, a sinusoidal temperature oscillation is
referencé by the conventional linear temperature ramp to yield a heating

ot lald on . . 1 . v i .
ove hich the sample temperature 1s still continuously increasing

profile in W

\ﬁi!h l. t‘ S h d hI. .} i h i
I . h is some me faster than ﬂle unaer g hllear eatlng rate and
a late w

. es slower than the under lining heating rate. Consequence of this
some “_:eheating profile is that sample experiences a rapid instantaneous
over. lal/cooling and a slower underlining heating rate. This result in
heating ty without loss of resolution. The actual variation in the

¢t in the linear fashion. Rather, the temperature increases at

improved sensitivi

heating rate obtained depends on: the underlying heating rate, the

amplitude of modaulation, and frequency of modulation.
One way to mathematically represent DSC heat flow is
dQ/dt = dT/dt (Cp+Fr(t, T)*Fa(t, T) (2.9)

This equation shows that the total DSC heat flow is comprised of two
components- one which is heating rate dependent (Cp+F(t,T) and another
which is dependent only on absolute temperature, Fs(t, T). Thus there is one
component that directly follows the modulated heating rate (Reversing)
and one component which does not (non reversing). MDSC measures the
total DSC heat flow as well as two components of heat flow.

2.8.3.1 Direct Measurement of Heat capacity

MDSC provides the unique ability to measure heat capacity directly

In a single experiment and to measure it even at very low underling
heating rates. In theory heat capacity should decrease as a monomer
Polymerises because polymerisation, or cross linking, causes material’s free
;::“: for.imemal molecular motions to decrease. However, the onset of
feVersinpaCIty decrease occurs after the exothermic peak in the non
8 heat flow curve. This means that heat changes more drastically

urj .
"INg cross linking than during linear polymerisation.
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Chapter 3
COMPOUNDING STUDIES

This chapter discusses conventional and exploratory compounding
studies carried out on common engineering rubbers namely Neoprene
rubber, Butyl rubber Bromobutyl rubber, Styrene butadiene rubber, Nitrile
rubber and Natural rubber. Their short term and long term properties
relevant to underwater electro acoustic transducer technology have been
discussed.

1.1 Introduction

Rubbers in general has been widely accepted material for use in
marine applications. The notable attributes include its compatibility with
salt water, weathering, resistance to oil, oxidation, ozone resistance, and
amenability to adhesive bonding as well as high mechanical properties. A
major limitation of poly chloroprene rubbers is their rather high water
absorption. Absorbed water interact with rubber leading to undesirable
i‘;:i:sgi: :‘Z:ic.: mechanical (acoustical) and electrical properties. While
single propertye:) bior lon'g term'under. water service the most important

considered is the interaction between water and the

Materia]. Y4 .

- Hen .

erace: ¢ In the present study various aspects of water- rubber
faction and associa

ProBer: ted mechanical, electrical, thermal and acoustical
Perties have been

investigated. Study covers the effect of various

ompoundin ; .
& Ingredients i.e., base polymer, cure system, filler types, filler
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quantities. Molecular diffusion of water through elastomer is 5, im ~N
consideration in underwater applications. In this study permEab'h ;
1 ty ,

neoprene rubber has been investigated as functions of ompy.. |

parameters and temperature. Kinetic parameters of Pérmeatiop,
P

have been estimated to assess their influence in quantitative terms

3.1.1 Sample preparation

Following general method has been adopted for Preparatiop o
rubber samples used in this work. Ingredients have been weighed oy, :;
the basis of parts (by weight) per 100g rubber (pphr). A laboratory
mixing mill 200x300mm has been used for mixing and incorporatioy ,
compounding ingredients. Compound preparation method geners:
conformis to ASTIvi D-3182. Roll temperature was maintained at 5
throughout. Samples have been compression moulded at 105 kg/a
Samples are generally cured at 150°C excepting the specified cases. G
characteristics have been measured as per ASTM-D-2084 using Monsa~
Rheometer R-100, described in Sec.2. Cure time for individual compou

has been set at t¢90 min. obtained from respective cure curves.

3.2 Neoprene

3.2.1 Water absorption behaviour of neoprene gum vulcanisate

A neoprene rubber sample designated 711 has been compound®

with the recipe given in the Table 3.1. Water absorption has b
. QT

monitored, by gravimetric method as function of soaking time. Diffu®
. jon

parameters have been calculated using Shen and Springer [1] relati®

per the method described by Cassidy et.al 2].

[
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Compounding Studies

/‘_;;; 3.1 Compound Recipe 711

Comp: 711 Comp: 712
Ingredients Quantity (pphr) | Quantity (pphr)
100 100

Neopren&W

. 1 1
Grearic acid
Zinc oxide 5 i}
Magnesium oxide 4 -
Red lead - 13
Dibenz thiazyl disulphide 15 15
Ethylene thiourea 1 1

Results obtained have been presented in Fig.3.1. Results show that
Neoprene gum rubber cured with conventional curing systems based on
zinc oxide, magnesium oxide without age resistors and fillers absorb very
large amount of water(>200%) without reaching equilibrium. The study
further reveals that absorption of water is accelerated by temperature. The
temperature dependence is Arrhenius type. Compound 712 has been
formulated with red lead curing system. The water absorption plot on the
same is presented in Fig.3.2.

300
£ 2%
' 200 @40°C
| %+ u50°C
100 | 60°C
; 50 | _ 8
0 J; Be q ‘
° 10 20 30

| Period of soaking(hrs)'?
\\

Figaaw,
.. t .
ater absorption behavior of compound 711 at 40°C, 50°C, and 60°C
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Water absorption (%)
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Fig.3.2 Water absorption behavior of compound 712 with red lead cure Systen

The plot shows that with the incorporation of red lead in place of 2

oxide and magnesium oxide maximum absorption has been brought dow,
from 200% to less than 60 % under identical conditions.
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Fig 3.3 Water absorption behavior of Neoprene compound 711
30 pphr GPF black and1pphr anti oxidant: vulcanox 4020

In order to study the influence of carbon black fill

degradent on the base Neoprene vulcanisate compound .
. X
modified with 30 pphr GPF black and 1pphr anti oxidant Vulcan® a

Water absorption values have been plotted against square
(hours) in Fig.3.3. It has been found water absorption has been
around 20% at 60°C. Thus an order of magnitude reduct

R

modified with

er and o
711 has b€

root of )
red‘JC"d i

on has T
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/pou;‘;);iﬁcations involving cure system, filler and anti

jeved by inued further with regard to th
achi The stu dy has been continue rther with regard to the
adent. ¢ of expostire. Behaviour of the same basic vulcanisate 711 has
. ent O
env“onn; red under the influence of 95 % RH at 60°C.
o
wexp [ ‘?l
! &
I 300 :
I 3
g 2:: 1 . (@Water60°C ||
150 f——————— ‘IRHQOIBO"C F'
’ ! 50 1"*‘ » 'i;:
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RH at 60°C i?

i
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Fig.3.4 Comparative influence of soaking environment on the water
intake characteristics of compound 711

Comparative influence of soaking environment on water absorption
behaviour of basic neoprene compound 711 is presented. It is found that
water uptake in water immersed sample is about five times that of sample
soaked in humid environment. Higher water intake in the former is
expected since rubber when in direct contact with water is more susceptible
for leaching and subsequent filling of the voids left, with more water. The
relative influence of humid environment and under water environment on
Hmples cured with red lead is shown in Fig.3.5

: :db:; hl{mid environment red lead cured sample shows a maximum
er absorl:’:il On as against 40% from underwater environment at 60°C.
o Waterrpsofn values of red lead cured sample can be atiributed to
Matriy, uble by products of cure reactions formed in the rubber

of 15
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Fig.3.5 Water absorption behavior of Red lead cured Neoprene
[comp.712 exposed to under water and humid environment

3.2.2 Kinetics of water absorption in gum neoprene vulcanizates

Kinetics of the diffusion process in neoprene compositions has bee
studied with a view to quantify the effects and to enable the estimation «

total water intake by various rubbers.

Fig. 3.6 shows water absorption-time plot used for the evaluation o

absorption rate.
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Fig.3.6 Evaluation of rate of water absorption from m: Vs Jtime pI°



is the slope of mevs t % plot upto first 10 days of absorption D at

) - . —
where \ temperatures have been plotted in Fig.3.7 to obtain the activation
differen
energy of diffusion process.
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-10.7 1 N
£ -1072 N
-10.74 N
§ 1076 AN
% -10.78 P
! '10-8 ¥ ¥ T T T
i 0.003 0.003 0.003 0.003 0.003 0.003 0.003
1T(K)

Fig.3.7 Arrhenius plot on the diffusion coefficient

Diffusion coefficient for compound 711 at temperatures 40°C, 50°C
and 60°C are 2*10%, 2.2 *10% and 2.3*10 cm?/hr and the activation energy

of the process is 4.2k]/mole.
e y=0.0348x+ 01716
214
| 312
; 1
08
- 06
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¥ o . ,
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Fig.3.8 Water absorption behavior of Neoprene
compound 711 with 40 pphr SRF black
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In Fig.3.8 water absorption behaviour of neoprene Compoyng
modified with 40 pphr is presented. Sample contained 40 pphr SRE ) 1
Water absorption at temperature 40°C and 50° C gave the rate a5 031
0.0348 respectively.

g
5 €20°C
"é m40°C
-3 o,
2 50°C
<

0 10 20 30

Period of soaking in distilled water

(hl' 172

Fig.3.9 Water absorption behaviour of Neoprene
compound 711 with 20 pphr SRF carbon black

Fig3.9 gives the water absorption isotherms of Neoprex
composition containing 20 pphr SRF black. From the slope of the
absorption time plots diffusion parameters have been estimated. Kinet
parameters on diffusivity of Neoprene compound containing 20, 30 and ¥
pphr SRF have been studied. Results are given in Table3.4. It has beer
found that rate of absorption decreases with increase in filler content ¥
case of SRF filled rubbers.

Table 3.2 Kinetic parameters on diffusivity of SRF
carbon black filled Neoprene rubber

* 7 Ep
ooy | o) | megee) | (cmiymg |00l
0 7.44 225 9 | W
20 438 186 39 | 2P
30 4.02 1.64 321 | - ng
40 3.48 146 287 LI/M
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/’:ehaviour of neoprene rubber compound with

¢ absorption
:::::re at concentrations of GPF black

ot of different concentration levels of carbon black on the water
Eff pehaviour has been studied. Gum rubber compound 711 has been
absorption

ified with increasing levels of GPF carbon black from 10 to 80 pphr
modifi

plack. Samples have been exposed to distilled water maintained at
carbon

4°C. The behaviour
from 10 to 80 pphr are designated as 711 c10 to711 c80

- ,.

has been plotted in Fig.3.8. Concentration of black range

)
s ecO |
d

a2 x C10§:

il
r] - CZOE:
- X c30§1

4

x c40§‘

WATER

ABSORPTION(%)
2 NN
O N O O O O

Y C50{E
0 20 40 60 +¢60;
PERIOD OF SOAKING IN -¢70!

WATER(HR)1/2 - ¢80

LY

L
Fig.3.10 water absorption by Neoprene compound 711 modified
with addition of different quantities of GPF carbon black

Fig.3.10 shows that water absorption rate falls with increase in carbon
b‘fd‘ filler concentration from 0 to 80 pphr. From the plot it is clear that
w“}.‘ increasing levels of carbon filler absorption in under water
:;’:Ot}n:ent comes down. All samples except the one with 10 pphr black

Same trend. The behaviour could well be that at 10 pphr the effect

of filler i —
get ﬁuer ls not significant.. With further amount of carbon black the voids
ed in. Rate ofa

urve hag bsorption representing the slope of absorption vs time

been shown in Fig. 3.11.

a2
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water absorption rate vs carbon
black concentration

o o
N

absorption
rate(hr 1/2)

(=)

c0 ¢10 c20 c30 c40 c50 c60 c70 ¢80
carbon black({pphr)

Fig 3.11 water absorption rate with increasing amount of GPF blacy,

In general in carbon black reinforced compounds absorption rate fals
with increasing filler concentration. Water absorption has been plotted
volume fraction of GPF black in Fig.3.12. The data is found to have,

declining trend.

0.4 - ¥=-1.6484¢ +0.2502x + 03008
¢

] 03 ) N
S 202 .
T &
& S

go.1

2 0 T T T

0 0.1 02 03 04
Vol.Fraction of GPF Black

Fig.3.12 Water absorption rate as function of volume fraction of GPF black

g
Water absorption of compound containing 30 pphr SRF coﬁlp"‘;nl":l4
been studied for kinetic parameters. Results are plotted in Fig 3.13and 5
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(" Kinectics of water absorption of neoprene
rubber containing SRF30

Period of soaking of water(hr'”) |

Fig.3.13 Water absorption isotherm of
neoprene rubber with SRF [711+SRF30]
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Fig3.14 Arrhenius plot of water absorption on Neoprene
containing30pphr SRF black [711+SRF30]

Activation energy of diffusion was estimated for the behaviour of the

3
©mpounds and has been found to be 9.9 kJ/mole. With addition of
Q.rbon black filler activ
fus;
Ypes

» ation energy of water absorption has doubled.
ity parameters of Neoprene rubbers containing 30 pphr different
€arbon black are given in Table 3.3
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Table3.3 Diffusivity parameters

—
Filler D*106¢cm?/hr | Slope (%/ hri/2)

Blank([711] 1.72 0.089

[711+ FEF] 3.4 0.048\

[711+GPF] 5.43 0.052\

[711+SRF] 6.25 0.037 ]

Results indicate that diffusivity of SRF filled compound is highes

among the types of furnace black studied though the rate of absorption »

minimum.

3.2.4 Effect of Salinity

A comparative study of effect of distilled water and salt water (354

sodium chloride) has been carried out. Two formulations designate
compositions No.51 and 52 have been used is given in Table 3.4. Wate
absorption of the two vulcanizates 51 and 52 are plotted in the Fig.3.13.

Table 3.4 Neoprene compositions 51 and 52

Ingradient Comp. 51 (pphr) Comp. 52 (pplv)
Neoprene-W 100 100
Stearic acid 0.75 0.75
Magnesium oxide 4 -

Zinc oxide 5 -
Red lead - 20
Vulcanox 4020 2 2
Naphthenic oil 10 10
Ethylene thiourea 1 1
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ABSORPTION %
3 @

o 5 10 15
PERIOD OF SOAKINSZ(DMS)
f

) o =

Fig.3.15 Water absorption of rubber [comp.51] cured with Zinc
oxide system soaked in (a) salt water and (b) distilled water.

Fig 3.15 indicates higher water absorption in distilled water than salt
water. Salt water absorption approaches equilibrium saturation in six
months whereas distilled water absorption follows an exponential trend.
Higher saturation in distilled water can be expected since more water is
required to balance osmotic pressure between the medium and the water
sink formed inside by the dissolution of hydrophilic impurities, discussed
insec 2.

4 COMP:52
- CR:100
3] A |stacid0.75
Naph.oil:10
Red lead:20
! 24— NA-22 :1
' aINADND
1
& sw
_ 0 . i W dw
| o 2 4 6 8
PERIOD OF SOAKING(DAYS)™

Fj
3::;16 Influence of red lead cure system [comp.52] on water
S0rption behaviour in (a) distilled and (b) salt water.
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Distilled water absorption curve of red lead curecm
at room temperature is presented in Fig 3.16. It is observeq that bhe
absorption follows the same trend as in zinc oxide system for salw
distilled water but the ultimate absorption is reached in aboyt 30 d: x
salt water. Absorption is around 1% for the period. Disﬁned
absorption is 3% in Red lead cured sample as against the 15 % of Zine e

cured sample. %

Composttion;
CR.100
Stack0.75
MgO:4
Zno:5
a/04020.2

Carbon Black:
25 Each
NA2Z 1

b T T Naphth.oil: 10

Salt Water absorption(%)

Period of soaking(days)

|@FEF mGPF  SRF |

Fig. 3.17 Salt water absorption behaviour of rubber [comp51+25
carbon black] containing different types of carbon black

In Fig3.17 salt water absorption of carbon filled samples 2
presented. As has been seen earlier further reduction in water absorption *
visible with salt water immersion. GPF black results in lowest absorpt®
throughout the period. SRF filled sample shows an ultimate absorpt®
value of 10 % as against 8 % of GPF. FEF filled sample exhibits a sligh®
higher ultimate absorption value of about 11%. Significant red“dion.‘r
water absorption rate results with incorporation of carbon plack. Situz®

is similar for all types of carbon black.
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] z 1 Composition:
. CR:1
! 08 ealt a.e:we
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Fig 318 Influence of carbon black types on the salt water absorption
behaviour of neoprene rubber cured with red lead system.

In the Fig.3.18 percentage water absorption of neoprene rubber cured
with red lead is plotted as a function of different carbon black types.
Results show that carbon black generally effective in reducing salt water
absorption in red lead cured rubber. Relative influence differs slightly with
filler types. GPF black has higher initial absorption than other types of
blacks till about 28 days. Beyond 30 days the absorption rates falls below
those of others. Ultimate absorption of GPF filled sample remains at 0.8%.

25 Each
NAZ2 1

| & 3,
! 25 Composit
! 5| Distiled A
15
1 4
05
< 0
2 s

‘L\7 4 “

PERIOD OF SOAKING(DAYS)"?

Fig3.
83.19 Influence of carbon black on distilled water absorption
of neoprene rubber cured with red lead system
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The curves presented in Fig. 3.19 show distilled water abs,

behaviour of red lead cured Neoprene. A marginal reductiop, in
Wate

Perige

absorption is obtained in general with addition of carbon black
Increase is linear and no sign of saturation being reached during the
of testing.

3.2.4.1 Carbon black types

In Fig.3.20 water absorption behaviour of rubbers containing three differe,
types of carbon black are presented.

5 25 |
g 5o | Distied z
& 15 3
& |
g 10 !
\
5

- 4
oo / . [ §
$ .0 5 10 16 s
SOAKING PERIOD(DAYS)*? ,'
[#FEF BGPF__ SRF | 3

Fig.3.20 Water absorption behavior or rubber [comp.51+25 carbon black]
containing different types of carbon black.

Each compound contained 25 pphr carbon black. The rubber v
was cured with zinc oxide system. There is no significant difference i"A""
water absorption behaviour with the types of carbon black types stude
Tler incorpors™
imum absor™

of cart”
fow?

But a significant lowering of absorption is evident with fi
in general as compared with unfilled compound. A max
observed reduced from 27 % to about 18 % due to incorporation
black. Of the three types GPF is found to result in margina¥

absorption as compared with the other two.
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o2 imorganic fillers
of inorganic fillers have also been studied. Fig 3.21 shows
Effects tion isotherm of neoprene containing three different types of
watef absoﬁrflers namely precipitated calcium carbonate, talc and clay.
ic . . .
. dicate that there is no significant influence in the quantum of
in
Resuksﬁ n. However the plot tends to reach a plateau after about 5 months
psorpti©
; ing in distilled water.
ot , !
| = !
| |
| |
; |
' ll
i . ‘ !
; 10! 5 10 15 E:
! Period of sosking(days)'? !
| [@caco3 mtalc clay | ii
Fig.3.21 Distilled water absorption as a function of
inorganic filler types [comp.51+fillers]
L a2 55
& 10 ot emt ;:
| s SLadd0.75 ::
| /040202 P
! 4 norganic i
26 Each 4
2 NA-22:1 k
. ! 0 , : )
i -2 5 10 15 f;
' Period of soaking(days)1/2 !
= ®pptdcaco3 mtakc clay !
x J
Fig. 32
Salt water absorption as a function of inorganic filler types
Ultimg,
te s
Sample a-?sorpu(m is about 30% for calcium carbonate and clay
- Tal

¢ is found to contain absorption at a level of 27%.
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Saltwater absorption behaviour of Neoprene samp\

les Contaip; 8

inorganic fillers namely precipitated calcium carbonate, ta]c ang
clay
Yy

presented in Fig 3.22

Results indicate that there is no significant influence in e q
Uan%

of absorption when compared with the behaviour of unfilleq samp)
es

this case too, talc is found to restrict absorption.

The value at about 9% Lower absorption level of salt wate; Againg
distilled water is observed in this case also.

5 |
a |

4
!
)

Water Absorption (%)

0 2 4 8
Period of Scaking (Days)®

e S8t Wbty 3CaC0; ——— Salt waber taic
gy Dist water 2C2Coy —3¢— Dist water talc

¥
i
S

Fig.3.23 Influence of inorganic fillers on the water absorption
behaviour of Red lead cured Neoprene rubber

In Fig.3.23 water absorption behaviour of Neoprene rubbers a‘“‘
with red lead is shown as functions of inorganic fillers talc and caldi®

ot Pt
carbonate. Samples have been soaked in salt water and distilled water’ )
pitated calav®

clearly shows the relative water absorption between preci e
ed rubt”

carbonate and talc in both saltwater and distilled water. Talc fill i
have lower water intake in salt water and Distilled water. )

} a
carbonate filled sample shows7 % absorption in distilled water 25

3% for the same material in salt water
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/f:e_o;'; ne gum rubber

Permeability o
w2 .on of water through the rubber membrane has been tested at
1o cured Wi

w ¢ D-1683 using cup method. Results of the measurement are

s Per
ted in Fig.3.24
presentec T

20, 40 and 50 °C. The sample used was neoprene gum
th red lead(comp712). Permeation has been measured

| 08—
" E 061

% 04 / ¢ T20
! s T40
i 02

0
0.2

i
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Amount

l

‘ Period of testing(hours)
j

Fig.3.24 Permeation of water in neoprene rubber
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Fig.3.25 Arrhenius plot of permeability

Res
for a) th:its show that the permeation linearly increases with temperature
peratmempel‘atures studied. The rates of permeation at three different
"”‘Perahues have been calculated using Eqn.1.33. The values at

es
20, 40 and 50 °C are respectively 4.43*10%, 11.11*10° and



22.22*10°% gmcm/cm?/hr. Permeation rates have been Plotteq N
a

reciprocal of absolute temperature in Fig. 3.25

From the plot activation energy, Ep of the permeation pr
been obtained. The value for neoprene gum rubber is fou::ess
41kJ/mole. to

3.2.5.1 Effect of varying concentration of anti oxidants

Effect of varying quantities of anti oxidant on Neoprene rypy
composition has been investigated. The composition selected for the stuy
was compound 711 modified with 30 pphr each GPF black ang v%
quantities of antioxidants as indicated in Fig.3.38. Amount of Wam;
permeated is also plotted in the Fig 3.26. Arrhenius plot of the rates ¢
permeation is presented in Fig 3.27

2 *A150°C

o g AL0S, s A2 20°C

'&' $ 1.5 -A21LL. ¥ A2 40°C

g A3:15 v

= 8 1| A2 nye ¥ x A2 50°C

ek 5 L |xA320°C

§ g 0.5 =59 — |eA340°C
AV 5

" x ¥ | 4 A350°C

ot OJ{;! A a— +A420°C

0 05 1 15 |~
Beriod of fe - A4 40°C
eriod of test{hours) A4 50°C

A e
Fig.3.26 Influence of varying concentration of anti oxidant p-phyneler
diamine on water permeation across neoprene rubber.

. . .. jondo™
Results indicate that increase in the anti oxidant concentratio

t
on
significantly influence the permeation rates. Thermal effect i
C a
permeation rate remains unaltered. This is evident from the -
the AT

energy of the process i.e. Ep of the process estimated from
plots are close within 1unit at 62+1k]J/mole in all the cases.
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Fig.3.27 Arrhenius plot of water permeation process in
Neoprene with varying quantities of anti oxidant

12.5.2 Effects of varying quantities and types of carbon black

Composition712 has been further studied for the effect of 20 pphr FEF
tack on permeability. Results have been presented in Fig.3.28 and Fig.3.29.

|
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permeated(gmiocm2)
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Period of test {hours)
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Fig.3.28 permeation time plot of neoprene

containing 20 pphr FEF black

Itis o
due bserved that

1 ad 1. there has been a marginal increase in permeability
ddition of carbon black.



.
©

y =-6599.7x + 11'73§|
-85 - -

0.0029 0.003 0.0031 0.0032
1T(°K)

g
o

LN( PERMEATION
RATE){gm.cm/cm2/hr)
o

Fig.3.29 Arrhenius plot of permeation rate for Neoprene
compound modified with 20FEF black.

The rate at 40 °C is 8.8 *10%. At 50°C the value obtained is 175y
while the value at 60 °C is 31*10°. Hence there is a doubling of the rate
permeation. However the temperature dependence of the rate has decline
as compared to the gum rubber. The activation energy of the permeatie
process has increased from 41 to about 54 k] /mole.

3.3 Bromobutyl Rubber

Butyl rubbers are particularly slow to diffusion process. Th
property has been exploited in design of tire tubes, inflatable balloons. Low
permeability is important for encapsulation and potting systems hence it
worthwhile to carry out a comparative study to asses the diffus

characteristics under identical conditions.

3.3.1 Diffusion behaviour of Bromo butyl rubbers

Fig.3.30 presents relative water absorption in four samples namt“
Bromobutyl and neoprene gum vulcanisate (comp.711) and 2 T ™
formulation containing 30 pphr GPF black and 1pphr ani'ic”‘idan.t 40;&«
formulation (comp.1101) studied is BIIR Polysar X2 :100,5tearic acid’

oxide:5, MBTS;1.5,TMTD:1.0.GPF black:30 and Vulcanox 4020:1.0
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: ') 10 20 % 40 50 60
f Period of soaking(hr)*?
! BIR GUM —m— CRGUM

T

CRIGPF-30/A0-1A2 __ 3¢  BIIR/GPF-30/A0-1

e

Fig-330 Comparative water absorption plot of BIIR and CR rubbers

Results of the study indicate Bromo butyl gum vulcanisate has very
jow water absorption as compared with neoprene gum rubber. While
absorption maximum in neoprene under nitrogen is 80% corresponding

value for BIIR is only 10%.

3. Styrene Butadiene Rubber(SBR)

Styrene butadiene rubbers are general purpose rubbers resembling
natural rubbers for their acoustic properties. Their glass transition is among
the lowest. They amenable to property modification by compounding. For
these reason these are candidate material for acoustic baffle design. Their
interaction with water is important in this context

341 Kinetj : s
Kinetics of diffusion processes of water in SBR rubber

wm ab;t;di?ne rubber ITas been studied for water absorption
withs, 75 o 10 ction of cr OS.S link density. SBR has been compounded
Ystem, Crog i I;P hr.each Dicumyl peroxide in place of MBTS-Sulphur
Bllis ang weldip ensity has been estimated by solvent swelling as per
ied at 40 o Ris;n]ethOd [3]. Water absorption behaviour has been

' ts have been tabulated in Table 3.5
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Table3.5 Comparison of diffusion coefficient with cmm
Ity

Sample Details Crosslink density Diffusion COefic
SBR with 5 parts DCP 2.7*10+4 4.64*10-
SBR with 7.5 parts DCP 3.9%104 43100
SBR with 10 parts DCP 6.7*10+4 24%10-

A decrease in diffusivity occurs with increase in cross-link density

3.5 Natural Rubber
3.5.1 Water absorption behaviour of natural rubber

Natural rubber, ISNR-5 (composition 803) has been studied for wy
absorption behaviour. It has been found that the water absorption ram
obtained from the plot shown in Fig. 3.31 are 0.029, 0.039 and 0.05% pe
hour *. Activation energy for diffusion has been estimated from Arrhenix
plot shown in Fig.3.32. The value of Epis 5.55Kj/mole.

| 5 ¥ 00516x+03202  y=0.0388x+0.3254
. =25
3
s ¢
815
2 11
F-]
%05 ]
! § 0
0 20 40 60
i Period of soaking(days)"?
5 I

803
Fig.3.31 Water absorption isotherm of natural rubber compound
modified with 50 pphr GPF black and 1 pphr antioxidant
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Fig.3.32 Arrhenius plot of water intake by
Natural rubber with 50pphr GPF black

Water absorption by the NR compounds 803 incorporated with 0.5, 1,
1.5 and 2 pphr each of anti oxidant have been studied for water absorption.
The relative influence is presented in the Fig.3.33
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Fig 3.33 Effect of varying quantities of anti oxidant 4020 on
the water absorption behavior of natural rubber.

It is
com observed that maximum rate absorption occurs on sample

Pound w; ..
o With 1pphr antioxidant. In others there is no significant effect.
mnmtraﬁo:seﬁﬂ purpose is served by increase in anti oxidant

4NN



3.6 Curing Behaviour of Rubbers ™~

Curing characteristics are important factors detemﬁnin
suitability of rubbers for most engineering applications. DUring g &
cure g,
Mo}
network structure. Good knowledge of the process is essentia] as :;\
€ firg

Partioyl,,
important in underwater electro acoustic transducer applicationg $
e

irreversible reaction takes place leading to a three dimensijong]
product cannot be realized if it is not properly cured. This is

optimum cross link density is essential for counter acting the Osmog
pressure of imbibed water droplets. Also visco elastic Properties
decided by the tightness of the network structure formed. Therefore in g
present work an investigation of the cure reactions in neoprene rubper ha
been included. The rubber formulation comprises of Neoprene -W: i
Stearic acid:1, Accinox :100 antioxidant: 2, MBTS:1.5, NA-22:0.6 ang,
varying amount of red lead from 5 pphr to 20 pphr. Study has been carriec
out on the kinetics of cure reaction. Two rheometric techniques name:
Oscillating Disc Rheometer (ODR) and Moving Die Rheometer (MDR) haw
been used in the study. ODR has been described in chapter 2. In the MDR:
thin sheet of rubber (2mm) is placed between two dies kept at the desir:
temperature; the lower die oscillates and a reaction torque/press®
transducer is positioned above the rubber die. It has been found [4] that te
MDR gives shorter times of cure than the ODR because better heat transi®
and higher torque values owing to the die design. MDR analyss *
performed at three temperatures to allow evaluation of the kin®
parameters of the cure reaction. Activation energy has been calculated f“’:
fractional modulus (torque) time obtained through the rhwgrapl;;
Neoprene compounds. The modulus was assumed to vary with o
following first order kinetics and the rate constant varies with tempe™

according to the Arrhenius equation [5].

i
ad o
The first part of the study focuses on the amount of red I

cure parameters.
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/a;:;—;hown in Table 3.6 have been generated with

The curé per Monsanto, USA. Instrument was run at 3 ¢arc, 150° C.

gheometer R-1000f
arameters of Neoprene samples containing varying
Table 36 cure? concentration of red lead
e | ime | Min.Torque Max.Torque

2ed tead Sc:;d;g;me i‘;r()e(frﬁnn) ML (1b.91n) MH (lb.?n)
epd—= 385 7 37
/5’—*/3” 37 10 49
%”“;57 27 14 59.5
5 | 25 52 10 - 54
o | 35 28 10 44

It is found that that cure time reduces initially with increase in red
lead from 38.5 minutes to 27 minutes as the red lead concentration is
ircreased from 5 to 12.5 pphr. Minimum torque also increases from 7 to 14
Ibinch and maximum torque increased from 37 to 59.5 Ib.in. Beyond 12.5
pphr increase in Red lead concentration does not produce any further

icrease in cross links. This suggests that the optimum concentration is
about 12.5 pphr.

341 Kinetics of modulus buildup during cure

In the kinetics analysis the following assumptions are made:

( . .
1) The rate of Increase in the modulus of the rubber follows a first order
®quation at the constant temperature [6].

:1:::@ heat developed by the cure reaction is negligible.
Increase of the modulus E:is given by the first order equation
] Cnstant :/dt R ”
Perature. After integration, this gives
Ey Eﬁl-exp[—kt] (3.3)
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Where k is expressed in terms of temperature by: \

K = koexp[E/RT]
B4
This is typical Arrhenius type reaction

3.6.2 Cure Studies

Using A Monsanto 2000 MDR (Alpha Technologies) Studies
conducted at several isothermal conditions within the range of 150
170°C. The sample, initially at room temperature was placed in the ¢
kept at selected temperature. The torque was monitored as a function ,
time. A plot of In(1-E¢/Ex)as a function of time, shown in Fig 334 givy
straight lines initially in all cases indicating progressive cross linkiy,
reaction under isothermal conditions at 150°C.

: |
-1
< 2 &5 pphr
L\I.z B 10 ppivr
u 5 A 15 pphr
-
~ x20
5 « caid
.5 3
0 20 40 80 )
Run Time (min)
——

Fig. 3.34 In(1- E/E.) v time plot for various
concentrations of red lead in Neoprene

K fo
The slope of these lines provided the value of the rate constan‘-"lom
various values of red lead concentration. The rate constant has been P

as function of red lead concentration. The plot is given in Fig 3.35
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Fig.3.35 Plot of rate constant as function of red lead concentration

It is observed that that there is a peaking of reaction rate between 10
and 15 pphr concentration.

s i sreoad

LN (1-EVEo)

l\ " Cure Time (min)
Fig. 3.36 In(1- E/E.) Vs time plot of red lead
(12.5pphr) and ZnO/MgO(5/4)(pphr)

o QI" Fig. 3.36 modulus cure plot of two cure systems commonly used

0ss linkj
P hnkmg Neoprene has been given. The curves show that reaction is
red lead system. The cure time for red lead cured sample is 20 min

% against 40 r,:
™ leag 4 Minutes that of Zinc oxide. The reaction rate constant for the

is
thergy ¢, Rowever 0.09 as against 0.1 for zinc oxide system. Activation

r .
2 COncentrations of Red lead in Neoprene rubber has been
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obtained from of their respective cure time -recipr \

shown in Fig. 3.37 e by

———

(a)

36
g a5 _
. — y = 2881.2x - 3.2856
EEa4
g 33 12.5pphr R

. d

S 32 ppar Re

0.00225 0.0023 0.00235 0.0024

1K

|

Ln(tso),min
N
[}

RED LEAD 5PHR

-~

0.00225 0.0023 0.00235 0.0024
1T°K)

Fig.3.37a,b .Arrhenius cure plots for 12.5 and 5pphr cure systems

wt
It is clear from results that activation energy for cure decreases

mo
increase in red lead concentration. E, has decreases from 65 t0 24K/

when red lead is increase from 5 to 12.5 pphr.

3.6.3 Effect of different types of carbon black on the cure reactions
sgFand”

Influence of different types of carbon black namely FEF, 1637
bled-

on the cure reactions have been studied. Details are given inTa
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Table 3.7 Cure kinetics of Neoprene rubbers

with different types of furnace blacks

/me Cure time | Min.Torque | Max.Torque
SAMPLE (ts?) min (tc90) min | ML(lb.in) | MH(lb.in)
2.5 35 11 62
'17 5gedlead+30FEF
- 3 325 105 56
T oRedlead/GPF30| 3 35 10 58
/ : . . .
‘ Results indicate that FEF black is more reactive in so far as maximum
e values and scorch time are concerned. Cure time is less with SRF.
U]
g’qp black provides intermediate maximum torque levels. In Fig.3.38 In (1-
£/E) is plotted against time to bring out influence of different types of
furnace black on the cure reaction.
r 3
o |
P 'gl
8 -2 )
l % |
£ '™ |
4 K ;I
l £ -5 FEF 1. GPF oo SRF !i
i 3 ;I
| 0 20 40 60 80 |
| CURE TIME/min) |

i
i
i
Ji

Fig3.38 In(1- E/E,,) Vs time plot on the influence of different
types of furnace black (30 pphr) on the cure reaction

Flot clear ly shows that the reaction rate in three types of carbon back
valye c::;:e::;tai“mg 125 pphr each of red lead. FEF enhances the k
is 0,087, Lowy. The value for FEF is 0.1403min?! while the same for

est rate of 0.71 is found in the case of SRF black.
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3.6.4 Effects of furnace black on the curing reactions

with varying quantities of red lead

—_

mbb,,

Samples containing different quantities of red leag hay
e

modified with 30 pphr each of FEF black and cure reactiong stud;
rheometer R.100 Results are given in Tables 3.8. It is clear that torg
have increased with incorporation of carbon black. As explaineq in

ed wlﬁ‘

3.6 the deviation in the cure time between MDR and ODR is due to bette

heat transfer in MDR.

Table 3.8 R-100 Cure parameters of Neoprene containing different req lead
concentrations and 30 pphr FEF

Sample details S(?(;):;hntér:e %‘:;;ﬁﬁ: M&nizgfgt;e MAXMH(E“L
5Redlead +30FEF 3 35 11 58
10Redlead+30FEF 2 33 13.8 70

12.5Redlead+30FEF 25 35 11 62
15Red lead+30FEF 25 30 10.5 62
20Redlead+30FEF 2 28.5 10 63

3.6.5 Comparative study on zinc oxide v red lead curatives on the
physical properties of neoprene rubber
A comparative study on the influence of the zinc oxide v red lead @

the physical, mechanical and electrical properties has been und
order to broaden the scope of the present study. The base
zinc oxide/magnesium oxide cure is compound 51 and that wit
cure is compound 52. Figs. 3.39 to 3.42 show the influence

system on tensile strength, cure safety, Volume resistivity,

respectively of both the cure system.

ertaken *

formulation wi

b red 1
of the &%
Cure o
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|

= MgO/ZnO B Pb304/

Tensile strength(MP
E-R--R

L
(W

£ & & (?dsb & o

Type of filler

%

e e oot e e s ot o

Fig.3.39 Effect of cure system on tensile strength

No significant difference in the tensile strength characteristics is
observed. Compound with Zinc oxide shows marginally higher tensile

strength in most samples

8 MgO/ZnO m Pb304

SCORCH
SAFETY(ts2)(min)
O-=2NWhH

%

‘b{g c‘}q «é @c& &

Filler types

%

Fig.3.40 Effect of cure system on scorch safety

Scorch N
safety of Zinc oxide cured samples are higher in all the samples.
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—

! s JIMQOIZ'\OIP@
2,
- 353
| F S
ok
x
| Q§'° & «é&cﬁb«*’oﬁ‘
[ Type of filler

Fig.3.41 Effect of cure systems on volume resistivity,

Volume resistivities of all filled Zinc oxide cured vulcanizates
higher than that of red lead cured vulcanizates. Calcium carbonate and
show highest values.

[

i @MgO/Zn0O m Pb304
£ 2
S
§1o
55
e 0
(& ]
£ & & F o
S_@‘p £ & &@c& «F  of
TYPE OF FILLER

Fig.3.42 Effect of cure system on the cure time

No significant change in the cure time with the type cure SYM:
observed. Zinc oxide slightly faster in this respect effect of the two n-;
systems on maximum torque attained during curing is pre-sen G
Fig.3.43. In all the samples red lead cure system achieves highef *

indicating, higher cross link density
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I caumaa -

|

€& B o)
é@fe‘iﬁc? &@cﬁ‘« o®

TYPE OF CURE SYSTEM

MAX
TORQUE(LB.INCH)
o388

—

Fig 3.43 Effect of cure system on maximum torque

17 Low Temperature Vulcanization

The low processing temperature of passive acoustic rubbers is one of
the major considerations in high reliability transducers. Conventional
rubbers cure around 150°C. A processing window of this range could lead
to degradation of materials such as poly vinylidene fluoride and thin
walled Piezo-ceramic based sensor materials, which in turn may lead to
reduced device sensitivity. Low temperature curable neoprene
formulations have better processability and reproducibility than other cold
setting materials like Polyurethanes (PU) and silicone rubbers. Isocyanate
Wigmm used in PU besides being injurious to health, are highly reactive to
mosture. Silicone rubbers have poor oil resistance and inadequate
m;’::ﬁrﬁe& Work in the context of the present study, has lead to
o Neoprene :n accelex:ator Polyethyleneimine accelerator (Polymine)
Cure behaviorr:f ber (having processing temperatures as low as 60°C).

sl Uis:;eo'prene rubl:fer formulation employing Polymine has
“"‘“Ced v -vis .convenhonal accelerators through the use of

analytical techniques.
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3.7.1 Structure and properties of Poly ethylene imine \

The molecular structure of Polyethyleneimine is that of a by
poly functional amide-imide structure represented as

[-HN-CH.-CHz]x [-N(CHxCHz-NH,)CH2CH2. ,
Mn = 60,000

Mw = 75,000 material is a branched polymer and is used in the form
50% weight water soluticn. b

3.7.2 Preparation of Samples

Compounding of the rubber was carried as per the standard Meth
as discussed in section 3.1.1 The basic formulations are given in Tabje 3¢
Volume fraction of the rubber in the vulcanizate was determined
equilibrium swelling method in toluene using standard equation [7]. Vr»
related to cross link density by Flory-Rehner equation [8].

Table 3.9. Compounding formulation & vulcanizing systems
Quantities in parts by weight per100 parts of rubber

Ingredients S1 S2 83
Neoprene (GRT)e 100 100 100
Stearic acid 1 1 1
Accinox Bb 2 2 2
Red Lead 13 13 B
Poly mine 1.16 1.16  —
DPTU - 1.16 /
NA22 - - )
MBTS - - )

a- DuPont -Dow Elastomer Product

b- Condensation product of Acetone and Diphenylamine
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/ifferent:;;“ator systems were incorporated in the master
Three

dd (Pb304) was included as the common cross linking reagent.
patch- Red lea een inc orporated in sample S1. The sample S2 contained

poymine :;ether with an equal amount of Diphenyl thiourea (DPTU).
VT ine

Pl third Sample

The Pnsmg NA22 togethel' with MBTS.

cofm

are Studies using Moving Die Rheometer (MDR 2000)

S3 contained a conventional accelerator system,

373C

The Rheome
Rubber compounds with different cross link systems, S1, S2 and S3 were
u

aralyzed using MDR2000 at temperatures 80, 100, 120, 140, 150, 160 and
170°C. The instrument registered both the elastic (in phase) response S’ and

ter was operated with an arc of oscillation of + 0.5.

viscous (out of phase) response S5” of the torque as curing proceeded.

174 Cure Studies Using Modulated Differential Scanning Calorimetry
(MDSC)

MDSC [9] separates kinetic information relating to non-reversing and
reversing thermal events, based on heat capacity measurements, in
addition to providing total heat flow and temperature information. MDSC
experiments were conducted using DSC 2910 from TA Instruments, USA to
inalyze the curing behaviour. Measurement of enthalpy of reactions [10]
:‘5 carried out from 30 to 250°C at a modulation of 1°C & 80 sec.

rderlying heating rates of 30C/min, 4°C/min and 5°C/min were used to

S‘:‘f;‘:wki;etic parameters. Exotherm peak area in J/g of non-reversible

gy (1] :i :ssd to measure heat of vulcanization. Arrhenius activation

wath ochardt & Daniels (BD) kinetic analysis [12] was carried
analysis software package.

175 :
C‘-ﬂ’e kmetics using DM A
Dynamnic ey
NMples f(\axmc Mechanical analysis was carried out on rubber compound

Tubber m;,
Ratery) | . ber ) supported on an inert substrate namely fiber glass
Using DMA Y
983 (TA Instruments, USA) operating in flexural
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mode. Analysis run was carried out isothermalm

120,130,140 & 150°C. The strain amplitude was 0.4mm, in reg, Peratun
Mance, 7,

o

sample dimensions were maintained approx. at 9x12x2 mm,

Figure 3.44 shows Rheograph obtained for the samples 4
index at 80°C for compounds S1, S2, and S3 are 5.2, 7.29 and
respectively. Difference between highest and lowest value of

80,
233 gy,

MDR 2000 CURE CURVES @ 80°C

10
£ 8 —— 81
E ) 7]
]
4 —a— 83
g 4 W‘
- 2

04 r r :
0 1000 2000 3000 4000
TIME(seconds)

Fig. 3.44. Rheograph of compounds @ 80°C

S’ was calculated. Temperature- cross-linking index plot is shownr
Fig.3.45. It is clear from figure that sample S1 with Polymine and S2w?
Polymine-DPTU combination, have higher elastic modulii corresponding
higher cross link density below 120°C.

ELASTIC MODULUS - TEMPERATURE
RELATIONSHIP
20
i
£ 15 * !
b~ -
5
10
3
=
o O]
0 : :
50 100 150 200
TEMPERATURE(°C)

Fig. 3.45. Cross linking index of compounds
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/
e was registered in S2. Higher cross link density of 52
T . .
lg;— gighest 'to t(ilve of the synergism of Polymine / DPTU system.

is indic@ . .
0 Curing characteristics and Mechanical properties

“ T‘ble 31
/Sample’_, s1 52 s3

stics @120°C
characte 5.01 129 | 1095

. in)
‘—““d‘.“‘“egm (M) 52.06 43 33.88
cure time ( 1273 | 1529 | 577

Nm
sH-ML) (dN) 0.46 0.45 0.44

Vvolume fraction (VT
’ jcal properties (Cured @ 120°C)

Hardness (Shore A) 60 56 44
wodulus, Mxo, MPa 4.5 41 -
Tensile Strength, MPa 13.78 12.67 17.27
Bongation at 515 630 1250
Break, % 360 368 260
Tear Strength, N/cm Tgg°C -39 -39.46 -38.3
Tensile Strength, MPa (Cured @) (150°C) - - 16
Elongation at Break, (%) do. - - 1115

Sample S3 with the NA22/MBTS cure system undergoes no
sgnificant cross linking below 120°C. Curing characteristics and

mechanical properties of the vulcanizates are given in the Table 3.10.V; of
vulcanizate S1 and S2 are higher than those of S3.

@ mi“:l:: Sslshas a Shore A hardness 60 and tear strength 360N /cm. For
Shore A and 368N/cm respectively. Hardness of S3 is 44

- A ::d teil.r strength 260N/cm. May values for polymine based
are higher (4 MPa) than those of conventional system (2 MPa).

pl:";;’:’ltes fPOint to higher cross link density in samples S1 and S2.

e, with t: MDR cur.e rate (Fig.3.46) shows that Rate constant (ki)
E) of Mperature in all samples. The apparent activation energy

Sampje v .
P'e with Polymine (S1) is found to be 90.0k]/mole, while that of
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polymine /DPTU (S2) sample is 84.0 kj/mole, whereyg o !
Ny

NA22/MBTS (S3) system gives a value of 94.0 k]/mole. m‘\]
\
ARRHENIUS PLOT - MDR
-3.5 .
Easq :90.0 f\

T ous Eag:840 | ST
€< Eagy: 94.0 | ®S2
£ 483
g 55

6.5 - i

0.00225 0.0023 0.00235 0.0024 0.00245

1T°K

i - -— -

Fig, 3.4 Arrhenius plot from MDR cure data

MDSC measures the totai enthalpy of cure as non-reversible he;

flow. Fig.3.47 shows cure behaviour of samples for cure rate 3°C/min.

: MDSC CURE CURVES
0.04
0.03 -
0.02
0.01 1

- 81
« S2°

—S3

HEAT FLOW(J/g)

NON -REVERSIBLE

-0.01

-0.02
i 25 75 125 175 225

TEMPERATURE(C)

Fig. 3.47 Cure behaviour- MDSC Cure data

MDSC kinetic parameters [13] are given in Table 3.11
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Table 3.11. DSC Kinetic parameters

-
]

] Arrhenius | B&D ANALYSIS
Heating raté AH Exothoérm Eaamn Ea
C_l—5 148 14575
B 4 2149 | 154.88 63.71 1916  [3.09
51 5 1609 | 159.90
43 |2109| 16038
' 4 2165 | 161.17 108 13471 [2.28
s 5 2092 | 16347
—t3 5423 | 12974
4 62.03 | 134.08 121 1547 |09
s 5 6429 | 13729

Enthalpy of cure for sample S1 is the lowest while that of the
onventional system, S3 is the highest. Sample S2 exhibits marginally
ragher values than S1. Lower cure enthalpy values in Polymine based cure
+vstem are indicative of the higher level of pre-vulcanization cure suffered
ov the material prior to thermal analysis. DSC B&D kinetic analysis [12] of
umples show that the order of vulcanization reaction for the samples S,
and 5; lie between 2 and 3 & their B&D activation energies lie in the range
ot 130-190 kJ/mole. Overall reaction order of conventional cure system is
‘ound to be first order whereas that of Polymine systems follows a higher
order. Progress of curing reaction has been reflected in DMA frequency
sorage modulus) V time curves as illustrated in Fig 3.48

DMA CURE CURVES |

! |
; §2‘3 sstasasanBSaEseEREEl ( S S1}|
B . sz}i
§ “ | —a— 33“
e T

0 20 4 6 80 100 :
. Cure Time(Min) '

Fig. 3. 48 DMA Cure curves
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All curves show two distinct stages in the cuyre re&cti(,n\
represents softening of the compound as a fall in frequmcy * Sty
followed by on set of cure with build up of frequency (moduly, m°d“!u:

S).
cross linking was calculated using equation. ) Degmh:‘

f= (E-E) /(ExE) :

where, f is the degree of cure, E: storage modulus at the time

Bs
tw k,

From 4
results apparent energy of activation (Ea) of cure reaction h, l:
s

storage modulus at the onset, and E; the final storage modulyg

estimated using Arrhenius plots (Fig. 3.49).

Arrhenius plot - DMA )

2
g
Z .3 1
w e
W e
3 2
3

-5 , :

0.0024 0.0024 0.0025 0.0025 0.0026

11T (°K)

Fig.3.49 Arrhenius plot from DMA cure data

E, for Polymine based cure systems obtained through DMA is ares™
40kJ/mole while the same for the conventional cure s:'stem is 60kl/ m
The mismatch in the energy of activation observed between MDR &~
DMA techniques can be explained on the basis of higher temperé”
sensitivity of dynamic modulus-temperature relationships.
rubbers has

MDR cure analysis show that Polymine activated -
ure. Pol¥

cure onset temperature (~80°C) and activation energy of ¢

sical 3%
DPTU combination has synergism in neoprene rubbers. PhY )

ot
. ot ad\
mechanical characteristics of neoprene formulations aré n ot
rin
affected by these novel cure systems. MDSC results b io“‘” w
n.

Polymine based compounds have lower heat of vulanizatio
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/ ion has peen explained on the basis of higher pre
yulcant cure suffered by the compound. Lower activation energies
jcaniz? 0‘;58 ¢ temperatures of Polymine based vulcanisates lead to the

4od loWeT c:hat activation threshold of the rubber compounds have been
usiOn

;hif"d tol

nfluence of carbon black on Dynamic Mechanical behavior
18 uen

The ViSCOelaStic n
ch as encapsulants, acoustic windows, acoustic baffles,

wer temperatures by the Polymine accelerator.
0

ature of rubbers influences performance of rubbers

" .pplications su

yansducer mounts €
nt work focuses on dynamic mechanical properties of rubbers.

tc. In view particular relevance of viscoelastic behavior
the prese
Two significant aspects studied are influence of carbon black filler types
and their quantities on the visco elastic behaviour. First part investigates
the dynamic mechanical responses on the types of carbon black used The
sm)nld part considers the effect of varying quantities of carbon black on

revprene as well as Bromobutyl rubbers.

34.1 Influence of the type of carbon black

Measurements were made at different frequencies from 0.1 to5 Hz;
the temperature range selected for the experiment was from -30 to 30°C.
Vixo elastic data such as flexural modulil and tan & in the above ranges of
‘emperature and frequency were made use of in a time-temperature
*perposition [14] to arrive at properties at frequencies up to 10 kHz. The

da .

h.!a obtained have been compared to find the relative efficiencies of the
Pe of carbon black fillers us

e complex

\Qso“nd s

rlast

ed in Neoprene rubber formulations. From
modulus obtained acoustic propagation [15] characteristics
Peed and attenuation coefficient, have been calculated. The

Omer ge) .
u Pog o ected for this study was neoprene-W manufactured by M/S
udied are o Wilmington, USA. Different compounding formulations
® 8ivenin Table 3.12,

127



Samples were prepared as per the details presenteq .
3.1.2Curing properties were determined on Monsanto RheoIn
m

(ASTM -D2084). All compositions have plateau cure curves, 90y,

™~
Secty,
Ctep I

were 20+3 min. For dynamic analysis, specimens A ang B w
€re

moulded and specimens C and D were punched out from Precureq
§

Samples A and B were 24mm*5mm*6mm, while C and p
27mm*3mm*10mm and 30mm*3mm*10mm, respectively, Specime. '
ns

preconditioned at room temperature for 48h before testing,

Wen

Table 3.12Compounding formulations- in parts per 100 parts of rubber

a: Ethylene thio urea, b= n-(1-3-dimethyl butyl)-n-p-phynylene diamine,

3.8.1.1 Measurement of dynamic mechanical properties

In order to generate a master curve that can give propert
ultimate properties of interest time temperature super position tec

described in section 2.5.2.4 was used.

Dynamic mechanical analysis was carried ou
983. In this set-up, a rectangular specimen clamped betwee

. . . : : X
arms is deformed in the flexural mode using a sinusoidal €

128

. (o)
¢ using Du P ¥
n two PA

citing for

1 ente(oohr Compound designation
ngredients A —
i (opr) (Gum rubber) (N?SO) (NEEJE%U
Neoprene -W 100 100 100 10
FEF (N550)* - 25 - B
GPF (N660)* - - 25
SRF (N774)* - - - pi)
Red lead 20 20 20 2
Naphthenic oil 10 10 10 10
Stearic acid 225 225 2.25 15
NA22 1 1 1 b
Vulcanox 4020° 2 2 2 L’__z,,
+Carbon Ks?

jes at
hrugw ¥

nt V!

oYY
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mplimde. The torque required is monitored in

”toﬂﬁ;n ond phase and the viscoelastic properties of the material are
:tu e

these data by the DMA standard data analysis software.

serived 0T . .
rature superposition was carried out using the DMA time-
1-‘me-tir:?;:r})osition software which is based on Williams, Landel,
ture theory [16] Experiments were performed in the temperature
1o +30:C for compounds A, B and C. For compound D, the
rmg¢‘3(:ion range was only from -20 to +30°C. The characteristics shown in
‘:::50_52 correspond to measurements at a frequency of 1Hz and

smplitude of 0.4mm. Horizontal clamps were used for mounting specimens.

181.2 Flexural storage Modulus

The flexural storage modulus over the temperature range obtained in
rspect of rubber compounds filled with different types of Carbon black are
presented in Table 3.13, and shown graphically in Fig.3.50

25
z i 20 i | —e—GUM
15 - | _a—N550
] NGB0
-]
EB § 1 — —x%—N774
ﬁ E 0 ‘ 4
<30 -10 10 30 50
Temperature(°*C)

L\

Fig.3.50 Effects of carbon black types of the flexural
storage modulus-temperature relationship
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Table3.13 Flexural storage modulus- temperature data

Temperature Flexural storage Modulus, F’ (MPa)
T —
Q) (G?lm B ¢ \D
Rubber) (N550) (N660) oy
-30 943 20.16 1484 | T~
20 731 1737 10.49 1024
-10 5.44 12.95 8.61 932
0 452 11.16 6.90 822
10 3.96 9.77 6.20 70
20 3.29 8.60 5.67 67
30 2.80 7.59 5.03 615

A general increase in storage modulus is observed in the case of ;
compositions containing carbon black fillers as compared to gum rubte
compound. A fall in storage modulus with temperature increx
corresponds to an increase in the molecular mobility arising from highe
internal energy. Carbon black with finer particle size (N550) produces hig
reinforcement as could be expected. The steep fall in modulus observed =
the temperature region -30 to 0°C suggests that this region succeeds t¥
glass transition in the material. The temperature region 0-30°C represen
the rubbery stage.

3.8.1.3 Flexural Loss Modulus

Table 3.14 shows the flexural loss modulus of rubber “'::
compounded with different filler types measured at various tempera

The results are presented graphically in Fig.3.51.
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é ——GUM

—a— N550
N660
¢~ N774

3 10 10 30 50
Temperature{°C)

Fig.3.51 Effect of carbon black types in the loss
modulus temperature relationship

In the subzero region the flexural loss modulus also follows the same
wend as that of the storage modulus. Above 0°C, however, fillers
ncorporation does not appear to influence the loss modulus of the

naterial.
Table 3.14 Loss Modulus temperature data
Flexural loss Modulus, E” (MPa)
Temperature A
0 (Gum B C D
Rubber) (N550) (N660) (N774)
-30 6.80 11.29 9.56 -
K 4.20 8.25 439 2.64
10 2.40 3.70 274 269
1‘:) 2.07 244 236 1.92
% 2,01 2.04 221 1.71
. 1.97 1.90 217 1.62
x},\% 1.80 2.15 1.57

Valyeg rema;
Main Practically constant with increasing temperature.
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3.8.1.4 Damping \

Figure 3.52 compares the effect of different Carbon black

fllery
funcg,

temperature. 3

08
0
g 0.4 1N ]
— }‘ ~ t
0.2 1
O 1 T
-30 -10 10 30

Temperature(°C)

loss tangent (tand) values of the various compounds as a

Fig.3.52 Effect of carbon black types on the damping
factor temperature relationship

It is seen that the tand values of compound A are higher than those s
others throughout the temperature range studied. Tan6 values decres
from 0.72 at -30°C to 0.46 at -10°C. On increasing the temperature furthe
the tan 6 values increase, resulting in the value of 0.71 at +30°C.There !
general a decrease in damping behaviour with carbon black incorpor®™

and the compound with N550 carbon black is found to be least dampe¥
tor does not under®®’

among the compositions studied. The damping fac oot
)

significant change between 0 and 30°C in the case of compoun

) t il
carbon fillers, while in gum rubber vulcanizates loss tangen
increase with increasing temperature.

3.8.2 Effect of concentration "
tailoriné

Carbon black is the dominant reinforcing filler used .
viscoelastic response of rubber vulcanizates. Being the ma]0ff ) R
agent carbon black is responsible for dynamic modulus ©

12N
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/ be modified to a large extent by
Dynamic response can
tions-

.éaf‘“::: ompound tions. A good knowledge on the effects of
t3 uanﬁﬁes (o)

ing varia
¢ fillers is essential for the design of various material
v m‘lﬂg q
sstems:
In this €O
yrbon black or the

‘ icanizates has been undertaken.
VU

The rubbers used in this study are Bromobutyl (Polysar-X2) and

eoprene-W. General purpose furnace black (N-660) of varying quantities
o 80 pphr was used in the formulations studied. Tables 3.15

ntext an investigation on the effects of varying quantities of
dynamic mechanical properties of certain rubber

and 316 s give the formulations and their viscoelastic properties of BIIR

and CR respectively

Table3.15Details of compositions and viscoelastic properties of bromobutyl rubber

Carbon | dlogE’/logF dE'’/dT dE”/dT sT AT
black (MPa/Hz) | MPa/°C) | (MPa/°C) | (kJ/mole)
0 - 0.004 - - - -
10 . 0.01 . - -
2 0.25 -01 -.0014 35 48
¥ 0.17 -.017 -0.002 - 54
0 0.12 -0.034 -0.003 8.7 79
X 0.10 -068 -0.005 8.9 89
% 0.10 0.1 -0.006 - -
: 0.12 - -0.0123 9.3 .
~—— ] 0.11 -0.13 -0.026 - 116

"Mﬁou; hr
(Phr)BIR- SR wn
)BIIR 100,Stearic acid-1,Zn0-5,MBTS-1.5,TMTD-1,Carbon black as sho
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Table.3.16 Details of compositions and viscoelastic pmm

Carbon black | _ dlogE/logF dE /dﬁ%
(pphr) (MPa/Hz) MPa/°C) ol
0 0.13 -0.018 “\00;19\
10 0.22 -0.0116 4;.0019 '
20 0.15 -0.0154 o
30 0.094 20.0311 20,
40 0.07 -0.0397 2003
50 0.087 -0.0472 0006
60 0.068 -0.0107 0014
70 0.082 013 00us
Comp(pphr).CR(W)-100, stearicacid-l,ZnO-S,MB'IS-l,NA—ZZ—1.5,M30.4,
Carbonblack-as shown above

Samples were prepared as per the procedure described in Secter
3.1.2. Dynamic mechanical analysis was performed using DMA 98 (14
Instruments, USA). Superposition of viscoelastic functions was carried o
using time temperature superposition software programme [14] versior-
4.0. Results of measurements of storage modulus as functions of carber
black content and temperature are shown in Fig.3.53 and 3.54

16 - e |
14 "a._ - mcl0

c20
% c30
%X c40
ec50
+c60

0 20 40 60 80 100 | =c70
Temperature ° C —c80

E'(MPa)

Fig.3.53 Influence of temperature on the E’-temperature
relationship of Bromobutyl rubber
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3,54 Influence of temperature on the E’-temperature
relationship of Neoprene rubber

Fig.

From the plots shown it is evident carbon black contributes
sgnificantly to the dynamic modulus of both the rubbers. The temperature
dependence of visco-elastic functions are considerably influenced by the
carbon black added. It is seen that the slope of the modulus-temperature
plots increase with filler loading. This effect is manifested in both the
rubbers. Table 3.15 gives the value for Bromo butyl rubber as 0.004 t00.13.
The value for neoprene rubber increases from 0.018 to 0.13. This implies
that temperature responses of dynamic mechanical properties of carbon
flled rubber vulcanizates are more sensitive than unfilled rubbers. Result
dlso reveals that Polychloroprene (CR) is more temperature sensitive than
Wbutyl rubber (BIIR) in the rubbery zone. The reason for this
x;wc‘}"ﬂ can be traced to the fact that Tg is far lower in Bromobutyl than
udy e(); T°;;’Prene. The frequency responses of both rubbers have been
carbon b l;ke'&ls shows the slope as 0.25 for 20pphr and 0.1 for 80 pphr

K In BIIR rubber. The storage modulus is a linear function of
"7<Y in both the cases as shown in Fig. 3.55 and 3.56
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Fig.3.55 Influence of carbon black on the
frequency response of BIIR rubber
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Fig.3.56 Influence of carbon black on the
frequency response of neoprene rubber

The data presented in the Table 3.16 show variation in the frequel’:
response of E’ with the filler loading of CR. Values for unfilled same
0.13 which reduces to 0.08 for 70 pphr carbon black. Thus freq”™™
response generally decreases with increasing filler content. The @e
is reflected in both the rubbers studied. The frequency dependence #
in case of BIIR than in CR for the same loading of the filler.
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Fig.3.57 Influence of carbon black on the
reinforcement of neoprene rubber
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Fig.3.58 Influence of carbon black on
the reinforcement of BIIR rubber

ﬁyj‘;maﬁon in reinforcement factor with filler content is shown in
v and 3.58. The response equations satisfy quadratic fit. In case of
;::’mne rubbers temperature change does not significantly alter the

'€ equation, however Bromo butyl show greater dispersion at higher
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Fig.3.60 Strain amplitude dependence of storage modulus in BIIR rubbe

: in B
Strain amplitude dependence of storage modulus is shoWﬂ' )
amplmld'

359 and 3.60 indicate decrease in E’ with increasing strain \
filled rubbers. This observation suggests that carbon black 5“‘:;“;
amplitude sensitive. In tan § vs. amplitude plot (Fig.3.61) tan delbf o
from a limiting low at small amplitude in highly filled samples: ol
that carbon black deforms elastically in this region and results

damping in intermediate amplitudes.
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Fig.3.61 Amplitude dependence of tan 8 in neoprene rubber

Apparent activation energy of relaxation processes estimated from
Juft functions [14] for bromobutyl rubber is given in Table 3.15. It is seen
shat activation energy increase with filler loading. This implies a fall in the
relaxation rate with increase in filler concentration. The data is amenable to
vertical shifts. This is expected since in the rubbery zone temperature
changes are dominated by modulus magnitude than relaxation rates. Shift
factors correspond to temperature dependence of molecular relaxation
umes. This observation together with the decrease in modulus with
oxrease in strain amplitude suggest that breakdown of carbon black
Sructure contribute significantly to the energy dissipation process and
hence to the viscoelastic behavior in the rubbery zone.

- R‘Gults of the investigation leads to the conclusion that added carbon
mbbuﬁ‘ller has a predominating contribution to the dynamic modulus of
In their rubbery zone,

In L
hmame rubbers containing carbon black (N660) filler above 20phr,

mo::}‘izlus is linear function of frequency in log- log scale. Rubbery
?’“Perature. Th;n lbOth CR and BIIR rubbers decrease linearly with
& moduyy s ope of modulus temperature plots increase with filler
Todulyg, Su us IS Inore sensitive to temperature variation than elastic
e chan PeTPosition of viscoelastic functions reveals that in the rubbery

ges j )
In the modulus magnitude dominate over relaxation
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transitions. Apparent activation energy of the shift functig ~
linearly with filler loading. The temperature dependence ns

of
decreases of modulus with increase in strain amplitudes anqg m

. Odu}Q\
. . , MNereag,
energy of activation of shift factors suggest that viscoelastic or in
'O .
carbon black filled vulcanizates in the rubbery zone resyt from u
dissociation of carbon black network junctions. Energy storagerev "
Cpac,
AMplitygy,
inneo v
train iNducee

expressed as modulus difference from low and high strajp
increase with increase in fillers. The effect is more pronounceq
rubber than in Bromo butyl rubber and this is attributable to s
crystallinity in Neoprene rubbers

3.8.3 Acoustic properties

It is well known that acoustic wave propagation through a materiy .
decided by the respective complex modulus. In the present study acoust
parameters have been derived from elastic modulus.

3.8.3.1 Superposition of dynamic mechanical properties

The results of superposition of dynamic storage and loss modulus fe
a reference temperature of 20°C are presented in Tables 3.17 and 318

respectively.
40

8

o
8z /
a2 /
22t
=X~
= O
WE 0- T ;
A 1 3 5

LOG({FREQUENCY)Hz
]

Fig 3.62.Super position master curve of storage Modulus

il
svely- In
The values have been plotted in Fig. 3.62 and 3.63 respectlV );nd «

imat
present study flexural storage modulus has been estima
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mutside the measured range is extrapolated by

e at A
"'Mmu;:rature superposition technique.
ame”
—
20— / —
i 5 ——GUM!
13 —s—N550]
g8 10 |
g 5 —A——NGBOi;
S . E , LTIy
-1 3 5
LOG(FREQUENCY)iHz

It is seen that the flexural storage modulus increases progressively

Fig.3.63 Master curve of loss modulus

with increase in frequency, in all cases.

Table 3.17 Frequency -E’data

Frequency Flexural storage Modulus, E’ (MPa)
Ha) A B C D
o (Gum Rubber)|  (N550) (N660) (N774)
01 4.33 7.06 6.47 6.65
10 541 8.99 7.12 8.18
10 6.31 11.09 8.52 10.00
100 6.97 13.47 12.52 11.90
100 773 17.82 20.30 -
%& 30.08 - ]
from :n&the case of the gum rubber sample, the flexural modulus increases

t
pond:\ 9.35 MPa for a frequency increase from 0.1 to 10 kHz. The
8 Modulus valyes for the sample with N-550 carbon black are
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7.06 and 30.08 MPa, respectively. In general, the storam
S va]

N550 carbon black filled samples are higher than thoge of Ve o
alj

parﬁ(]e n?t
“UeSinay,
. . - . aln valu%
thereafter increase with increasing frequency. The magnitude of
modulus undergoes a 200-300% increase for a frequency changethe o
decade from 100 t01000 Hz. Increase of modulus with fr equency i:f Ore

compounds, as could be expected from surface area and
considerations. It is observed that the flexural loss modulyg val
compounds decrease with increase in frequency up to cert

significant in the case of lower particle size carbon fillers thap hi
particle size fillers. The characteristic dips in loss modulus could be ben-«
understood by looking at the variation of tand with frequency. )

Table 3.18 Effect of frequency on flexural loss modulus fillers

Frequen A (gum C
3{2) i rubbglwa) BONSSOMPR) | (Nes0)vpa) (le))m
0.1 3.06 2.04 2.74 233
1 2.95 1.79 2.56 149
10 2.74 1.72 2.87 126
100 2.73 3.33 4.59 2%
1000 3.09 9.65 9.65
10000 414 22.64 -

3.8.3.2 Dependence of loss tangent (tand) on frequency
¥

“.
The dependence of damping factor (tand) on frequency '

investigated by superposition technique, taking 20°C as the

temperature; the results are presented graphically in Fig.3.64
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Fig.3.64 Tan delta frequency master curve

L

Compound A has a tand value of 0.54 at 1Hz. However, at the same
frequency the tand values of filled compounds follow the order C>B>D.
Tan 6 curves, in general, show a dip near 10Hz frequency. It is observed
that tand decreases with increasing frequency until about 10Hzand
subsequently increases with increasing frequency. A rise in tan6 with
frequency is more marked in filled compounds than in gum rubber
compound. In fig. 3.52 one can observe that tan § initially decreases with
temperature, and tends to increase slowly beyond a particular temperature.
This could be well expected since the zone -30 to -10°C represents the post-
Mransition. A further increase in temperature leads the material to a
probable a-transition, Hence, tan § slowly increases and would show a
:::t: still higher temperature. A corresponding manifestation can be

¢ frequency domain by way of characteristic dips of tan 6 values

A speci _
!helpecmc frequencies. This also explains the peculiar trends observed in

0ss Modulus-temperature profiles.

Sou i
nd veloc:ty-frequency relationships

The speeq
Q"‘lhted . of sound wave propagation in different compounds was

om dynamic complex modulus.
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Fig. 3.65 Sound speed frequency relationship as a function of carbon black type

In fig.3.65 the results are plotted as a function of frequency for ty
different compounds. In the case of gum rubber and compounds with jox
reinforcing filler (compounds A and D), the frequency has a ly
pronounced effect on the velocity of sound, while in the case of compound
with high reinforcing fillers (compounds B and C), the relationship is four¢
to be non-linear and sensitive particularly beyond 100Hz.

3.8.3.4 Dependence of sound attenuation on wavelength

The dependence of the sound attenuation coefficient (a) @
wavelength is highlighted as a plot of a\ versus wavelength A in Fig. 36

25
2 é\\
5 P
3 4.
€
; 0.5
0 T T T
3 - 1 3 5
Log (A)

5——4

Fig 3.66 a\ versus wavelength plot
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m the attenuation effected per wavelength thickness
value It is seen that the a\ values show a dip with increase in

o materie
“'a\'elength

jve increas .
d. Higher values of sound attenuation are observed in gum

M) A transition is apparent at a wavelength of 10 m. A
e in values is observed at higher wavelengths in all

3565 studie

rubber samp.

unds are
¢ e of Polychloroprene vulcanizates incorporating different types of
respo!

carbon black fillers is important, particularly in applications involving
ave propagaﬁ0n~ Dynamic modulii are seen to increase with
incorporation of various carbon black fillers. The trend observed could not
be generalized with regard to the type of filler, their particle size or surface
area, excepting the inference that the smallest particle carbon black (N550)
has the highest reinforcing effect in terms of storage modulus (E’). Carbon
dack filled compound show a lower damping capacity as compared to
unfilled compounds. The damping factors of filled rubbers are not
sgnificantly affected by the variation in temperature in the range 0-30°C.
However, there is a marked influence at subzero temperatures. In general,
the storage modulus E’ and loss modulus E” have shown increase with
ereasing frequency. This increase is more significant in the case of
N330carbon black filled compounds. The velocity of sound propagation
flongitudinal mode) of different compounds calculated from the values of
:mu;:: m°d‘.‘1“5 (obtained by time-temperature superposition) is found
Mu::dmm frequency in all cases. However, the increase is more
Where 25 fxllelz the case of compounds containing high reinforcing fillers.
tone. The g c:’;“F’Ounds exhibit similar properties in the high frequency
n f"quency p;n ence of damping and sound attenuation on factors such
Prove hdpﬁ;] i‘:Per.atu%'e and filler types brought out by this study may
"Dration ) tailoring rubber compounds for specific sound and
%ﬁOns E;ng aP.Plication. However, while designing for such specific

i impc;nmderations will have to be given to the coupling media

ance mismatch problems.

les for larger wavelengths, ie. low frequencies and filled
better attenuators at higher frequencies. The dynamic
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3.9 Application specific studies \

3.9.1 Water Absorption Behaviour of Encapsulation Rubber

A neoprene compound has been formulated with in

given in Table 3.19 Sredient 4

Table3.19 Formulation of encapsulation rubber

Ingredients Quantity (pphr)
Neoprene-w 100
Stearic acid
Vuulcanox 4020
Accinox B
Red lead 13
Naphthenic oil 12
FEF carbon black 30
Talc 70
CaCO3 20
MBTS 1.5
NA-22 0.6

Sample has been vulcanized under standard condition and tested for wae
absorption behaviour. Water absorption behaviour is presented in Fig. 367

]
h

(&)

©5140°C
B S5240°C
$340°C

X $1.-50°C
%x53-50°C
©52-50°C

, , , +51-70°C

5 10 15 20 |.s2-70°C
PERIOD OF SOAKING IN L-_SEL"LCJ
WATER(HR)1/2

N
C = N WO
i S G |

-,

WATER ABSORPTION(%)
o

(=]

/J
rubber

Fig. 3.67 Water absorption isotherm of encapsulation
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/Se'en’;:n the plot that water absorption reaches an

be

t can ue at 2 given temperature. Thus equilibrium water uptake
v

ml 5% only and that at 50°C is 2.6%. For 70°C, the value is 2.5%.

0°Cis k;ble reduction in water absorption is brought about by red lead

i remal’

pesides particular choice of reinforcing furnace black and

i

Pl

curing [17]
ic fillers

water absorption curve.
"

25 F
=(0.1366x + 0.3142 /

Fig.3.68 shows estimation of water absorption-slope of

=T

2 L= 0.1042x + 0.1455

I
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Fig.3.68 Water absorption time plot showing the linear portion
for estimation of diffusion coefficient

Compound uses Naphthenic oil as Plasticizer which is compatible
mth neoprene rubber. The curing index and cross link density indicates a
bght cure. Anti degradent vulcanox 4020 and accinox B provide adequate
Protection against free radical initiation and besides the required degree of
mmt&ﬁoﬂ Carbon black FEF and the combination of inorganic fillers

um for electrical resistivity of the order of 101lohmcem.

Fw
;Eiw shows the Arrhenius plot of diffusion behaviour. The rate of
at 59 :Ptlon is found be 0.091 percent per square root hour at 40 °C,
Cand 0.1366 for 70°C. Diffusion coefficient has been calculated
above Parameters,

water
0104
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Fig. 3.69 Arrhenius plot of diffusion coefficient for encapsulant rybpey

The diffusion coefficients for the water intake for the materia) ,
found to be between 8 and16 cm2/hour. An Arrhenius plot of the ,
diffusion coefficient gives the activation energy to be 21.87 kJ/mole

3.9.2 Comparison of water absorption characteristics of different rubbers

Intrinsic resistance of rubbers differs considerably with te
manufacturing process and on the basic chemistry and polarity of tv
polymer molecules. During the course of present investigation i
comparative study was undertaken on the water absorption behaviow ¥
different rubber polymers. The basic formulations studied are given ©
Table 3.20. Water absorption behaviour has been plotted in Fig.3.70

Table3.20 Different formulations selected for comparativ:ifffy/.
. ZR/ Mg0/ CR/PbO |\ BR (Comp.602)| NR (Comp.803) | SBR ‘C"“’Pg_
nO(Comp.711)| (Comp.712) -
Neoprene : 100|Neoprene : 100|Nitrilerubber:100 Naturalrubber:100 SW
Stearicacid: 2 |[Stearicacid: 2 |Sulphur : 1 |[Stearicacid: 1 |putadie™
MgO :4 [P O : 13 |Zinc oxide : 5.0 |Zinc oxide : 5 mbb.er ol
ZnO  :5 |MBTS  :15[stacid :10[MBTS  : 15/
MBTS  :15|NA2  :06[MBTS  :15(TMrD  :1O[ENTT
NA22  :06 TMID  : 06 Sulub
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0 10 20

: Pertod of exposure in
i distilied water(1/2)

Fig370 A plot on the water absorption behaviour of different rubbers

Results show that maximum absorption takes place in Neoprene
robber and the least in Nitrile rubbers. Natural rubber and SBR show

umilar water absorption behaviour.

19.3 Absorption of moisture from humid environment

Quantity of water uptake from different humidity environment has
been carried out in this study. The rubber studied is neoprene 711 modified
with 30 pphr GPF black and containing 1 pphr anti oxidant 4020. Sample
has been conditioned in humidity oven at RH conditions 75, 85 and 95 at 40
"C Intake of moisture is presented in Fig 3.71

EFFECT OF HUMIDITY ON WATER |
ABSORPTION :

| |

' |

{ '

! 6 -

i - O®RH7S5

' 4 BRH8S
2 RHSS
o ,

I
| qL 10 2
&
I

Period of conditioning (hr}'?

i

Fig3n
Water absorption from different humidity conditions
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INFLUENCE OF HUMIDITY ON
WATER ABSORPTION
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Fig. 3.72 Changes in water absorption rate with relative hllmidity

From the Figure 3.71 it ‘is found that water absorption rate increass
linearly with humidity at under same conditions. Fig 3.72 is g,
relationship between moisture intake rate and humidity. It is seen that th
rate increases linearly with humidity, the slope being close to one. T
empirical relationship established from the experimental data will provid
a means to estimate water absorption of samples stored in humid sea shore

environment.

3.9.4 Influence of inert environment on water absorption

Neoprene and Bromo butyl rubbers have been studied for war
absorption behaviour in oxidative (Air) as well as inert (Nitroger
environment. Water was boiled to expel dissolved oxygen. Samples W€
soaked in water at temperature of 40°C. Samples contained in deam""
water was placed in a pressure vessel. The whole assembly was e"aa’a
and filled with nitrogen. A positive pressure of nitrogen gas " -
maintained in the pressure vessel. The experiment was repeated L
rubber vulcanisate containing 30pphr GPF black and 1 pphr anti o“ p~
4020. At periodical intervals samples were taken out and quicky
free of water and the weight change noted. The experiment was ;m‘
for a period of over 60 days. Results are given in Table?
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/ pas ¢ onsiderably fallen with nitrogen envelope provided in
te .

tion ra '
pbers studied.
athe ™ .
21 Water absorption behavior under nitrogen atmosphere
T‘bles Rate of [Maximum| Diffusion
Gample Details absorption|absorption| coefficient
(%/hr1/2) | (%)  |(cm?/hr)D*106
1.07 85 1.03
Comp.711)
i i 0.40
’ gum* GPF30+ vulcanox 4020:1 30.18 1.14
wﬂ“
’ 0.16 10.36 133
- Comp.1101)
y;c\obufyl gum (
tyl (comp1101)+ GPF30+ volcanox 4020 :1 011 6.56 1.83
fromoby
:,mul Rubber (comp.803) + GPF30+ volcanox 4020:1 0.13 5.38 3.47

Initial slope of absorption-time plot for neoprene gum rubber is 1.07.
However the same of Bromo butyl rubber is 0.16. There is a remarkable
reduction in the rate (from about 200 % to 85 %) when compared with the
same in air atmosphere. In rubber vulcanizates containing carbon black and
anti oxidant there is a further reduction in water absorption as shown in
the Table 3.21. An interesting observation is that diffusion coefficient is

mversely proportional to the absorbed water.

395 Effect of different quantities of fillers on volume resistivity of
different rubbers

Effect of different quantities of carbon black on the volume resistivity
:“lt:et :esmdied i“‘ respect of BIIR.Table3.22 presents composition and
dong with'f‘sults. Itis found that upto about 40 pphr loading of GPF black

inorganic fillers volume resistivity remains at about 1* 10 4 to

101,
st Mcm further incorporation of 10 pphr carbon black lowers
Y1ty by about 5 orders of magnitude
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Table 3.22 Vol. resistivity as function of carbon black Q“antity ing ~N
1l

Compound numberg

R

\

152

H

¥

i
[

ngrediensPPi) T | 267 269 | a3 T~
BIIR 100 | 100 100 1\00\?; |
St.acid 1 1 1 1
4020 1 1 1 1 1
GPF Carbon balck 50 10 20 30 ;
TALC 75 75 75 5| -
CaCO3 35 35 35 35
P.WAX 2 2 2 2
NAPHTHENIC OIL 10 10 10 10 | 1\
ZINC OXIDE 5 5 5 5 ‘
TMTD. 05 05 05 | 05 ! o
MBTS 0.5 0.5 0.5 05 | o
Physical properties
ML(Min.Torque) 12 10 105 | 105 | =
MH(Max Torque) 26 21 23 24 ! 2
Ts2 2.5 3 3 S
Too 6 6 6 6 J )
Tens. strength(MPa) - 4.08 42 42 | ¥
EB - 821 760 | 462 |
Volr2s.1000v,chm.cm | 3.2*10° | 1.24*10 | 1.6*101¢ | 210" | 11
Water mg/cm?2 . 036 | 032 |0.35] 0
Sp.g - 1.15 - 119 | 1‘
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Fig3.73 Effect of different gum vulcanisate on the volume resistivity

Effect of filler types and quantities on volume resistivity CR has been
audied. Results along with the compositions are given in Table 3.23.

Tabie 3.23 Effect of filler concentration on the resistivity of neoprene rubber

Compound numbers

COMPOUND RECIPIE
103 110 113
RW) 100 100 100
Seearic acid 1 1 1
Red lead 13 13 13
Naphthenic oil 12 12 12
TS 15 15 15
Y danoxg0g 1 1 1
y
*Azzl xS 1 1 1
. 05 0.5 0.5
P o . - 70 70
W - 20 20
Res @1000y
2.4*1010 2.2*101 3.8 101
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Results show that for 30 t035 pphr carbon black load;
in

resistivity values are very sensitive to changes in filler and& Volup,

Inclusion of talc and calcium carbonate brings about an order of
o n

increase in resistivity. Even a minor changes in the Car::nmt%
concentration in this region affect the property Very significany *
Y. lefegh

COMpareq |,
of '
vulcanizates give stable values about 10 ochm cm. NR ang SBR

remaining about 10 12 ohm. cm at 1000V.

vulcanized rubber polymers without fillers have been

volume resistivity. It is found that volume resistivity

ubben

3.9.5 Acoustic Baffle

Acoustic baffles are used in large transducer arrays for the Purpose -
isolating ships structure borne noise as well as for improving directiym
and sensitivity of the transducer elements. The baffle forms a Major passwe
element contributing to better performance of the system. The matenas
used for the construction of acoustic baffles are therefore required to poses
specific acoustic characteristics and dynamic mechanical properties. As %
deployment of baffles is in deep marine environment the material used
the construction should also be compatible with hostile marine conditirs
such as salinity, hydrostatic pressure, Sub ambient temperature, dynam

loading conditions etc.

The unique combination of stiffness and damping beha;:-:
possessed by rubbers could be exploited for designing acoustic baffle:

i O
TR . on In
notable limitation to be over come is the enormous variatt

ture chane®

dynamic mechanical properties when subjected to tempera
y prop ] chans?w

Stiffness of the rubbers increases when cooled. An equivalent e
place in the stiffness then subjected to cyclic loading. During ope™® o
acoustic baffle encounters a combination of the temperatuf.e Cha;om

dynamic loading by acoustic waves and vibrational force fields

mounting structure.
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paffle rubber shall be able to absorb the imposed dynamic
AR ideal ond pr ovide a flat acoustic performance over the frequency
g variation®

ol of ineftest'

C (hibit in their dynamic modulus- temperatures /frequency

rs €.
Rubberves a point of inflexion, where the mechanical damping factor
anse €U
,‘ﬁ?"'

through 2 maximu
o Jue to temperature/ frequency changes is the transition region.
sanation

Scoustic properties of rubbers are a direct functions of modulus [15]
e

wiloring of the transition modulus is key to achieving the desirable
s tic response. Desired acoustic response in the case of baffle rubber is

m. This region where modulus under goes rapid

xous - . .
stant sound speed over the specific frequency region. Constancy in
8y

wund speed in a viscoelastic material is related to low attenuation as per
amers-kroning [18] relations developed by O’Donnel et. al[19].This
spproximation relates the attenuation coefficient a to the frequency
denvative of the phase velocity dc/dw by the relation
no? ((de
a(w)= E—(Ej (3.6)
Where a and ¢ are related to E’ and E” by Eqgs.1.57-1.58.1t follows
om the Eqn3.7.that a high value of a requires a large dc¢/dw in the
vcoelastic region. Hence it is clear that lower attenuation or mechanical
"‘ts factor leads to smaller frequency dependence of acoustic wave
‘ooaty. Therefore the study was aimed at developing rubber with low
Mough dampin

.

Yo 10 11, gsfactor which‘is constant over the frequency range of
e 1ts Jow gla.;s t:yrer.“? butadiene rubber was selected as base material
Table 394 gives ansmo.rf temperature (-6Q°C) and the traceable quality.
ies of the compositions of samples A to D. Dynamic mechanical

Bres fomxulatibnc;mpounds A to D are given in Table 3.25. Table 3.26
Mposition B 5o to H. COrT\position A contains 70 parts FEF black
“Mposiy; on D i I;arts FFF. while compound Contains GPF black 70 phr,.
modified composition of C containing additionally 20

[
w
wm
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pphr precipitated silica. Composition A and B are simj]y, o
i - . X =
quantity of carbon black. Composition A with 70 pphr FEF h::pt &k&

!

delta and higher storage and loss modulus. Between ¢ and. D Ower N
significant lower of tan delta and increase in E'. Modulys of ‘0
shows an increase in the low frequency end and a fall at the hlgh
region. Thus there is an overall levelling of the damping curye freq

Table 3.24 Acoustic baffle compositions A to D

Sound velocity and attenuations of the samples A

calculated from their dynamic mechanical parameter

presented in Tables 3.27and Fig 3.74

156

Ingradients(pphr) | COMP.A | COMP.B comm-_

SBR(1502) 100 100 100 | o

Stearic acid 1 1 1 1

Zinc oxide 5 5 5 5

Vulcanox4020 2 2 2 2

VulcanoxHS 2 2 2 2

GPF black - - 70 7

FEFblack 70 50 .

Talc 30 30 -

pptd CaCO3 20 20 -

Silica - - - 20

BaSO4 - ) ]

Naphthenic oil 10 10 10 10

TMTD 1 1 1 1

MBTS 1 1 1 L

Sulphur 0.75 0.75 o7s | 07
to D have e

5, Results



|

Velocity of
sound{misec)

Compounding Studies

288
{

) gpﬂo_
s gpftsio2|

1
i
¢

o 88

logf) (Hz)

!
[
!
i
!
f

b mae

requency -sound velocity relationship in composition C and D

Fig 374 F

Table3.25. Dynamic mechanical parameters of compositions A to D

" GAMPLE FREQ Hz) E’(MPa) E”"(MPa) Tand
— 30 36.55 7.261 0.2142
100 40.93 7.781 0.2047

A 1000 50.66 9.438 0.2003
5000 60.1 11.93 0.2153

10000 65.39 13.71 0.23

30 25.68 6.085 0.2369

5 100 28.89 6.587 0.2280
1000 34.94 8.113 0.2322

5000 40.24 10.35 0.2571

10000 65.39 11.89 0.2755

30 11.28 4302 0.3754

100 13.56 5.204 0.3803

c 500 18.38 7.742 0.4209
1000 214 9.776 0.4573
5000 32.18 19.06 0.5942
) 7000 35.38 22.25 0.6307
TT—— 10000 39.29 26.31 0.6714
30 27.97 5.34 0.191

100 30.66 5.85 0.191

D 500 35.15 6.92 0.197
1000 375 7.62 0.203

m 445 103 0.239

~ 46.26 11.18 0.247
\% 4832 12.23 0.257

1R7
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Sound velocity in the sample C calculatem
1n3]

velocity is about 97 m /sec at 30 Hz and which increageg to185y,

kHz. This amounts to an increase of 90%. In case of sample p, Sec &
silica the sound velocity in this region changes from 152 n, /sec

bt

t
This represents an increase of only 28%. This changes have been(:m%m/ -
ught sy,

an increase in the dynamic storage modulus at the lower d o
en,

frequency spectrum without concomitant increase in the Jog mod of 5
Frequency sound velocity plot given in Fig 3.75 shows a that u};.,
containing silica in combination with GPF black has a linear re:::
while that with GPF black alone is non linear concave upwards,
Table 3.26 Compositions E to H

Ingredients(pphr) Compo. E | Compo.F | Compo.G Compo "
SBR (1502) 100 100 100 n
NR (ISNR-5) - - - ¥
Stearic acid 1 1 1 1
ZincOxide 5 5 5 5
Vulcanox4020 2 2 2 2
VulcanoxHS 2 2 2 2
GPF BLACK 40 50 - n
FEF BLACK - - 40
TALC 30 30 30 ¥
PPTD CaCO3 20 20 20
Silica - - ) 0
BaSO4 - - i 10
Naphthenic oil 10 10 10 1
TMTD 1 1 1 1
MBTS 1 1 ! 0%
Sulphur 0.75 0.75 05| —




Compounding Studies

e
*
i | I
‘ § 15 *s .
I 1 4
! é - L ] = n
| o8 4+—
; o et T T T
5 - 2 -1 0 1
' log(Wave length)(m)
% [E;pr 70 = gpf+20sio2 ]
i

Fig 375 Variation of attenuation with wave length in composition C and D

Sound attenuation - wave length plot as shown in Fig.3.75 shows that
n both the samples attenuation increases with decreasing wave length
arcreasing frequency). The attenuation plot is non linear in composition C
but linear in composition D.

Compositions E to F have been formulated with two different
quantities of GPF black; E containing 40 pphr and F with 50 pphr. Both
have equal amount of inorganic fillers namely talc and calcium carbonate.
The dynamic mechanical properties of these samples have been presented
2 Tl-ble 3.28. Samples E and F has been formulated with GPF black with
;:7:‘8 Coflcenuaﬁon. The higher amount of carbon black is reflected in

MC stiffness, in elastic as well as loss modulus. Loss tangent is
D’“";:nl\r:::ms-e with higher increasing concentration of GPF black.
Sodulug g, thCal properties of FEF black filled sample G shows higher

i vien ; 1GPF black filled sample of equal loading. This is
Ower particle size of FEF black.
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Table 3.27 Sound speed and attenuation of comm
oD

COMPO. | Freq. (Hz) 50?;?::;‘;"“ : AX ;
n
30 167 0.618 . R
11
100 176 0592 !
A 1000 196 "
0.58 29%
5000 214
0.618 104
10000 223 0.652
s ] 29
30 141 =
0.734 0.]%
100 149.6 0.707 "
B
1000 164.68 0.72 4y
5000 177.5 0.795 n4
10000 184.4 0.85 4608
30 96.88 1157 0358
100 106.28 1.164 1.0%
c 500 124.93 1.269 5,08
1000 136.11 1.367 10.04
5000 173.87 1.721 4949
7000 184.49 18449 | 687
$
30 152 0.595 011
"
100 159 0.594 03
18
500 170 0.612
D 3,58
1000 176 0.631 o
187
5000 192 0.72 56
7000 196 075 L—
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o —
328 Dynamic Mechanical parameters of samples E to H

= | E” _

) (MP2) (MP2)

500 135 2486 0.1934

1000 14.6 2.985 0.2106

5000 18.2 5.297 0.3259

500 327 8.964 0.2761

1000 35.5 10.73 0.3035

5000 449 18.11 0.4044

T 500 184 5.455 0.2991

1000 19.8 6.407 0.3272

5000 23.98 10.45 0.4357

500 334 5.761 0.1744

1000 34.6 6.369 0.1833

5000 39.9 8.739 0.2191

7000 41.20 9.45 0.2294

10000 42.69 10.034 0.2414

Sample is a co-vulcanized blend of SBR and natural rubber in the
soportion of 70:30.The formulation contained 70 GPF as in sample C. The

smamic mechanical properties of the sample show that the co-vulcanizate

s lower damping than sample C.

Elastic modulus of the material is lower than the compound D. The
*x¥nd speed and attenuation of composition E to H have been presented in

“Wie 329.As expected stiffer sample F gives higher sound speed. For

"“ples containing equal loading of two different types of carbon black

“amely
‘hd) GPF and FEF the one with lower particle size gives higher sound
e and attenyation,
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Table3.29 Sound speed and attenuation of sample ¢, H \

Sound

SAMPLE f(Hz) velocity (c) aA(Nepers) U(Nepe,
500 10347 oss Ty
E . 1000 1118 ] 28
5000 12317 0.90 )
500 157.66 0ss TR
F 1000 1654 0.59 &7
5000 190.6 093 | 32;
500 1223 0.92 375
G 1000 127.48 1.00 78
5000 144.91 1.30 8519
500 157.6 0.544 17
. 1000 162 0.571 353
5000 1743 0.68 195
7000 177 0.711 2

Table 3.30 Specific gravity and static mechanical properties

Sample Sp.g Hardr}ess Tensile Elongation

(SHR'A) |strength(MPa)| at break(}}
A 1.35 80 10.35 301
B 1.34 70 8.76 374
C 1.33 69 11.46 275
D 1.25 76 10.81 240
E 1.27 65 8.3 543
F 1.38 71 8.21 441
G 13 70 8.6 ;;

9.47 -

H 1.36 73 /m

Static mechanical properties as well as specific gTaVitY o oot § Peag\(
s S/
studied are given in the Table 3.30. Compound D exhibits 10
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m elongation. Modulus at 200 % (M2o) is highest
d low

P an . ate (8.7MPa). Though the tensile strength at break is
A vulcalmmpoun d C (11.46MPa) its M200 is only 7.9mpa.With specific
.,@ts‘f © {0 water and higher modulus and lower and constant

i .
gy 2l damping factor(0.2) and attenuation (aA=0.6 Neper) makes
i ' -
i . D attractive for acoustic baffle material
itio
xepost
DMA
[X 3 4
T Retevencs Tewperaturey 26.0%¢C P
4 41 _—
00 M2 soows]
Lol 8- 197 ©-198
7 ot i
¥ -e31 7000 Ha m’-
é orxet 10000 W,
P 10000 Ha gyt
3 04 \ o-289
889 Kvavaond- Kveumiqg A7
4 \_A/ oclw) s 'ZJ‘:%
o o5
0.8 .‘ 6 i —— ‘ ‘ ".

Leg L Fu’:c-ﬂ us]
Fig.3.76 Shift in the tan delta-frequency master curve

196 Studies on underwater seal composition

Nitrile butadiene rubber because of its oil and fuel resistant
daracteristics find extensive applications where these characteristics are
necessary. Elastomeric seals are among the most crucial rubber component
N W@ata applications. Designing the seal material involves a delicate

g of material hardness, compression stress relaxation, fatigue
avest ' dimensional tolerances. The present work includes an
gation

ON some important material characteristics on deep sea seal

°d on nitrile rubber. Sample rubber has been prepared with the

Npe giv -
Pe givenin Tapje 3 3,
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Table 3.31 Recipe for seal \

Ingredient %

Nitrile Rubber (NBR) ACN-34 ] y bw
e

Sulphur
Stearic Acid 0%
Zinc Oxide (ZnO) 31 (:J
Vulcanox 4020 15
Vulcanox HS 150
Carbon Black (SRF N-770) 450
Carbon Black (FEF N-550) 200
Tetra Methyl Thiuram Disulphide (TMTD) 150
N-Cyclohexyl 2-Benzthiazyl
Sulphenamide (Santo Cure CBS) 150
Di-Octyl Phthalate (DOP) 100

The compound has been tested as per method ASTM-2084 for cun
behaviour The cure characteristics are presented in Table 3.32 Sampe
sheets (15x15x0.2) cm3 are vulcanised for 30 min at 150 °C by compresscr
moulding method. The material has been tested for various physical £

mechanical properties

3.32 Cure Characteristics of Seal rubber

Stock Properties Values
Scorch Time (ts2) min 1:05+:15
Cure Time (tcoo) 6:01£20
Min Torque ML (lb.in) 1.010.2
Max torque (MH) (Ib.in) y N

SHC gra\
Properties realized are presented in Table 3.33. The spesaample s o0
1.2 and the shore A hardness is 65. Compression set of the
12%. The material has been further evaluated for its

1A4
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P e
Mh Of le has
d"“l' Samp

- ot s 11.5 MPa and ultimate elongation is 350%.The tear
=" ensile stré

sample is 435 N/cm thickness is the level envisaged for the
been tested for retention of compression set at by
mpressed condition in the air ovens maintained at

the samples €0
e ifferent tempera e
Table 3 33 Physical and mechanical properties of seal compound
Property Value Method

cpeciic Gravity 1.2+0.1 | Wallace balance
~mioess (Shored) 65+5 | ASTM-D-2240
m 85 | ASTMD-395B
—_ ASTM D- 71(40°C, 24hrs3.5%

water Absorption (%) 1.10 (NaCl Soln)

Sress at 300% strain (Mpa) 9.5 ASTM D412
“JensileStrength (MPa) 115 | do.

Eongation at break (%) 350 do.

tear strength (N/cm) 435 | ASTM D-624

The initial compression set was determined at 33°C. Average of ten
umples was found to lie at 8.50.5. Samples have been tested for
Tompression set as per ASTM method 395 B at temperatures at 40°C, 50°C
4 70°C at intervals. Results have been presented in Table 3.34.

Table 3.34.Effect of accelerated aging on compression set.

Duration (Days) Compression set %
40°C 500C 70°C
3 7.68 8.52 7.02
s 8.50 8.19 7.80
:; | 8.31 8.23 7.24
T— | 78 7.96 7.06
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It is found that there in no noticeable degradation jn com ™~
at 40 and 50 °C even after soaking for over two months, SSsion
indicates the composition has excellent retention of COmpressio, 7063,

on
Seal rubber samples have been evaluated for the effect of water St valyy
three temperatures for 1700hours. Results have been shown ms:ak”‘&n
Water absorption for the entire duration does not exceed 1 29 abie3
been a leaching effect during the long soaking period. The , hay

70° C showed a reduction in set from initial value of § 5% to7

values presented are the corrected value after making good for |

amount by drying the samples under vacuum at the res
temperatures. pect

Table 3.35Effect of suaking in water

Duration Weight increase (%) o
(Hrs) 40°C 500C 0
24 1.00 0.75 111
48 1.05 0.92 1.05
96 1.15 0.99 0.96
240 1.10 1.00 -
504 1.08 0.74 0.98
600 1.01 - -
1032 1.02 0.75
1272 0.98 0.87
1704 0.96 086
Nitrile rubber sanples have been studied for cyclic elasticsi"‘d”":'T
strain fatigue failure. Wallace-MRPRA flexometer © has been :diﬂ""
evaluating the }'Sroperty. The test condition used have been I"'esent
has been P

Table3.36.The fatigue behaviour under cyclic loading
inTable3.37
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Table 3.36 Fatigue test parameters

" Test parameters Values
” Standard Schopper Ring sample
‘:’wdgm:nensions () OD : 52.6, ID : 44.6, Thickness : 2
: 1,,,:\ :,nditio ning 1 hour at test temperature
::rempefaf‘“e C) 2542
e Frequency (P 50
an Amplitude (%) 265
_ Table 3.37 Fatigue behaviour of Nitrile rubber
— Cycle Passed
sm?;r,a;z:mg 40°C 50°C 70°C
tempr Max | Min [ Max | Min | Max | Min
4 2500 600 1500 700 1500 700
% 2100 800 2000 600 1600 600
168 1800 1000 1900 800 1200 600
504 2200 500 2900 500 - -
.. 2800 900 1400 600 - -

. Results show no systematic trend on the fatigue behaviour except
:-“ax f'ith increasing temperature fatigue resistance falls. Sample
.umhom at 40°C withstood a maximum of 2800 cycles and minimum500
::::’:les conditioned at 50°C the range was from2900 to500 cycles.

at 70°C this range was between 1600 and 600. Considering

ather hi . .
N Bh strain amplitude of the test (265%)the value obtained in with
“pected limi;.

Nﬁd&?thr:l::aﬁon behaviour of the Nitrile rubber vulcanisate has been
. N hamperature region of 4 to 50 °C. Compressive stress - strain
Srvergg) esting ve bef-‘n carried out with the help of Zwick, German make

Machine model: 1476. Test speed was set at 12.5mm/min.




Chapter 3

Initial compressive strain was 15%. The dimensiOnm

i di s . Ple wag 3
in diameter and 12.5 mm in thickness. Fig.3.77 presents the Percen b
relaxation as functions of temperature as log time seconds, e ey,
120
% 100 +—w | edoC
g 80 XX w » 150C
" TS
% 40 x 400C
s 20 x 500C
0 . , I
-2 0 2 4
log(t)Sec

Fig 3.77 Compression stress relaxation in Nitrile rubber

The relationship as observed from the plot of relative stress
percentage and log time in linear. The relaxation rate is found to be highh
temperature dependent especially at sub ambient temperature. The change
in the rate of relaxation indicate the between 15 and 4°C a change of 5% pe
decade takes place. Between 30 and 15° C the change is only 1.5 percent pe
decade while the same between 30 and 50°C the change is about 1%. The
activation energy of the stress relaxation process has been estimated &
Arrhenius plot.

The activation energy has been found to be 17.05k]/mole. The kine®
parameters have been presented in Table 3.38

. jon proces
Table3. 38 Kinetic parameters compression stress relaxation P

Stress relaxation rate (% /Decade) Activation energ} |
4£C 15°C 30°C 40°C  50°C (kj/mole)__

1006 -5.66 -411 -383 -3.28 17.05 |
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£ 378 Arrhenius plot of compression relaxation processes in nitrile rubber
fig.o.

The glass - rubber transition of medium acrylonitrile nitrile rubber is
- the region of -15 °C -25°C. Approach to glass transition temperature
segon is crucial to many end use situations for rubbers particularly nitrile
~aradiene copolymer rubber undergoes rapid changes to the tune of three
xaders of magnitude in mechanical response. Hence it is desirable to study
e behavior of nitrile rubber for temperature induced changes in this
wpon. Tensile stress-strain behavior of rubber there fore been studied for
%e interval between -16 °C to +50°C.The tensile test is done employing
Iwick Universal Machine model:1476 provided with a in situ temperature
amber. ASTM D-412 test method at 500mm/min speed was has been
Wlowed for the test. Results are given in Table 3.39

| N‘}:S observed that modulus at 100 % strain (Miw) increases from 4.4 to

o when temperature is lowered from+27 to -16°C while the modulus

::xg)m% (:;Ongation increases from around 10 MPa to20 MPa. Tensile

*’hpetam:e)r h?wever do.es not undergo same level of change for this

"ongation (E;)glt;ln. It has increased only by 5 from 15 to 20 MPa. Ultimate

e B b : Ows a plateau (290%) in the mid ambient region of +4°C
ever fall to ~ 200% levels at both the extremes
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Table 3.39 Temperature dependence of static mechanic,j \
Pro

Modulus at Modulus at Tensi] Pertiey
te;;St oC 100 % strain 200 % strain Stren;t; %
: (MPa) (MPa) Pa 3t Broy,
50 413 9.0 9.85 X
. ™
27 4.4 9,7 14'47 -\2%\-
-‘\
15 5.1 11.13 16.03 | T
83
4 6.05 12.95 18.68 '\297
-8 8.15 16.85 19.28 \BS
16 131 200 I
\

Fig.3.79 Shows the variation in TS values with temperature hi»

. n
observed thai TS5 iemperature relation ship is a plateau at subzer
temperature and has a point of inflexion around 0°C and a linear decrease,

as the temperature increase to 50 °C.

‘7 Temperature dependance of Tensile Strength

l = 30
| 2_ 20
L W
; o@ra
[ B 10
Y
2 0
R 20 0 20 40 60
| TEMPERATURE(’C)
|

Fig.3.79 Temperature dependence of tensile strength
s on tw

The useful sealing life of an O-ring or seal depend .
al deforma™

the decrea.q';
e
s reduct k

viscoelastic material properties: compression set, the residu

of a material after the load is removed; and stress relaxation,
. . . . tie:

stress after a given time at a constant strain. These proper

. . nti
resiliency of the seal material and must be taken into accou
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en a seal is under constant compression, the initial

deCays at a ra
varies
ult of stress relaxation is that peak compressive stress

te proportional to the logarithm of time. The stress

e with material composition, temperature, and fluid
.on 12
wation ©

) The res
‘ ::sn. trops below system pressure, and the seal leaks. Thus, stress
y
et

effects m
ressive stress. Once the stress relaxation rate is known,

ust be factored into the determination of material
relanation
and comp
o eforpeak to equal system pressure can be calculated easily.
the timé
In the present work the effect of air and water environment on the
wcaling force retention have been investigated. In one set of experiment
umples have been conditioned at 23°C, 40°C and 80° C for two days each
« an air oven. Reactive force has been measured as functions of time.
Measurement has been carried out using Wallace compression stress
relaxometer [20] The results of the air oven conditioned samples are

peesented in Fig 3.80

It is observed that reactive force decreases with time at the rates of
0054 per decade at 23° C,0.045 at40 °C and 0.044 for 80°C.

)

l!
! i 0.98 —rv ;’
| § 0.96 %
i 0.94 €23°C
i 0.82 | \—. B 40°C 1'[;
AT} S %y | L8ocC]
; E o8 au s
i é 088 f— . . . hd k
! 0 05 1 15 2 25 ;
L‘ LOG(TEST INTERVAL)min é

F. L - 3 .
18 3.80 Relative sealing force as function of time in air
oven conditioned Nitrile rubber samples

Effocy :
WerOf Soaking in water was studied in another set of samples.
¢ Maintained in water for two days at temperatures 23°C and
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40° C. Reactive force in respect of these samples m
eas

the case of air oven soaked samples. Relative retention of th &,
e .
have been plotted in Fig 3.81 8 for,
12 S—
(<] L i
3 5 08— Mgy
£ g 04 mavc|
o o2 ‘
4
0 T T
0 1 2 3 :

LOG({TEST INTERVAL)min

Fig 3.81 Relative sealing force as function time in
water conditioned Nitrile rubber samples

The slope if the reactive force Vs time plots show that rate of decrease
in the retention of sealing force are higher in case of water soaked sample
The rate obtained are 0.11 per decade for 23°C and 0.14 per decade in cax
of sample soaked at 40°C
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Chapter 4

AGING STUDIES

This chapter gives a brief account of th theoretical and experimental
sudies conducted on aging associated degradation phenomena in rubbers
sith particular reference to functional properties of interest such as water
dsorption, water permeation, static mechanical properties dynamic

mechanical properties and electrical properties

{lAging phenomena

Properties of polymeric materials change with time. Polymeric
materials age under the action of heat, atmospheric oxygen, light,
mechanical stresses and other environmental factors. Processes occur in
fem, which are accompanied by changes in their chemical and physical
ductures leading to deterioration in their properties. Practical use of
plymeric materials requires the knowledge of their long behavior under
snvice environment. In order to acquire such knowledge it is necessary has
o investigate the accelerated aging of the materials by following the

dange in their properties due to thermal, thermo oxidative or other
JTocesses.

Bv extrapolation of the experimental results obtained from
xcelerated aging to the operating environment serviceable life time has
%en estimated[1-2].The creation of polymer composites with increased

ying resistance is of great practical importance. It is necessary to ensure
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long- term durability and serviceability of pqm
e

. g i rials i
. In
service conditions under the combined action of externa) factors B Aty

o . . €% mulgy
multivariable problem involving several unknowns. The

of useful life of a polymeric material is 3 comp}

A . . Ty '
prediction resides in the extrapolation of the results of testin C; f suc,,
g the f"“ﬁw

article under accelerated conditions. Prediction of service lif, h
€ shoylq 4,.
tags

into account the possible variability of aging  processes
Over the

tion of Tesulty
ng enVirOnm,m

extrapolation interval and develop methods for extrapola
accelerated tests to continuously varying real operati
Prediction of service life is in effect prediction of the r

properties to adequate performance.

Double bond in the molecule while facilitating sulphur vulcanizanoe
of rubber makes them vulnerable to oxidative degradation, Rubben
containing high amounts of unsaturation such as NR, SBR are more prone
to oxidative degradation or ozone attack than those rubbers containing iow

amounts of unsaturation such as butyl rubber and EPDM.

The basic mechanism of the oxidative degradation of rubbers is now
well understood. Based on model substance studies it has been establishec
that attack begins at a methylenic carbon atom in the chain. A hydrogee
atom is abstracted and an oxidative reaction chain is initiated (in presen

of oxygen) which propagates if unchecked:
1 RH — R*+H

2 R* +O — ROO*

3. ROO*+RH — ROOH+R*

4 ROOH — RO*+OH*

5 RO*+RH — ROH+R*

6 OH*+RH . — R*+HO
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mical has gone through a single reaction cycle
on

The Jded rubber (ROH) and three new free radicals (R*). The cross
8 decgt:on can be represented by

o
i ~RR

der to prevent the auto catalytic development of the reaction
or

ll:h free radical formed must be captured and/or the peroxides
, e

:T:\i or oduced decompose into harmless products. Possible inhibition
1

.acion where AH is an inhibitor are
Re+AH — RH+A*
ROO*+AH — ROOH+A*
ROOH+AH — Harmless fragments

Theoretical considerations assume that there is sufficient antioxidant
<eent and to reach the points of attack. In this context water extraction of

#2: degradents is a problem in such articles as under water transducers.
{11 Controlling Parameters

Different properties vary at different rates during aging, and estimate

* ide depends on which properties are selected. Controlling parameters

“ust be sensitive to aging process. The controlling properties should vary

*xotonously with time. Customary approach to life estimation based on

i;:;:ftsﬂ’;e deterfnining properties, is inadequate for multi functional
- AN practical situations

A ‘ombination

e sere
TVice | - ) )
" erties e life prediction techniques should take into account all such

of different properties decide the service performance.

In
- the context of the

Cong; present work, reliable service life prediction is a
‘derable practi

cal interest. Failure of naval transducers for
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example will be catastrophic both in terms of m
an,

repair. The major parameters controlling the service life of , X ¥

. .ce . tr
have been identified as water intake characterisﬁcs, static ahsdu%

Mechange
1 PTOpgma

CS out o

properties, dynamic mechanical properties and electric

a
Investigation will focus on the most sensitive characterigy;
above parameters.

4.1.2 Accelerated Aging

Estimates of life are considered most confident, if they are ohey;
by exposing specimen to natural conditions reépresentative of servic
environment. However this is too long a time to be practicable. Pracye, :
therefore to use accelerated test procedures which permit the deduction o
the manner in which the material will perform under service conditions

from the short-term aging behavior.

Accelerated aging tests are viewed as the only conceivable way of
predicting long-term behavior of the materials. Test conditions are selected

from the knowledge of the dynamics of the critical property variation.

Thermal aging tests are conducted by keeping the sample in a hot
chamber at fixed predetermined temperature, T, for an equivalent time. &
Acceleration factor thermal degradation must be obtained in such a wa
that the degradation mechanism is identical with that at the operant
condition. General method of choosing t, is based on determining the ratc*

. a
of variation of a particular material characteristics during aging ¢ &S:
under given service condit¥

he predict™
s attain®

enable plotting the prediction curve, yj(t),
and the curve, yjw) under boosted test condition(T =Ta).Fromt

. . M ? i .On l
curve the variation of Yj and the time t. at which this variatl

can be determined.

" jorg®
fter pro
The properties of a rubber will generally change 2 Sy whit*
exposure to high temperature. NR will become soft and & o wh
n. The extent

neoprene will harden slowly under the same conditio
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mning is undesirable will depend upon the
nin

softe o requifed' The rate at which the properties of an elastomer
TV
_g]af se

a5€8 1ogarithmically with temperature. Relatively small
incre

n perafure may therefore cause large difference in the degree of
in té

sunge " .

Wﬁon

for heat aging are carried out for two purposes, firstly to
ts

?
%

Tes e changes in physical properties at elevated temperature.
'ulsh

odly, there ar€ accelerated aging tests at high temperatures which
\
'V P

aempt 0 predi
| standard for both is ISO188. The test consists of aging test

ct the long -term performance at lower temperatures. The

et ationa

for a given period at a given temperature and then measuring the
X

avacal properties that are considered important.

In the oven method the test piece are exposed to air at atmospheric
esure in either the usual single chamber oven or a multi cell oven. The
« flow in both the type of oven must be at a rate that provides between 3
¢ 10 complete changes of air per hour. Accelerated aging tests have been
aed for prediction of service life. Method used is to measure deterioration
ta controlling property such as elongation at break and plotting the

+anthm of time to reach a specific level say 100% EB, against reciprocal of
“@solute temperature.

W Aging models

‘ The most commonly used model [34)] is based on first order reaction
¢ of the form

P=P, (1-e () 4.1)
Where b :
“eeny rle Pis the property at any time, t. P, is the initial property. An
’ a ; .
relanonshlp between the extent of degradation and accelerated

Y=A exp [B (t-C) 4.2)
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Where A, B, C are constants and may be m
o

studies. A widely used extrapolation technique is based - h:""b‘y
On Ary
equation [1.2]. It has been known since time that mann fuy

approximately double or treble their rates with 10° ¢ rise in ty Teaction
The prudent starting point for developing a theory of reaction Peratyp,
Arrhenius relationships [5] which has been thoroughly confl;ate s
experimental data. med b,
Arrhenius equation is based upon the variation of the

) equilibyj
constant D with temperature i.e., the van't Hoff equation, brium

dinK _ AH
dT  RT? (43

Since the equilibrium constant is equal to the ratio of k and k’, the forwary

and reverse rate constants,Eq.4.3 may be written

dink _ dIn k' _AH
dT dT RT?

44

The right hand side of the Eq.4.4 also could be divided into two parts
provided the over-all heat of reaction is broken up into an energy change

for each direction, as follows
AH=AH - AH'=E-E' @45
Equation 4.5 then takes the form

dink dhnk'  E E (e
dT dT  RT® RT?

) e for the
The two separate expressions, one for the forward and on _
equihbﬂum

reverse reaction, having a difference in agreement with the
requirement are
dink E
dT ~ RT*

-
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— = ~ RT? (4.8)
ar RT
.onof Eqn.(4.8) yields the Arrhenius equation,
aho
) -E/RT
k = A
of .
“RT (4.9)
nk=In4 RT

According to this equation a plot of In k vs 1/T should give a straight

mewitha slope-E/R and an intercept ofln A.

Activation energy E was interpreted by Arrhenius as the excess over
s average energy that the reactants must posses in order for reaction to
xcur. The only limitation on E is that the difference E-E’ must be equal to
¢v overall heat of reaction, i.e., the average energy difference between the
aroducts and reactants. This suggests the existence of an intermediate state
# activated reactants. Although Arrhenius developed his concept in
1889{6] modern kinetic data agree with it remarkably well. In fact when
measured rates don’t agree with the theory i.e, In k vs 1/T does not
dicate a straight line, it has been found that unknown complexities such
kfsxde reaction. Thus whether the changes in the material are due to
‘“f’"iﬁl reaction, diffusion or volatilization we can expect a linear
"."llionshjp between logarithm of life (time to failure) and reciprocal of
olute temperature. For the thermal degradation of large number of

:;:ers, the temperature dependence follows Arrhenius model(7-10).

8eac {11] has carrj
Mm}‘.\'lene(
2

ed out accelerated thermal degradation studies on

ethylene propylene rubber (EPR)and low density
LDPE)

Bher Pressures 5
'degradation

in air at ambient pressure and also in air and oxygen
nd temperature. He derived a kinetic equation (5,12) of

of the investigated property.
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e(P,T,t)=ag, exp[-AP" exp(- %)]

(l]o)

Where ¢ is retention of ultimate elongation, P T and ¢
- . . ’ ar
temperature and time respectively. a a characteristjc C(,nste
material. It is the ratio of the property at two Pressureg o

. . b ’ . A() iS t}\e P
exponential factor ambient pressure. n’ is the pressure index. T 1 T

€S of CRN\BR
Peratures an

studied the effects thermal aging on the mechanical properti
and SBR by storing rubber components at elevated tem

analyzing the results using Arrhenius equation. Based on the limit
NQ valy,
n that the shes

Their study ,1,.
showed that the over a 10 year period loss in EB was about 304
a8

time for EB to reach 150% the author_s came to the conclusio

life of a properly compounded rubber to bel5.5 years.

compared to 17% in storage. Shmakov and Bogdanov[14] studied the agine

resisiance of rubbers by subjecting to different climatic condition involving
exposure to water, air, sunlight, temperature. The service life of the rybben
was determined by projecting the dependencies obtained from the tes
Petrukhnenko et al[15] investigated influence of thermal, heat and mosstuse
aging on the electrical properties of polymeric materials such as pe:
amide(PA), poly propylene(PP), poly oxy methylene (POM). They foun:
that an increase in humidity from 80 to 96% leads to a greater degree
deterioration in the dielectric properties than an increase in temperat™
from 40 to 60°C.The was no degradation in properties in PP and POM

In general aging of a polymer can be described by series of chemx?
reactions each assumed to have Arrhenius behavior. Kinetic analyss

) . ; jes of rexix™
these reactions result in a steady state expression. If this series .

extent <t
from

remain unchanged throughout the temperature under 2

. ; o the
relationship will exist between the logarithm of time t

f Ea is obtained

material property change and 1/T. The value 0 ot
and the set of

slope of time- témperature plot. If on the other h o
the effective Ea is expec e
enius POV

change with change in temperature, N
. . . T
and this would lead to a non-lineority 1n the AT
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me in dealing with Arrhenius extrapolation are
0

&"’b‘ tthe assumption that the value of E remains constant at lower

o distinguishing heterogeneous oxidation [16]from

| workers have addressed the above limitations in Arrhenius
Geverad

(\(T’Pc’laﬁon' and
odel is an integT
i tion:

several refinements have been proposed. One interesting

al equation [17] of the kinetics of aging is in the form of

orami equa
X= Xoexp[-At~ exp(-En/RT)] (4.11)

This equation satisfactorily describes the kinetics of heat aging of
ustics films such as polyimides, for which ultimate elongation or tensile
;:.'cngﬁl has been taken as the criterion of retention. Further for predicting
-t aging several successful models employ time temperature analogy[18]
-TA). Accordingly the isotherm of aging can be obtained by multiplying
-=vuon, G(1), known for one temperature T; by the ratio K(T1)/K(T>):

Gu)r={K(T1)/K(T2)] xG(t)n (4.12)
“e coefficient of shift, aT, is expressed by the equation:
aT=E/Rxexp (1/Tx-/1/T) (4.13)

The technique facilitates generation of master curves, which
“Sactorily estimate the lifetime from the kinetics of aging processes

Wy . .
Thermogravimetric degradation and kinetics

,ﬁap:;r:]mgm\’imetric [TG]studies on polymers were started early by

i and  Coats and Redfern[19], and Maurer[20]. The
“TBravime

Q’Pﬁa(
[y
“Patyre 1

€ rise ) .
"‘"*"MJ (dynamic method) or at constant temperature with time
A

-  The factors affecting the measurements are the atmosphere

8as), .
b rate of heating, sample size and degree of packing etc.

try depends on following changes in mass in relation to

ure,
Fhe measurements are carried out under given rates of

183



Chapter 4

Thermogravimetric analysis can be used inm

processes taking piace with changes in mass of polymers s 8 var
decomposition, pyrolysis. & egradahlo,L

In the studies of elastomers the monitoring of the proc
degradation and thermal decomposition parameters 4y e:SSes o
important. Interesting work relating to the assessment of a
elastomers based on the analysis of DTG, TGA, DTA curv
reported by Skusarski[21]. Polychloroprene (CR) exhibits a hi
stability compared with PVC. In the main decomposition abo

}'droca:bo:
gher therm,

. . Ut 90% of the
theoretical chlorine is released, whereas the total mass loss is aroung ¢5
1

as shown by Gardner and McNeill[22]. Brazier [23] analyzing the probjem
of carbon residue of polychloroprene, suggests the elimination of errors w
subtracting from the total mass of carbon, residue of the polymer aﬁé
pyrolysis in nitrogen

Thermal analysis techniques[24]Thermo gravimetric analysis or
differential scanning calorimetric analysis, provide a very rapid and
accurate way for life prediction, provided the correlation between therma:

degradation and long term life testing can be established.

The method involves measuring decomposition profiles of te

materials at several heating rates between 1 and 20/ min. The temperature

. . 1 p iy
for a selected value of conversion is noted from TG curve of heating T

versus 1/T. The Activation energy for decomposition process is dt‘ﬂ"“f’ t
plotting the log of heating rate against 1000/ T for a constant deCOmP“"“:
percentage. Life estimation through TGA decomposition kinencf; T‘N
performed based on Flynn and wall[25]Eqn.2.8. described in chapter-

life of a polymer is estimated by the Toop’s[26] Eqn.2.9- 1
: - ogarith™*
Equation 2. 9 may be used to create a plot in which the 108 ature 7
ailure temper’

estimated life time is plotted versus reciprocal of the f \ has b7

. jronmen
the present work a neoprene sample aged humid env!
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TGA kinetics. For comparison results of a control sample is also
r Jer ide ntical conditions. An oven aged BIIR sample along with
‘yzedun are also analyzed. Degradation kinetic parameters obtained

is

’MT::‘ Decomposition kinetics programme(27) is presented in the

ged fO

my,-i.l
Table 4.1 Degradation kinetics parameters
Kinetic Parameters Rate constants | Estimated
C e and1/2lifeat |Life time at
sample Details at 5% Conversion.°C 100°C 100°C
ients in parts per 100 log(z)| 1/2 Rate | Half-
rubber Eact. 60 min- | lifeTemp | constant | Life
(k].mole) . 1/min | (min)t | (min) Hours
' 311 (B0, vuleanox 1201 | 916 | 292 | 2.24*108 |3.09107| 2.4*106

&¥A/0); 1.5, unaged
X108 M: a/0:1.5, [95 RH,
wr C, e0days)

7+ CB30, A/015, Unaged] | 155.1 | 1211 | 303 | 2.5%107¢ |2.7*10° .

254 1.05 171.6 0.00308 | 224.6 0.26

EF {1101-CB30, A/ O:1.5}

1739 | 13.51 311.1 1.9*10-11 {3.5'1010 4*107
<WINAGED70°C, 60AYS

Results show that activation energy for the control CR is 120k]/mole,
*s has fallen to 25k]/mole due to accelerated aging in hygrothermal aging
¥ two months. In case of BIIR the activation has increased due to oven
&g The observed behavior can be explained on the basis excessive

“"’u‘“g and degradation suffered by neoprene and densification of BIIR
~¢ 10 oven aging_

F . ] .
rom the plot of this nature dramatic increase in estimated life time

e, 5
mall i e 1
€crease in temperature can be easily visualize
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4.1.5water absorption and permeation TN

In the context of underwater elastomers the question o
of properties is linked to the water -rqbber interaction beg; des t, Nency
oxidative degradation. The action of liquids in genera] de
effect arising from physical swelling of the polymer,
polymer and fillers and the leaching of or attack on plas
presence of water soluble salts in the vulcanisate ig
facilitate the ingress of water. Up take of water thr
permeation process are relevant issue to be considered.

pend on thga:
degradaﬁOn of t!‘

ticizing ageny
detrimenty] ,,

All polymers absorb water. Extent of water absg

ti .
considerably with the chemistry of the polymer ang itrp on van

. . . componer.
materials. Large absorption is detrimental for service in und
eTWater

devices. Hence estimation of water intake by rubber through diffusion angé
permeation is crucial in life estimation studies

For rubber exposed to the effects of water on a long term basis, the
kinetics of sorption assumes critical importance. Many a sensitive age
determining characteristics like electrical properties and, dvnamx
mechanical properties are affected by the intake of water. Hence
construction of any model to predict service life should take it
consideration the total fluid taken up during the design life of the devxe
and asses the long term effects using appropriate accelerated tests. Estima¢
of moisture intake has been successfully modeled by several workery
employing Ficks laws[28] of diffusion. Shen and Springer[29]eXPf?“i“" foe
water diffusivity in polymers has been extensively used for estimatnd
diffusion coefficient. Diffusion coefficient obeys Arrhenius '
relationship (Eqn.4.16)

E Wi
D= Do EXP| — =2 _1
RT

|

-

\h'fjt&
I3 i . e bv aCCt
This relationship permits extrapolation of water mtakth - equati®
N . ‘e o b ¢ .
testing. Penetration rate P of water into polymer 1S given y Tk

P=(4D/mn)!/2
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depth of penetration for given thickness can be calculated.

. h the
ool ‘”h’d; pis cm*sec’/2. Time taken for moisture to penetrate a given
o

ghe unit  nbec alculated using the above equation. The service life of

ter transducers are critically dependent the kinetics of water

oder W2

! tion an

e present work In¢

¢ ; tion.
iffusion and permea

srough d

Detailed experimental studies were conducted during the course of

d permeation through the encapsulating material. Therefore
ludes an investigation on quantitative water intake

resent study samples of rubber (25*25*2mm) were cut out from
! d sheets made with composition given in Table 3.8. Samples are
::::, constant weight. Samples were immersed in (3.5% NaCl) salt water
olution contained in glass bottles as per ASTM-D-471 method. The
wembly was placed in ovens maintaining constant temperatures40°C,
$C, 70" C respectively. The weight gain of the sample was monitored

gavimetrically. The water absorption isotherm is generated from the
«eight gain data (Fig.4.2)

Table4.2 Water absorption and diffusion parameters
as function of temperature and period of soaking

\Pemd (hour)?/2 40°C - #éso‘ff:m = 70°C
_— 0 0 0 0
R 0.56 0.81 1.41
~— 1095 1.05 1.38 1.92
— 12 13 1.42 2.05
1386 133 152 21
— 17 134 1.56 213
1697 148 24
T— 1833 16 159 2.65
of abs,, t;R.ate Diffusion coefficient.
c on (% /hri/2) D *106 cm?/hr
13 ——20°C 70C° 40°C 50°C 70°C
0089 0127 8.19 891 169
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Water Absorption Isotherm fo,
Neoprene

0 , ,
-1 é 5 10
Period of Absorption (Hr)*

#Ta0mT50 T70)

Absorption %
x

Fig 4.1 Water absorption isotherm neoprene rubber (comp3 8)

It is seen that the early portion (10 days) of the curve is linear with
respect to square root of time. Diffusion coefficient is estimated using Shen
and Springer relationship (Eq.1.20) from the slope of the curve 6, sample
thickness, h, and equilibrium water absorption, m, Calculated
In (D) is plotted against the reciprocal absolute temperatures as in Fig 4.2

Arrhenius plot of diffusivity
E -108 y=-0.719x - 9.413
« -1 7N
T 112 S
S -114 I
a -11.6 \‘:’_,_‘
T 118 .

2 25 3 35

1/K(101-3)

Fig.4.2 Arrhenius plot of diffusivity

henil.\s “T'
The plot shows that the diffusion process obeys A ) Jiffus®

. : o

relationship (Eqn.4.14). This facilitates the estimation e e
et . ent at the

coefficient from accelerated tests. Thus diffusion coefficient

. lation:
. a
service temperatures can be obtained from Arrhenius extrap®

19K
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/;n’o;edge of the diffusion coefficient at the service

From the . . .
the time taken by the diffusing water front to advance into

ture,
aper? depth of the rubber encapsulation can be calculated. Thus in

wi
¥ kno of com pound presented in Table 3.8 the time taken for the
r front to reach the depth of 1mm takes around 15 years at a

o wate
sffusiB ture of 27°C

lerence tempera

permeability is a measure of the ease with which a liquid/vapour or
s can Pass through an elastomer or laminate. The process is one of
;tso cption and diffusion. The fluid will dissolve into the elastomer and the
wolved material diffuse through the film to the opposite side, where
avaporation takes place. The definition of permeability is the rate of flow of
se fluid, under steady state condition, between opposite faces of a unit
~be of the elastomer, when subjected to unit pressure difference and

antrolled temperature.

Permeation is an important aspect of water intake by polymers.
Quantitative estimation of permeation characteristics is an important in the
wontext of under water transducers. meability is an important consideration
@ much application for elastomers such as packaging applications. lining
naterials. inner tubes, inflatable boats and is of critical importance for
derwater electro acoustic transducer applications.

Tthe most usual method of measuring the rate of water vapour
;":n\lSsion 15 the dish method described in ISO2528. The method consists
82 thin disk of the material under test to seal a circular disk
f::::tgm anhydrous calcium chloride Edges of the disc are sealed with a

€. The dish assembly is placed in a cabinet at a controlled
tt::ewa;: humidity and it is weighed at interval to measure the
Ration, [4.16] T Vapour transmitted through the test piece. Using the
T 2E-R)4

p - (4.16)
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Where q is the quantity permeated in ﬁmm
Vapoyy

at the wet side of the cup and P the vapour pressyre on th
permeability cup. A is the area exposed to vapour, p is the Side oy
’ e

coefficient. >

In the present study water permeation was studied ey

Permeation data is given in Table 4.3. Rubber sample cupsl:;n '

bmm 1

F . given in Tak,
3.8. Cups are inspected for any visual imperfections. 20 m Salt

Watey

have been compression moulded using the. The formulation

solution containing 3.5% sodium chloride is taken in a cup. The diameter
cup was such as to ensure perfect sealing the assembly. After taking the
initial weight, three such permeation cup assembly were kept in separae
humidity chambers maintained at 30 RH and at three differere
temperatures 40,50 and 60°C.

Water permeation

18 | ¥ =0.0004x +0.0545

1.4 1 y = 0.0008x - 0.0164

t
,\ 80°¢ [
£1.2 y = 0.0014x + 0.031 ll

5¢°C .
407C

. : : ————TIme(hrs)
0 200 400 600 800 1000 1200

, 18
Fig.4.3 Permeability plot of encapsulation rubber{Comp#$19
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Table 4.3 Water permeation data

Wt.loss % Wt.loss (%) Wt.loss (%)
At40°C at 50°C at 60°C
T 0.0464 0.029 0.0427
0.0606 0.084
0.0769
0.1323 0.0135
0.0573
0.0762
0.1006 0.2641
0.151 0.1262 0.3001
0.1579 0.35
0.1657 0.3847
0.1925
0.2086
0.2378
0.2552 !
0.2125 0.2793
0.2232
0.2396
0.2477 0.359 ,
0.4105
0.4766 :
0.9449 %
0.5548 0.9877
1.0392
1.0392
0.5329
0.5734
1.1221
04323 0.6034 1.1672
0.4496 1.2424
0.4706
0.4706 0.6952
1.4016
0.5086
0.5137 0.7823
1.508
0.5425
0.856
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wnius plt
0.001

i
|
|
y = 52399+ 00T -
|
l

Pemmeation
Rate {am/hr)
=

0 — —
0.003 0.003 0.0031 0.0031 0.0032 0.0032
! 1T (K)

Fig.4.4 Arrhenius plot on water permeation through neoprene rybps
4

The weight loss corresponding to water permeated is Measured an
plotted as functions of time for different temperatures in Fig. 43, Permeata.
rate is calculated from the slope of the curve (Fig.4) using the Eqn12 Ep
value for the rubber in the present case is found to be 43.56k]/mole. Ar
estimate of water transported across the sheet can be the made from

knowledge of the thick ness and the covered area of the sample

4.2 Effects of aging on properties and Life prediction
4.2.1 Ultimate elongation

Time -temperature super position technique has been applied in thie

case for predicting the service life. The property selected was ultimatc

. . . C e the
tensile elongation. The choice of this charactenshc is based on

sensitivity of this property on the aging processes.

Sample studied is same as in the previous section is given in Tai‘:
e exposed to salt wa
hermo stat:

23°C. 4

d ultima®

3.8. Five samples each of the vulcanisate materials ar
(3.5%Nacl solution) by total immersion. Samples are placed in't
ovens maintaired within £ 1° C of following temperaturcs -

52°C, 70°C. Samples were tested for tensile strength an
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m ASTM-D-412. Samples were tested for initial
gon

Ll o5 (Eo), 35 also at regular intervals of accelerated aging.

45 shows normalized ultimate elongation versus time plots s
Fig *
ized elon
’ indi cated aging temperatures.
he _
1.1
' *23°C
» 40°C
A50°C
x 70°C]

gation is, E/Eo, where Eq is the initial elongation value) at

(=]
©

© O
~N ®

o
o
X

e
2]

T

] 10
LOG(TIMEJHOURS)

RETENTION OF ULTIMATE
ELONGATION(EVE )

<

Fig.4.5 Retention of ultimate elongation
Table 4.4 Original date at different aging Condition

Period of aging Property retention

in(hours) 23°C 40°C 50°C 70°C

314 1 1 1 1
556 0.988 0.983 0.897
6.06 0.949 0.851
646 0.954 0.953 0.909 0.828
8 0.897 0.835 0.766 0.684
825 0.886 0.743 0.655
851 0.874 0.782 0.709 0.563

Ea :
t:: data point represents average results from five samples. From
“ting h "gression models are generated from experimental data points.
¢ models time required for 3 levels of property
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retention(Et/ Eo=0.75,0.50,0.25,) has been calculateq, These g
Useq

construct Arrhenius plots(Fig4.6). %

Table 4.5 Data for estimation of activation energy

TEMPERATURE Ln (time hours) for Property p, etent
/T 25% 50% =
0.0034 15.94 13.62 :Z:
0.0032 12.06 10.65 -
0.0031 1113 9.83 16
0.0029 10.66 9.17 -
T

N
(=1

-l
©O o ©O
It !

TIME TO INDICATED
RTNN..in(HRS).
&

0.0028 0.003 0.0032 0.0034 0.0036

1/T,KA1
[@#25% W50% 75% |

Fig.4.6 Arrhenius plot on ultimate elongation

. - kca
These plots are linear, with identical slopes(from which E=1%+/
is calculated.) and therefore confirm Arrhenius behavior.

ciple of tim¥
Having determined E,, from the processed data, the princip e

temperature superposition is applied to shift all of the unproc chown ¥
a reference temperature of 23% to obtain a master Cuf‘.’e as

Fig. 4.7. This process is accomplished by multiplying the tm:Z
to the experiment at each temperature of aging, by a shift fa;or; of the
the equation 4.13).The master curve so generated is 2 dep
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 m—

. 23° C. The best fit model of the master curve predicts

mafenal at . . .
ﬁu# material. In this particular case the estimate of life for the
] e . . . .
"L thso% retention of tensile elongation is ~15 years. It is to be noted
il fOf .-ted will be different if the retention of initial property is
he life PredlC
p
46 Estimated time and retention obtained by shifting data to 23°C
Tabled” o , Period Period
Period at | i, .. erio . erio ]
ﬁ getention | 400C Ln Retent:on 50°C Ln Retentxon at 70 °C Retention
°C at 40°C at 50°C Ln at 70C
5 ) at23 (hours) (hours) (hours)
Bisian ”T" 4.888 1 6.015 1 7.557 1
V¥ —
. /% 7.313 0.988 8.44 0.983 9.982 0.897
e | 0954
~T | osy | 8216 | 0953 | 8941 | 0949 10483 | 0.851
| osss | 9749 0835 | 9342 | 0909 10.884 0.828
T oens | 10266 | 0782 | 10876 | 0766 | 12418 | 0684
T ] . 11131 | 0743 | 12674 | 0.655
. - - 11.393 0.709 12935 0.563
y=-8E-05X + 0.0022)% - 0.0228x + 0.9915 i
i
12 l
1 '
08
g 086

supsrposed date #t23c , In(hours)

|
'

Fig 4.7 Master curve retention of ultimate elongation

and the response equation




4.2.2 Compression stress relaxation \

Compression stress relaxation technique is an emergin
life prediction methodology of rubbers. The technique isg areé [30}in
relevant to seals and gaskets, besides in anti shock and vibrati, Cu}ari).
materials. The technique is important, as there is 5 direct con Moy
between operating conditions in the device and property measur':aﬁtm
relaxation of mechanical stress in a sample held under Testraint s - The
which provides a valuable insight into the physical and chemicaj c};:est.
occurring. Cross ligking caused by Oxidation leads to increase in modu?“
and hardening of rubber reducing its ability to function as 4 seal. In ,::
case elastomeric seals used in deep water, material is subjected to extremes
of temperatures and, hydrostatic pressure variations. Rubbers undergo
considerable relaxation of mechanical stresses in such situations, Residua;
stresses at the interface between the elastomer and rigid surface i
important for efficient sealing. The relaxation spectrum is a function of
modulus of the elastomer and the strain applied. Compression stress
relaxation detects and measures changes in modulus with time.
temperature and environment. Estimation of long term compressive stress

in seal is important for ensuring the Sealing efficiency.

Compression stress relaxation behavior has been selected as the age
controlling parameter to estimate life of elastomeric seals. The technique 1
implemented in nitrile rubber vulcanizate discussed in section 3.9.6.

Sealing force has been determined at 40°C, 70°C and 100°C. relati\'f
sealing force as a function of temperature and time is given in Tatvlt"4 '1
Sealing force is measured as per MethodISO3384. In Fig.4.8 normalize:

. ) : The tim¢
sealing force has been plotted as a function of aging period. bove plt
aboV

required for 80% retention of sealing force is estimated from the fote

and Logarithm of time is plotted against reciprocal €

temperatures as shown in Fig.4.8
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/T:ble 4.7 Retention of sealing force

/ 40°C 70°C 100°C
urs,
24 0.963926 0.945651 -
18 - - 0.910334
120 - 0 92-8624 e
144 ) : )
158 0.938106 - 0.793397
216 0.913586 - -
1% - 0.903749 0.723143
744 0.892914 0.884892 0.622984
912 0.888984 - 0.583181
1200 0.884293 0.859342 0.521218
Time dev.of sealing force %
_.-‘-L’ ‘ ®40-c g:s
\-— : .70 °C i?
i Lyo0°c j:@
500 1000 1500 ]
periodghr) ?i

b

Fig.4.8 Sealing force of underwater elastomeric seal as
functions of time and temperature.

The €Xpected life at service temperature outside the experimental
:Obtamed from the Arrhenius plot (Fig.4.9).It is observed that time
Tetention of sealing force at 30°C is 11years

197



Chapter 4

LIFE ESTMATE OF NITRLE RUBBER

% 120000.00-FE (17S) —
s 100000.00 % .
| 80000.00 { !
60000.00 | !
40000.00 £ |
20000.00 | l":zE{“"'”“% !
I ‘

260E03 2T0E-03 280E-03 290E-03 300E-03 310EQ3 3

1PK e sy

Fig. 4.9 Arrhenius plot on sealing force retention

4.2.3 Electrical properties

An investigation has been carried out on the influence of water
absorption on volume resistivity neoprene and butyl rubbers. Volume
resistivity of the samples have been determined as per ASTM-D-257 using
Davanport, UK, make Volume and surface resistivity meter. Colloidai
graphite paint was applied on sample to reduce contact resistance. Voltage
applied was 1000V for one minute. The composition of the vulcanizates %

and 71 studied are presented in Table4.8.

Table 4.8 Composition of neoprene vulcanizates 54 and71

Ingredient Compo.54 Compo7l .
Neoprene -w 100 100
Stearic.acid 0.75 0.75
Magnesium oxide 4.0 2'0
Vulcanox4020 2.00 25
FEF black 25 ]
Zinc oxide 5 2
Red lead - 1
NA-22 1 10
Naphthenic oil 10
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/fmﬂ—s;f:xt of soaking in salt water of neoprene sample 54

x volumé resistiy

tem

.

(oluse
’ em to 35
\wt g% water
e Lo
sl quadratic fit
[ 108 T
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E 107
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%E 10.6
> £ 10.55
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200

Period of soaking in water{days)

Fig. 4.10 Volume resistivity -water absorption
characteristics of neoprene compound 54

ity. The compound studied is prepared with zinc oxide
and the filler used is FEF (25 pphr). It is observed that that
sys,esistiVitY of the sample measured at 1000V declined from 5.5*1010
#1010 ohm*cm in170 days of soaking. During the period
has been absorbed by the sample. Both the parameters

Study of water absorption - resistivity relationship of red lead cured

7sbber has been carried out. Results have been plotted in Fig.4.11

a0Lres o%vnter}
10.85 o 0.6

2 1081e *2ee 105

&= lo4a &

'§‘E?1o7s ! 5
| gl - . 03 §
g8 . 102 g
: 3 ' s
! £ . 101 5
l 10.65 , : : o
, 0 50 100 150 200

‘\%ﬁod of soaking in water{days)

Fig.4.11 Volume Resistivity of compound 74

|
{

SOG—
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The volume resistivity values showed toom

tt .
drawing of trend lines. Values still remained within an ordermg to &
€T of Maom:

Water,

101 ohm cm for entire soaking period of 170 days in sajt
4.3 Influence of water exposure on aging

4.3.1 The Influence water immersion and humidity

The question of storage of underwater electro acoustic

transdycer,

. ) Pical hy
environment has been considered to be as aggressive as marine way e
ater foe

while not in operation has been a topic of practical interest. Tro

polymer materials. The present investigation also addresses the issue of

e of
storage environment on the life of neoprene rubber formulations with
respect to and reports the namely quantum of water absorption, electrca;

resistivity and dynamic mechanical properties.

Rubber chosen for investigation was Polychloroprene(Dupont
Neoprene-W). Two simple formulations were selected for the study. The
formulation 1 contained zinc oxide/magnesium oxide cure system
(Formulation:711)whereas formulation 2 contained red lead cure system
(formulation:712). Cure times were 27 and 25 minutes respectively for
formulation 1 and 2. Water absorption (WI) study was carried out or
specimen of size 2.5*2.5*0.2 cm3. Samples were dried to constant weight
over calcium sulphate desiccant and immersed in distilled water taken it
bottles with stoppers. The bottles containing immersed samples were KT
in a thermostatic oven. The temperature of the oven was 60*10{ T?:
increase in weight of the samples was monitored at regular inten'?
Percentage water absorbed was calculated as per ASTM-D-471.

1
Water vapor absorption (HGT) study was carried out by suﬁ:
the samples freely in a Blue star-Tenny humidity temperatu;% aH an?
The sample size was 2.5* 2.5*0.2cm?. The chamber was set t.o » at
6011°C. The weight increase was monitored gfavimemca»ll::t gal
intervals as in the case on liquid water absorption. The welg
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/duetot—;ngress of moisture from the respective environment
"

les

sarﬂPed in Figure 4.12(a-b) as a function of square root of time.
nt
51 ‘ -
/"i""w' 12} i
r ] :
‘: 10 "
wr t
H s :
oF ! ;
z i 18 s
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f / FORMULATION -1 o /
‘. s — g
""" oy STOST  HYGROTHERMAL
r (80°C. 96 AH) (80FC. 96 AN
° —-—":"'—6' 8 » » % . © Iy ° [
¢ PENOD (houre) 2 PERNIOD hours) /2

@ (b)
Fig. 4.12. a-b Water absorption behavior
as function of soaking environment

lt is seen that in respect of formulation 1 initial water absorption of
wgrothermally aged sample (in 2 days) is about 6.39%as against 2.19% of
water immersed sample. For the formulation 2 corresponding figures are
4% and 0.57% respectively. The substantially higher water absorption in
%e hygrothermally aged sample as compared to water immersed sample
nbe explained if we consider that neoprene rubber vulcanizates contain
arge number of hydrophilic impurity sites dispersed in the rubber phase
d water ingress into these sites by osmotic effects. Hydrophilic
#‘P“’iﬁ% like emulsifying agents used in the polymerization process and
viter .SOIuble chlorides of magnesium, zinc and lead formed during
"anization €an act as water sinks. Water diffuses through the rubber
"tio:[gl ;C;llects around the hydrophilic impurities forming droplet

. - 1. The droplet solution will exert osmotic pressure on the
ﬁ:::}:)“ts aS a semi permeable membrane. The droplet continues to
Fubber T;monc press.ure differential is balanced by the elastic stress in
to the exe Process is diffusion controlled and hence, the droplets
Posed surface can be expected to be larger in size than those

N1
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further interior. As a result, the diffusion flux &OHM\

surface layers of rubber vulcanizate gets reduced resultin :%ll-ltion to
rate of water ingress deeper into the body of rubber, R decling m

Higher level of water absorption in formulation 1 jg ex
higher solubility of magnesium/zinc chlorides as against
of lead chloride. Existence of two stages in the

Pected du ,
'St partial solubjy,
. dl-fﬁlsiOn '
evidenced by the change of slope in the absorption curve, Py
In the case of hygrothermal environment water molecules
higher thermodynamic activity. Water molecules permeate faster o
deeper in the rubber phase in the given time, resulting in a more umf:.:
molecular dispersiqn of water molecules in rubber phase. Visua
exarm’natiQn of samples sored yermal environment (Fig.4.13)

Fig.4.13 Hygrothermally aged neoprene vulcanisate cured with ZnO/Mg0

as compared

Showed higher level of swelling and breakdown
of degrad2®™

water immersed sample. This could be due to the influence
processes, augmented by activated diffusion.
4.3.2 Electrical Resistivity

Volume resistivity of rubber samples, aged und
environments were measured as per method ASTM D
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3mm thick. Graphite paint was applied on both the surfaces
dia.l

petter electrical contact. Volume and surface resistivity

r-

” s [33] of M/s Davenport, UK was used for the measurement.

Jtage Was 500V and the time of application was 1 minute.
ied VO

e of yolume resistivity on the period in the storage in the two
denc

ats is shown in Figure 4.14. A marginal increase in resistivity
ronme

ur in poth the cases[34]
ar

E .
sl
7
Q ™
5 |
‘r ~—  WATER IMMERSED (60°C)
s} —e. HYGROTHERMAL
b Jp W :J 'l a A .
o 200 400 600 200 1000 1200

PERIOD (houra)

Fig.4.14 Dependence of volume resistivity on aging environment
U3 Dynamic Mechanical Properties

Dynamic mcchanical properties of formulation 2 were determined
“ng Dupont DMA-983[35]. Rectangular samples were cut from
“kanized sheets. The samples were immersed in distilled water and
“Md environment maintained at 60°C. Oscillation amplitude was 0.2mm

&g
Nmeasurement was done in the flexural mode. Temperature range
*ed was from -600C to +400C.

1 Storage Modulus (E’)

Fi
v, Bure 4.15 shows storage modulus as a function of storage

ONme )
Nt and temperature. It is seen that storage modulus undergoes
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substantial increase under -the influence of accelerated o T

modulus is due increase in the cross linking in the materials, in s'%gg
s.

in underwater and humid environment. Increase TOcess boty,

& (GPx)

-80 -4 -20 o

Fig 4.15 Storage modulus as a function of storage environment

The glassy modulus at 60° C is of the order of 2.44 GPa in both the
cases as compared to 1.1 GPa in shelf aged sample. It is observed that
temperature dependence of storage modulus is significantly influenced tr
absorbed water. Temperature dependent relaxation transition in the shel!
aged sample was - 35.8 to -27.6°C. This was undergone a shift to 45.61
38. 19C in water immersed sample, whereas in case of hygrothermally agedd

sample the same range lies between -45.67 to -30.15° C. This implies that

, of
there has been an increase time due to hygrothermal aging. In the a5

. i ly the
hygrothermally aged sample the relaxation temperature range is nearly

same as that of the shelf aged sample.

4.3.3.2 Loss Modulus (E”)
' i wen!
n the storage environ? N

iti resente™
ass transition as rep ™
20 in case®

Dependence of flexural loss modulus o
presented in Figure 4.16. It is observed that gl

by loss modulus maximum, has shifted from -31.55 to -40.8
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m while in hygrothermally aged sample is shifted

. ers
g o - 34.6°C. This implies that greater level of plasticization is
. up
T nginW . .
Rt con of additional free volume of water in clustered form. This
uc
' s that it

! ather that the amount of water. Energy dissipation maximum is
won T
7&,‘5;(10

s higher i
anity water m
‘ be displaced in translatory motion much more easily, effectively
n

ater immersed sample, which in turn can be attributed to the
is the geometry of the water molecules that affects the glass

W1 sample than in HGT sample. Each rubber chain has in its

olecules as well as other molecular segments, the former

ring local viscosity. This accounts for higher depression in the glass
RL14

ansition in water immersed sample.

Amplitude (p-p) 0.2mm !
800 |-
7 400F __.- .’5‘.\
S Fo~ J 1| ——— WATER neaEresD
“ / ".\ - . HYORCTHERMAL
] e BT B8 Ay
200 = 1~ AR AcED AT
P NOOM TEMR
a b
-0 - -20 <

Temperature deg C
Fig 4.16.Dependence of flexural loss modulus on storage environment
Y33 Dynamic Loss Factor (tan 6)

Relative contribution of storage and loss modules in viscoelastic damping
% m en .
ted in the form of a plot of tan & vs temperature in Figure 4.17

It .
. s seen that the loss factor, has been reduced marginally when
N dto accelerated
 shifte
0y,

water/ humid environments. Damping maximum
b: to the lower temperature in both the cases. A fall in tandma\ from
Ut1.8is seen in both the cases.



2.8 : .
5 A Amplitude (p-p)O.me\.

)

Fig. 4.17 Tand versus temperature plot

The decline in damping is clearly due to relative increase in Storage
modulus rather than decrease in loss modulus. A lowering of mechanicy,
damping is the net effect of cross linking reactions and the plasticization
effect of water.

4.3.4 Influence of hot humid aging on the transient response

Behaviour of rubber under dynamic stress- strain and temperature
conditions has significant influence on the performance as passive acoustic
materials in sonar transducer technology. Changes in transient response
under the influence of heat and humidity are topics of special interest [36}
Hence an investigation on the dynamic response of a neoprene vulcanisate
subjected to hot humid conditions has been under taken in the present
context. Influence of aging under humid heat at 50°C and 95% RH on stf?*‘
relaxation, recovery and dynamic modulus have been studied. Long tim¢
behaviour under hot humid environment has been estimated by tim¢

temperature superposition technique (37).

- ith 1 phe
Sample selected was neoprene vulcanisate 711 modified Wl}: e;t:vm
av
paraphymelene diamine and 30 pphr carbon black (GPE). Samples e
A ’ H vl
compression moulded. Cure time was 27 minutes. Hot humid en

s amber.
was simulated in a Bluestar- Tenney humidity temperature ch
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Jastic properties were determined using Dupont DMA- 983
a a

Lt lar samples were cut out from vulcanised sheets and aged
ﬂ- 4 heat. Oscillation amplitude for resonance mode measurement

and displacement for stress relaxation measurement was
02 mm
&5
-

short time stress relaxation and recovery
&1

in the stress relation behaviour in rubber subjected to short

O‘anges . . . .
e h_\'gTOthermal (humid heat) aging is shown in Table 4.9
Table 4.9 Stress relaxation parameters
Properties Short time behavior Long time behavior
" Period days 0 18 132|136 | 0 32 36
anation rate 86 | 82 | 14 | 22 | 0.029 | 0.031 | 0.037
iecovery rate 49 - 65 | 4 - - -
itivation
~ergv(k]/mole) 8 32 | 41 72 289 223 111
ALF Constants : C1 - - - - 49.8 38.4 19.1
C2 - - - - 303 303 303
ar at 30°C - - - - 0.009 | 0.015 | 0.023
a"10% (per®/C N 29 3.7 7.5

! unit for short time behavior percent/ decade, long time behavior: per
second

k;\o significant change is observed in the relaxation rate up to about 3
A pp] .
St of aging however beyond this period relaxation rate is increased. By
AR .

th week of continuous exposure the stress relation rates increased by

Boyt |
o 0% when, measured at 30°C. Fig.4.18 shows a fall in relaxation rate
INcrease in.temperature
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Fig.4. 18 Relaxation behavior as functions of

temperature and hygrothermal aging

Lhus can be explained on the basis of (1) negative slope in the stress
temperature relationship of rubber at low strains and (2) increased rate of
desorption of water as the temperature rises. Estimated Arrhenius
activation energy (Ea) increases with period of hygrothermal aging,
Unaged material has an Ea of 8 KJ/mole. One month exposure causes Ea te
increase 8-9 times Increase in Ea suggests increased resistance to segmentai

mobility with progressive aging.

Recovery behaviour presented in Table-4.9 shows that recovery rate

are slower than correspording relaxation rates. Also recovery rates ar¢ ot
. L]

significantly affected by aging. On an average recovery rate remains at 4%

per decade for the period studied.

4.3.4.2 Long time stress relaxation behaviour

parameters obtained from
seeh tha

n Fig4!

Table 4.9 shows long time stress relaxation
is
the time-temperature superposition of relaxation data [37]- I
ve i
overall relaxation rate increases with aging. The master cur

shows two linear portions.
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Fig. 4.19 Stress relaxation master curve

A first portion is steeper and reflects the increased viscoelastic response
:x 10 humid heat aging while the second could be due to changes in the
-olecular network  structure. Shift factors vary linearly with reciprocal

emperature as shown in Fig.4.20

3

3

s

S

-t

g

g —¥—%- Unaged

‘§ -6} 418 days hygrothermal
= “©-6~ 36 days hygrothermal

-8 | & 1
3-Q ER| 3-2
1000/ T (°K)

Fig.4.20 Horizontal shift factor versus temperature

a:.m];he Arthenius activation energy of un aged rubber is estimated to be
. V89 K]/ mole, The Ea falls to about 111K]J/mole on aging for 36 days.

T \‘Ol .
2 Ume fractions calculated from WLF constants [38] increased with

& This je.
“q S leads to the conclusion that aging causes free volume to

ase. Th
: S observation has been confirmed from the shift of glass

thop t 2
olp in Fig 4
wer temperature as seen 1 1g.4. 1
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Fig. 4.21 Effect of damping behavior (tand) with aging
4.3.4.3 Dynamic modulus

Changes in the elastic modulus has been studied as a function o

aging period. Figure-4.22 shows variation of modulus retention Et/Eowith
period of aging.

-
L]
-

-
o

Retention of modulus E*/ E

4 | | 1

L
Y 5 1S 20 5
Period of aging (days)

Fig.4.22 Variation of modulus retention with aging

ys and continue*
hereaftc?
pe,amn‘

It is observed that modulus reduces by 30% in 4 da
[ . . t

to decline rapidly for 20 days and remains at 55% of the original
: m

Decline in storage modulus follows a quadratic law. Te

. Fig.4.23-
dependence of modulus with temperature can be seen in Fig:4
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AE/AT (MPa/°C)
=

R
1 i
5 0 20 )
Period of aging (days)

Fig.4.23 Variation of temperature response
of elastic modulus with aging

It is found that modulus-temperature slope decreases with period of
iging. The slope in unaged material is 0.06 Mpa/°C which declines to
about 0.01 in 26 days of hygrothermal aging.

{344 Effects of long term salt water aging on dynamic mechanical properties

Importance of dynamic mechanical properties on the performance of
passive acoustic rubbers, have been discussed in detail in the earlier
sections. Effect of long term exposure of rubber on the dynamic mechanical
"sponse is a topic practical interest. Present investigations considers this
©“pects in some detail. The rubbers studied mainly are Bromo butyl
*ubbers and neoprene rubbers.

s Neoprene rubber vulcanisate based on composition 711 discussed in
" modified with 30pphr carbon black and 2pphr anti oxidant

\nlmn
. " 4020 has been studied for influence of aging on the dynamic
<l properties.

In
meorder to study the influence of aging on the dynamic mechanical
o Samples of neoprene vulcanizate has been immersed in 3.5% NaCl
Maintained at 40°C,70°C and 80°C respectively and a control

Ple at
I s . . .
°0m temperature in air. Dynamic mechanical properties were
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measured at intervals of time. Dynamic storagem
 lo

tan delta of the samples aged for 430 days in salt Water ats:(;:\ od“l“sw
have been plotted as functions of temperature in Fig. 424 Cang

respectively. Fig.4.26 gives the plot of the same Parameters ‘;“d Fig 4y
(air) sample. o shelf ged
L ——
_ 5000 15
L
2000 -

-3 -

w1000 - 05 B

(i1] &

0- 0

60 40 -20 0 20 40
Temperature(°C)

e E = E"—A—tandelal

Fig 4.24 Effect of sea water aging on the dynamic mechanical properties
of neoprene rubber (aged at 70°C, for 430 days)

60 40 20 0 20 40
Temperature(°C

—e—E' —a—E" —a—Tan defta| L

dynamic mechanical

Fig. 4.25 Effect of sea water aging on the
0°C, ford30 day®)

properties of neoprene rubber (aged at 8
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Fig.4.26 Dynamic mechanical parameters of shelf (air) aged sample

Fig 4.27 gives elastic modulus of samples as functions of temperature and
xging conditions. Important viscoelastic parameters are given in Table 4.10

Effect of aging of neoprene rubber in
waterat different temperatures

7000

S 3000 = 80C
m =3 _—h 7m
1000 h

0 4 \——......'. ey

"

80 40 -20 0 20 40
Tempenrature C

;‘4000 e RT
W

Fig.4.27 Effect of sea water aging on storage modulus

Shelf aged control sample registered highest modulus around
mp:: t:: -44C Modulus relaxes sharply to about 170MPa as the
ol 292 1 Increased to -22°C.Sample aged at 70°C starts with a glassy

27 GPa at ~46° C and modulus declines slowly till -26°C and
Valgr s}::; higher rate to reach rubbery state. Sample aged at 80°C in salt
ly ag t}? glass modulus slightly lower than 1.86GPa and declines more
e € temperature increases and reaches rubbery plateau above -

my Y . . .
odulus shows more significant changes with water immersion

3G
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and aging temperature. In shelf aged sample lom

34°'C and peaks at abut-28°C. Peak value of the Loss il S

900MPa.Peak is sharp as compared to water aged samples L;Od“lm "
of the sample aged in water at 70°C stars from 286 MPa at 4 MOduby
declining trend till-39 °C before rising again to peak at-26°C, vy showy

- ue Of m t
Case Staryy

. . tly rises 4,
286Mpa at-24 ° C. Mechanical loss factor, tan delta as funct of
ONS of a9;

sample shows similar behavior. Loss modulus peak valye in this
at around 206 MPa and falls to about128 MPa and subsequ

temperature shows a progressive fall in peak damping values. It also shifty
to higher temperatures

Table 4.10 Viscoelastic parameters

e - E’(Step transition) E” Tang

ging condition Onset | Mid End —
oC oCI(I) oC Peak °C ‘;adlf‘:: Peak *C | value

Control, shelf aged 430 days | -30.3 | -27.64 | -23.76 | -27.22 | 924 216 15m

Sea Water, 70c, 430 Days | (-)325|(-)28.96 | ()21.5| -256 | 39 | -1943 |10

Sea Water, 80°C, 430 Days 23159 | -2451 | -19.1 | -239 | 286 | -1741 |0M0®

Tan delta peak of control sample occur at -21.6°C while those of samples
aged in water at 70°C and 80 °C are respectively -19.43 and -17.41°C. Shift n

tand peak with temperature of aging is presented in Fig4.28
2 . .
1.5
1
0.5 1
0
60 4 20 o0 2 4
TEMPERATURE(*C)

o SWB0C = RT _=_swi0C|
/

Fig. 4.28 Shift in tan § peak temperature of aging

TANDELTA
[ ]

214



; tempe

Aging Stu

dies

Th above stud

Jated tem
ratures and the peak height undergo sharp fall associated

y leads to the conclusion that aging in water medium

perature causes loss modulus\tandelta peak to shift to

reduction in the area under the curve. Aging in water under

ed condition causes neoprene rubber to become less damping and
eraté

auses
uds Effect of aging on frequency response

Neo

glassy modulu

s to fall to one third of its original value.

prene vulcanizates based on composition 711 modified as in

144 has been used in the this study also. Sample has been conditioned in
4

ot water and aged in a thermostatic oven at 70 °C. Viscoelastic parameter

gorage modulus and loss modulus have been studied by TTS. Data is given
-Table .11
Table 4.11 TTS data from master curve

] E' DATA E” DATA

HFn’quency(Hz) E'(Pa) Frequency(Hz) E"”(Pa)
1410+ 3.628*10¢ 3.162* 10 1.187*107
14100 4.723*106 1*10° 1.142*107
1110 6.408*10¢ 3.371*104 1.25*107
0.001 8.688*106 0.00484 1.664*107
001 1.17*107 0.0696 2.94*107
0.09085 1.771*107 1 6.254*107
! 4.289*107 15.98 1.332*108
3162 8.496*107 2843 2.247*108
2085 1.753*108 3671 2.775*108
:gis 7.516%108 89890 2 825+108
g 1.66*109 4.682*108 2.323*108
g3 1.932*109 - -

~ | 2.039*109 - -
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Results are shown in Fig.4.30. The m

Log(aT)=C1(T-To)/ C2+(T-To)C1=21.25,C2=106.9, T, =-19.1°C TModey
— T
E \
§ i
-60 40 -20 0 20 40
Temperature[°C]
—_—

Fig. 4.29 E’ Shift function versus temperature plot on neoprene
aged in water at 70 °C for 300 days.

The master curve generated with WLF model foe E’ is presented in Fig.4 30

Log[E']Pa

Log[Frequenc]Hz

Fig.4.30 Frequency- E' Master curve [Ref temp:-19.1]
of neoprene rubber aged in sea water at 70°C for 300days

to 90 kH?
The curve shows transition in the frequency band of 0.1Hz

W
Fig. 4.31. Shows master curve on the flexural loss modulus. Th? C:rf:;:’:m
E”s peaks at 90kHz. At still higher frequencies loss m°d“duto fit a W1
increase in frequency. Loss modulus master curve is also fotinl 9.1°C.
Equation Log(aT)=C1(T-To)/ C2+(T-To)C1=16.31,C2=48.01 o=~
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10

Log[Frequency]Hz

Fig. 4.31 Loss modulus master curve for neoprene

aged on salt water for 300 days

435 Influence of wet aging on the kinetics of thermal degradation

Heat and moisture are two majcr contributing factors in the
*gradation process of rubbers. A knowledge of the mechanism and
unetics of thermal degradation is necessary for understanding of aging
wocesses which are influenced by thermal\hygrothermal stresses. An
avestigation has been carried out on how the kinetics of thermal
*gradation is influenced by environmental stresses. The study also

eumines the mechanisms responsible the change in thermal activation
eetgy with aging.

USI Experimental procedure

. Rubber samples were prepared from Dupont USA Neoprene W.
:'nulanon B given in Table 4.12 represents a practical underwater
omer while Formulation A is a gum vulcanisate. For preparation of

Rmp|
ﬁnpe Standard procedures were followed[39,40]. Cure times were 30
il each,
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Table 4.12 Compositions of the sample rubpe,

Ingredients Compound DeSiSTI -
A \\B
Neoprene 100 1\00
Stearic acid 1 .
Vulcanox 4020 1 ;
Zinc Oxide 5 5
Magnesium oxide 4 4
Carbon Black GPF - 30
MBTS 1.5 15
NA 22 1 1

Thermal analysis of samples were carried out using a TA
Instruments, USA, Thermogravimetric Analyzer (TGA 951) and modulated
DSC under nitrogen flow @ 50 ml/min and 100 ml/min respectively. Both
isothermal and dynamic TGA runs were carried out. MDSC measurement
was done at a heating rate of 5°/min. in dynamic mode. Dupont TGA
decomposition kinetic software [41] based on Flynn and Wall method was
used for calculation of decomposition kinetic parameters. Avrami analyss
was [42]) performed to estimate nucleation parameter ‘n’. Gum rubber
samples (25 dia * 13 mm thick) were exposed to 3.5% salt solution at 70%

and aged for 3 months.

4.3.5.2 Influence of aging environment

R
ation profiles of humt

S le TGA thermograms showing degrad
ample gr g deg 4 neopren”

heat (HgT) and dry aged (DA) samples and for reference un age

vulcanisate, are,presented in Fig. 4.32.
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2 s NUMD HET, 28 DXYS
ses  HUMD HEAT, 41 DAYS
003  DRY, 80°C, 13 DAYS
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8 100 03 4«0 0 00 0

x
Ternperature (C)

Fig.4.32 TGA Thermograms of humid aged,
dry aged and control samples

Three major stages in degradation process besides a pre-stage can be
an in hygrothermally aged samples. The pre-stage in these curves
+presents desorption of water. The amount of volatiles escaping has been
wnd to agree with the quantum of absorbed water during soaking. The
«ond stage is major polymer degradation and the same corresponds to
v breakdown to polymer backbone.

The second and third stages also could be representing the formation
od pyrolysis of graphitic carbon. Thermograms of HgT samples (2-4
“wks) show an upward shift in the initial temperature indicating an
“Parent increase in stability. However on continued aging, initial
‘?P?Tature falls below that of the unaged reference sample, thereby
;:':;3 the apparent stability. Dry aged material shows negligible pre-
o ma:a“ be expected. First and second stages of the decomposition
:"“‘metefr;l Increase due to thermal activation. Table 4.13 shows kinetic
i 114 o; the de.COmposition reactions of aged and unaged samples.

Bives kinetic parameters at 5% conversion
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. Table 4.13 TGA Kinetics parm

Hygrotherm
al
Aging period Days Unaged 19&&1:: 50\¢ D’y\heag
v | 13 2% \il\. 80
Degradation Range 280- 29 — ] 13
. 282-357 1- T
(Temp°C) 357 | 366 %;72 277357
Peak Temp (°C) 301 298 308 ?\
Fraction reacted % 27.11 26.62 RW& i
— 1 ] & i
Table 4.14 Kinetic parameters at 5% conversion .
Aging period Days Unaged Aygr 0.(95 %'502
Energy of activation k]/mole 191 204 120 m~ ’
'
Log(pre-exponential factor) 1/min. 15.85 17.1 8.99 Tﬂs ’
60min. ¥ life temp °C 287.70 | 2860 | 2906 | 2140

4.3.5.3 Changes in the activation energy

Changes in the activation energy of decomposition (Ea) as functions

of conversion percentage and aging period are shown in Fig.4.33

Activation Energy(kJ/mole)

300

200

100

o

—

L

7

(=4
1= 9

X Un:iacged

e
1 Y
ODry heat 13 days Po'c
@ Humid Heat 13 days
{1 Humid Heat 26 days

¥ DryHeat 707 C 15 days
\

1‘(] 20
Conversion(%)

jon of
Fig.4.33 Changes in activation energy as function ©

aging and degree of conversion
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/prog;SSiny declined with increase in conversion level in
s

Ea haference sample. Ea at 1% conversion is 204kJ/mole which
e

;*ﬁed rt 173K] /mole at 20% conversion. Sample aged in HgT
0

AJuc®S ot for 13 days shows a similar behavior. As period of exposure
. onme

vis0 d to 26 days a reversal in the declining trend is observed. The
; .1geai reflected in the case of dry aged sample. It is suggested that the
jor i
vior - Ea could reflect a change in the mechanism of thermal

w
gadation: o .

the outer surface to the inner. During aging oxidative degradation
zam

Thermal decomposition can be visualized as taking place

itiated at the exposed surface, which then progresses inwards
".ds U: a diffusion process. The interior of the rubber samples remains
::j;fcted even as extensive degradation takes place at the surface. This
;_cults in lower Ea at the start of the tl.ermal degradation which goes on

~reasing as the degradation proceeds inwards.

(354 Avrami analysis

“ereversal in Ea has been examined further on the Avrami model [42]
1-a= Exp (-ktn) (4.18)

«here a is the fractional conversion at time t, k, specific reaction rate and n
“¢Avrami exponent n = r + h in which r is the number of steps involved in

“«leus formation, h, the number of dimensions in which nuclei grow.

4 4
T 03
—
p S
T 3
nk
1 nx wue
000 40 ACED
—12 1 82 wrax»
...... ——— —pmr—r
.00 200 4.00

Ln (t)(r.nin)

Fi 4.
8434, Plot of In(In(1-a))versus In t for estimation of Avrami exponent

Mo
%]
o



A plot of In(-In(1-a)) vs In t (Fig. 4.34) yields the valy
e

obtained for unaged rubber is 2.3 and that for sample ageq T Valye,
at 70°C i
or3

_ Teaction py,
from that of random nucleation to diffusion controlled Process @ .
,43),

months is 0.7. The change in values implies a change in

4.3.5.5 Influence of salt water

A neoprene gum rubber, formulation (A), has been sty
relative degradation behavior. A circular disc of appox. 2mm thick
sliced from across the middle portion of the cylindrica}l samp

specimen has been cut from its central core (specimen X')

died for
has beeq,
le and a

. - Anothey
specimen has been taken out from a position Imm below the ex

surface (specimen ‘Y’). The thermal degradation behavior of the specimen
has been studied using TGA and MDSC techniques. The thermograms
obtained (Fig. 4.35 and 4.36) for specimen show significant difference in
their thermal degradation behavior.

100
0
—
»e 00 4
—_— "4
=
. 48 -
<@
= 4
2 -
{ DX MK PECMA
0o OCUTIR SPEChiM
| Y T T T
100 200 300 L. -] 500 000

Tempercture °C
Fig 4.35 TGA thermograms of outer /inner materials from the sample

ally degrade 2

The inner specimen ‘X’ has been found to therm 1
n*Y") degrade:

around 300°C in TGA. The oxidized outer portion (specime - an A
0 men
at around 150°C. MDSC has shown as exotherm at 300°C for spect

’ , ]SOOC
while oxidatively degraded specimen Y decomposed at about

N
N
N
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Fig 4.36 MDSC thermograms of outer /inner materials from the sample

The small exotherm appearing at 280°C could be an indication of
«ome trace of un decomposed material remaining in the outer layer.

36 Analysis of glass transition and clustered water

The amount water absorbed by the rubber during exposure is an
mportant indicator on the service life a rubber component. All the known
wechniques for the analysis of water in polymers give the information only
o the total water present in a polymer [44,45]. But the form in which water
edsts in a rubber matrix is very important. Clustered form of water is
responsible for the loss in the dielectric properties of rubbers. Estimation of
the amount of water trapped in the rubber matrix is an indication of the
period of exposure. In a practical situation this information will enable the
Prediction of the remnant service life. In the course of present work a study
;::b:med out on the amount of clustered water in neoprene rubber.
“dition:lmples are prepared with the formulation 711. The composition

@YY contained 30 pphr GPF carbon black. MDSC technique has

pt::"zesﬁgated for the analysis. This technique as has been discussed in
o ’ fesolves the total heat flow associated with a thermal event to
Pacity dependent component (reversible heat flow) and kinetic
?Onent (non reversible component). Reversible heat flow signal has a
& endotherm as the clustered form only will show the melting
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transition, while total heat flow includes bothm
c

well of the freely absorbed water, being only absorbed op, . ComPOnem -
e

polymer in a single layer and forms hydrogen bong Mthstt;‘rfaceo(h
€ pol

€cessary for the

Crysta
temperature is if lowered sufficiently MDSC analysis hag been ::;hen the
for the

determining the total heat flow, reversible heat flow and
’ heat capac:
Pacity
sample together with dry control samples. Results presented in Fig. 437
MDSC thermograph of a sample soaked in water at 40°Cfoy 3. d:n
123

atoms rather than with other water molecules as would be

water to freeze, water in clusters, however can form ice

the sample rubber. Measurements have been carried out on

Reversible heat flow signal shows two major thermal events

0.005
< 500 o F o
23 {0005 £3
S ¥ 005 001 &F
&2 \[J Nl o5 g8
0007 T R 3 '0-02 z
45 25 5 15
TEMPERATURE'C

——Rev.HeatFlow —— Non Rev.Heat flow

Fig.4.37 MDSC thermograms showing reversible and
non reversible heat flow signals

The transition onset at 41.59°C is the glass transition in the matenl:‘
Tg in the material lies in the range of -41.59 to -37.95°C. This followed b,:;
endotherm representing melting of ice crystals with onset at,15,62°C"-‘ he
integrated area is found to bel.58]/g, amounting to 0.46% watef.g‘na] .
cluster, while the total water intake as shown by total heat ﬂowf:':‘r .
2816]/g This amounts to 0.82 g. The difference 0.36 8 acc?““‘sn < fou
absorbed water which d in not available for cluster fOrmahon.to be 0.78%
that by direct weighing method the total absorption 18 found dry samp¥
very close to MDSC value. This measurement was repeated for
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/1:;;ked for 12 days. Fig. 4.38 shows MDSC Plot on

oo Neoprene sample and those soaked for 3 day and 12 days
Mposed

ﬁpecdvely

oo

.
3 -0.02 I

|2 N j——dry
S 0.04 =
T 006 . | —3days
= U ]
5 008 \J | — 12days
g 01 :

| -50 0 50

i Temperature °C

Fig.4.38 MDSC plots for neoprene soaked for different periods.

Dry sample shows no endotherm of melting transition as expected. But
the glass transition event is clearly visible. The Tg value after the treatment in
water is found to lie at -41.82 to -37.39 °C.

4 0.02
1 -0.04
1-0.06 &
1 -008 %
4 -0.1
L -0.12
: ——— . 0.14
70 S 30 -0 10 30
Temperatur(°C)

—
|——Cp —=—Heat Flow —— Rev Heat Flow |

Fig.4.39 Analysis of clustered water in
neoprene soaked in water for 4 years

In Sample soaked for 12 days at 40°C the total water intake is found to
%, reversible heat flow signal shows1.80% clustered water. The
®Ndotherm onset point shifts to lower temperatures as the size of the

®2
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cluster increases but the melting event is completem

sh"rply a0y
Years in sajy

A red lead cured sample soaked in salt water for 4

water(3.5%Nacl) at ambient condition has been studjed. Res
in Fig.4.39

The total water absorbed over the period is only 269 o

. and th,

o
after the long exposure time is found to be 4534 to .403202?;8:
32°C. Thy

clustered water in this is only 1.79%. The position of glass transit;

represents a shift in the Tg by about 4 degrees Celsius in the Tg onset
indicating a plasticization effect. Thus long term exposure of rubber in sa!;
water lead to lowering in Tg. This observation is contrary to the effect
observed in thermally accelerated soaking, wherein Tg shifts to higher
temperature. The effect can be explained in view of the fact that in hot
environment stiffening of the rubber dominate over plasticization. This
observation demonstrates the advantages of red lead curing This
investigation opens up a method for assessing the service life of a rubber

encapsulated device exposed to underwater environment.
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chapter 5

RESULTS AND DISCUSSION

In this chapter results of experimental studies carried out on
smpounding techniques, underwater aging phenomena of rubber
«kanisates and life prediction techniques are consolidated and presented.

Trends are discussed and conclusions are arrived at presenting guide lines

ior compound design.

51Compounding considerations

From an understanding of the published work of several researchers
ind the experimental findings of the author himself, Neoprene has been
dentified as one of the best suited base polymers for detailed
Westigations as an ideal underwater engineering polymer. Major
Wvantages are its greater sea water compatibility, bonding with metals,
“ope for tailor making of mechanical properties and above all the very
ran:eathering r.esistance and oxidation resistance. Despite these

8es, the major drawback of neoprene is its rather high water

sorms:

. fPon. The major objective of the present study was to develop
PPropriate co
X tubberg

¥

mpounding techniques which will reduce water absorption
» Neoprene in particular and to achieve optimal property levels
Underwater electro acoustic transducers. Design inputs have been

Tated ,
on following parameters relating to sonar passive materials in

231
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general and encapsulation material in particular.. 1 g
) ’ fusiq,
n,

acceleratioy, ang 2

4.

apsulaty
baffles and underwater seals have been focused on fq

Permeation of water, 3. Curing processes and cure

Viscoelastic behavior. Specific applications like enc
on, aCOus .

tic
r the Study, Studie
e been another areg

ntrol hag
in aiming at realistic life prediction approach for rubbe

on aging processes, the mechanisms and kinetics hay

for specialized investigations. The understanding a co bee
N Usefy]

. ‘ T COmponentg under
the stringent underwater environment.

5.2 Water intake by rubbers

The study was initiated on a gum neoprene vulcanisate without age
resistors and fillers. The sample absorbed more than 200% of water at 60°C
over a period of 20 days. The temperature dependence of the absorption
curve followed Arrhenius pattern. The activation energy of this absorption
process is estimated to be 4.2 k]/mol. When the sample was modified with
suitable red lead cure system water absorption dropped to 60%. Gum
rubber composition when modified with anti degradent and carbon black
the absorption value got reduced to about 20%. Thus an order of
magnitude reduction in the water absorption could be achieved with

compound modification involving cure system, fillers and anti oxidants.

The influence of soaking rubbers in humid and underwater

environment on water absorption has been investigated. Underwater

. : i ith
transducers are often exposed to moisture laden tropical environment W

, i 40°C.
relative humidity close saturation levels and temperature as high as

. Is of
The lower absorption by red lead cured rubber is a result of lower leve .
- increas
water soluble products formed during vulcanization. Effect of mcrese :
. ea
the concentration of carbon black from 10-80 pphr is a sharp dect

. . betwe(‘ﬂ
water absorption. With reference to Fig.3.12. the relationship it 2
k is found to "
g s THe

K., fis the

absorption rate and volume fraction of carbon blac
polynomial response equation, y=(-)1.648f2 + 0.25f+0.3008.

blac
response represents a declining trend beyond 50 pphr carbon
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fraction of carbon black and y’ the absorption rate. When carbon
‘olume Jdded to the rubber the energy of activation increases. In the case
is

: oF plack (30pphr) this increase is as much as 100% from that of the
46

tw‘k rubber. .
piffusion process studied as a function of type of carbon black reveals
the absorption is lower in rubbers compounded with lower particle size
hat o black. Thus diffusivity of SRF black filled vulcanisate is higher than
;hat with FEF black. This could be explained on the basis of the higher

ocking density of filler associated with a lower particle size carbon black.

Investigation on the effect of salinity on the water absorption
wehavior shows that absorption of distilled water is higher than salt water
nall cases studied. This is in agreement with the finding of Cassidy et.al.
refer 3.2] and Muniandy and Thomas(refer1.21]. The higher absorption
iom distilled water can be explained on the basis of the increased amount
o water needed to balance the elastic pressure surrounding the impurity
droplets. Red lead cured sample also showed higher water absorption of
dstilled water. Absorption of distilled water is about 3% as against 1% of
slt water. Varying the type of carbon black did not produce any noticeable
dunge in the absorption of distilled water.

Influence of different types of inorganic fillers (like calcium
arbonate, talc and clay) individually incorporated, has been investigated.
T controls water absorption behavior in neoprene gum rubbers
Moderately and results in a marginal reduction in water absorption over
l.hat of calcium carbonate filler. As can be seen from Table.3.2 the diffusion
?Mﬁdent is found to fall with increase in concentration of the carbon
::;'\rmffusion coefficient at 20 °C is in the range of 7.4 * 108to 3.5 * 10
o t.hAt 40°C the value ranged from 2.25*107 to1.46 * 107 cm?/hr. At

c‘i\'aﬁoe Corresponding range is from 4.39*107 to 2.87 *107 cm?/hr.
N energy of diffusion processes is found to increase with increase

Aillerg ; .
"Sie.E, increased from 11.6-14.03 k] /mol.
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Comparative study of water absorpm

showed that neoprene absorbs maximum water whil basic Tuby
€ nitrije
ruy
, co
totality of the properties like sea water Compatitability

metals, environmental resistance etc., required for th

absorbs the least under the same conditions, However
NSider:

ldenng the

boﬂdabimy to

€ end use

pariSOh Wi(h

considered that Neoprene is the optimal material in com I

other rubbers. Water absorption behavior on neoprene coy] d be taj]
. . R a
judicious compounding so that absorption can be limit llored by,

ed to a Minimym,
Hence the study was concentrated mainly on Neopren

. . ) e. Study of rate of
moisture intake by a rubber soaked in a known humid environment b,
ent ha.

yielded a linear response equation, m;= 1.007H-0.7. Where m; stands for
moisture intake rate and H fractional humidity. Springer{1] has derived a
power law relation for moisture absorption in composite materials. The
model provides a means to estimate the water absorption in a sample
stored at high relative humidity. Practical significance of such a relation
ship is that this gives an estimate of possible moisture absorption of rubber

components during shelf storage in dockyard environment.

Effect of oxygenated environment as against inert environment on the
water absorption rate has been studied. This study showed that the rate of
absorption as well as the maximum absorption at a given temperature i<
lower in oxygen free environment. Oxidative degradation enhances water
absorption. Neoprene blank showed a lowering of water absorption of over
100% in nitrogen environment. Vulcanizate containing carbon black as well
as anti oxidants showed further lowering of absorption (T. able.3.21). T‘h“"
absorption by neoprene gum rubber has reduced to 0-4% from the origind!
value of 1.07%. Maximum absorption has reduced in this case from at"’“f
85% to 30% and the diffusion coefficient underwent a change from 1.0'3 “:“
t01.14*10> cm2/hr. The study further revealed that diffusion coefficte

o L s jmplictt
actually falls when the maximum absorption is high. Explanation!
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. n02h?
giffusion equation (3.1) wherein D= 16M. hence diffusivity D is
Athe y

proportional to M, the maximum absorption. In practical
b o diffusivity signifies the speed of absorption not the quantum. In
* on with neoprene rubber rate of water absorption of BIIR is only
* f‘ Maximum absorption is 1/8%. But Diffusion coefficient in BIIR is 30%
‘ .. In the filled (carbon black) BIIR water absorption rate is 1/4% and
;-gghf um water absorption is 1/5% of the corresponding neoprene sample.
:wn:‘en pboth the gum vulcanizates lower water absorption in BIIR follows
-om the chemistry of structure of the respective rubbers. Rather bulky and
qread out isobutylene structure is expected to shield or obstruct
..:,ovement of foreign molecules more effectively than chloroprene. Between
e corresponding filled vulcanizates the difference in the absorption is
amowed down. Conclusion is that additives are more effective in
weprene rubber. Diffusion coefficient of carbon black filled BIIR is 50%
more than corresponding neoprene sample. Reason for higher diffusion
wvefficient value despite lower amount of water diffused in, is implied in
the equation already out lined. Study leads to the conclusion that as more
water gets in tendency (diffusion flux) for further absorption reduces in
oher words diffusion becomes concentration dependent. Another finding
s that water absorption of natural rubber is only marginally higher than

1”mmObutyl rubber and in specific compositions with lower total water
Make can be realized.

A study on the water absorption behavior of natural rubber shows
%at the absorption rate range between 0.03 to 0.05%/hr1/2. Eg4 of water
sorption is about 5.55kJ/mole. This value is close to that of neoprene
fum m.bber- Influence of varying amount of anti oxidants in the water
"Plion behdvior of natural rubber has been studied. It is observed that

i
'Mum rate of absorption occurs in samples-containing up to 1pphr
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antioxidants (Para phenylene diamine). Higherm
10 ¢

not have a significant effect on water absorption rate, 1dany doey

Comparative study on the influence of water abgq

distilled water and salt water on Neoprene based on zine o :hon from
Tred

] ) distilleq w
than in salt water. Salt-water absorption reaches equilibri Ater

about 6 months of soaking while distilled water absorptig
increase. This is explained on the basis of higher

lead curing systems indicates higher water absorption in

n Conﬁnues to

. disﬁu@d Water
requirement to balance the osmotic pressure between the medium and the
nd t

water sink formed inside the vulcanisate at the impuritv si
e , purity sites. The presen;
study supports the findings of Muniandy and Thomas. Betwsen the tw
0
curing systems red lead cured sample is found to absorb much less water
Le. distilled water absorption is 3% in the case of red lead where as it is 15%

for zinc oxide.

Three types of carbon blacks are studied for distilled water
absorption. However no significant difference is found in the water
absorption but a significant lowering of absorption is observed in general
with the filler incorporation carried out by soaking in distilled as well as in
salt water. There is a further reduction of water absorption in salt water
Effect of inorganic fillers namely precipitated calcium carbonate, talc and
clay has been studied. Results indicate that there is no significant influence
on the quantum of absorption. However the plot tends to reach a platea'u
after about 5 months of soaking in distilled water. Ultimate absorption i¢
about 30% for calcium carbonate and clay filled samples. Talc is found to

. tud is
contain absorption at a level of 27%. A conclusion drawn from the study
ng water

. . . ; trolli
that red lead is globally effective curing system in con (o
& d 5 nO-MgO

absorption of neoprene rubber, as against the most widely used Z
curing system.

significant for the

Permeability of water through rubber is crucially - lining

. . otectiVv
performance of devices wherein rubber serves as the pr
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r
/‘um;canizates studied give permeation rates 4.43*105,

e
‘ 1"10’511
50°C-

concentration of antioxidant is expected to result in lower
er

22.22 *10° gmcm/cm?/ hr respectively at temperatures 20°, 40°
Activation energy of the process is found to be 41.kJ/mole.

eatlon by increased protection however Permeation behavior of

rene (30 pphr GPF black) with varying quantities of anti oxidants
qd cate that the permeation rate remains unchanged with concentration of
i oxidant. However the over all sensitivity of the permeation process has
e affected as reflected from energy of the activation. Activation energy

. estimated to be 62% 1kJ/mole. Effect of FEF carbon black one
mneablllfy is that rates are systematically higher than the corresponding
.Jues for GPF filled samples. The permeation rates doubled with every
\°C rise in temperature in both cases. Present study has established
~ermeability and activation parameters of neoprene and other rubber
;;ormulations and found agreement with the values published by Cassidy

aal {refer 3.35].

53 Electrical resistivity considerations

Electrical resistivity of neoprene samples subjected to long time
waking in water resulted in a decline in volume resistivi&y. As can be seen
om Fig4.10. the change is from 5.5*101 ohm.cm to 3.5*101° ohm.cm.
During this period 8% water has been absorbed by the sample. Both the
e of absorption and fall in resistivity satisfy a quadratic fit. y= -
1052413t+0.127 for water absorption and y=0.002t2 -0.05t +10.7 for
rmSt“’“'}’ changes. t stands for the period of soaking(hrs). In the case of red
% cureq rubber both water absorption and resistivity change show no
Z;:ematlc trend. There is negligible variation in resistivity. There was no

Ceable Wwater absorption by the sample as well. A general observation
™ this StUdy is that soaking in water does not cause any appreciable
8 in the volume resistivity of low water absorbing rubbers. Since

'S no significant variation due to aging, this parameter has been

[\
o8
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excluded from life assessment studies. Howevem

property in the underwater transducer performance, p:;u;? 3 Crugyy)
acoustic projectors handling high power, compounding ctudie, halarly for
carried out to optimise parameters accordingly. Study has been car:ie been
on level of electrical properties achievable by different in basic ed oy
Results showed that volume resistivity better than 1010 Oh:bba?.
achievable with neoprene and above 1012 ohm.cm could be a Chierdqn .“
BIIR and SBR rubbers. Studies further showed that Tesistivity of m:;i
compounds are very sensitive to the variation of carbon black loadip

beyond 30 pphr in neoprene and beyond 50 pphr in BIIR and SBR l’ubbe:
Conclusion of the study in respect resistivity provide usefy] design inpm.
for compound development.

5.4.Transducer Encapsulations

Based on the parametric variation studies conducted on a number of
rubber compounds relating to water absorption, a typical transducer
encapsulation ‘rubber has been designed and its water absorption
investigated. Result shows that equilibrium absorption at 40°C is 1.5%, at
50°C it is 2.6% and at 70°C value is 2.5% and rate of absorption was 0.091,
0.104 and 0.1366% /hrl/2 at the respective temperatures. The time to reach
equilibrium absorption reduces with the increase in soaking temperature.
Diffusion coefficient was found to be between 8*10% and 16*10%cm?/ hrand
the activation energy of the process is 21.87kJ/mole.The study has further
led to the development of a highly water resistant encapsulation material
with stable electrical properties and optimal combination of other
properties. Typical properties realized are reproduced in Table 5.1. Fig 5:1
shows a comparison of water absorption behavior of the compound "

comparison with conventional encapsulation rubber(CR)

’
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Results and Discussion

Table 5.1 Typical properties of encapsulation rubber

Water e Static.mech Dyn.mech.
cation | SO Resistivity TS, Tear E'(MPa) E”(MPa)
(gm.cm/cm? hr v (MPgstrength N/cm (5000Hz)
104 “1011 10 E E” Tand
22 46021

The formulation has been subjected to aging studies and has an

. ated life of 10 years. Fig.5.2 shows the echo reduction of encapsulation

ubber. It is seen that the material is a very good acoustic window material.
R

Absorption(®

Period (w eoks)
}0 New 8 Conv.conmp ]

Fig.5.1 Comparison of water absorption of neoprene encapsulations:
new based on present studies and conventional cured with ZnO/MgO
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Chapter 5

5.5 Curing Process and Accelerators

Having identified Red lead cured CR as an outstandin

f .
for underwater applications. Curing behavior of Neopr g Ormulahon

varying quantities of Red lead has been studied in great detail, Ry, With
MDR2000 and R100 have been utilized to follow the curing r;ga meometers
Ons. Faj|

in cure time as well as increase in the minimum and maximy
m torque

) torque, This
suggests that the optimum concentration of red lead is around 12 5pph,

occur as the concentration of Red lead is increased from 5

Beyond 12.5 pphr there is no corresponding increase in

Thle kinetics of the curing process has been investigated. The study showeqd
that the reaction is faster with the red lead system. The cure time i 2
minutes for 12.5 Red lead as against 40 minutes for Zinc oxide (Spphr). The
activation energy of the cure reaction shows that 5 pphr Red lead has as E,
65kJ/mole as against 24 k/mole for 12.5pphr Red lead. This shows that
activation energy decrease with increase in Red lead concentration.

Equal quantities (30 pphr) of 3 different carbon blacks were studied
for the cure acceleration in combination with 12.5 pphr Red lead. The
finding shows that FEF black enhances the specific reaction rate more than
the other two types of carbon blacks GPF and SRF. The values obtained are
0.14min in FEF and 0.714 min “for SRF. GPF remained at 0.87min. FEF
black (30 pphr) is studied with different quantities of Red lead and the cure
reactions show that the maximum torque is registered with 10pphr Red
lead. With 12.5 pphr the maximum torque was 62 Ib.inch. The cure time for
5 and12.5 pphr was around 33min.

. . lead 0N
A comparative study of two cure systems, zinc oxide and red The
arried out.

the mechanical properties of Neoprene vulcanisate has been ¢ The
result shows that zinc oxide is more active in raising the tensile Sﬂ'ef‘i't: .tv
scorch safety of Zinc oxide cured sample is higher. The volume fes‘sd cu o
all Zinc oxide cured vulcanizates is higher than that of Red lea Faster
vulcanizates. The maximum torque is achieved with red lead systerm-
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/highe;);e values and lower activation energy of cure lead to the

jusion
¢ sonum quantity of red lead for neoprene W cure. Between 5pphr ZnO
5 0P
W125P
§LoW Temperature Vulcanisation
s

that a concentration in the region between10 and 15 pphr loading

phr red lead. It is found that the latter gives faster cure.

LS

Conventional ~neoprene vulcanisates cure around 150°C. A
‘emperafm'e of this range is detrimental for the thermal aging of
- Joceramic and PVDF sensor materials used for fabricating sonar
P ucers. During the course of the present study a new material namely
poly ethylene imine (polymine) has been identified as an accelerator for
neoprene rubber which can cure the rubber at temperatures as low as 60°C.
An investigation into the Kkinetics of the curing process of neoprene
mcorporating this accelerator and a conventional accelerator system has
teen under taken[1]. Different thermo analytical methods have been used
p study the process. Rheometric studies show that maximum torque is
developed with new accelerator (polymine). A combination of polymine
and Diphenyl thiourea (DPTU) (S2) gives maximum crosslink density
ndicating synergism. Conventional cure system comprising of neoprene
wcelerator NA22/MBTS(S3) imparts no significant cross linking below
°C. Curing characteristics and the mechanical properties(Table5.2a)
show that sample with polymine (S1) alone has a curing time of 52 minutes
whereas polymine/ DPTU has a cure time of 43 minutes. Data on cure

E’iﬁmeters and mechanical properties are reproduced in Table 5.2a and
’beespectively

'
ble 5.2, Curing characteristics @ 120°C

Sample s1 s2 S3
Seorch time (Min) 5.01 1.29 10.95
Qe time (tc90) (Min) 52.06 43 33.88*
\ Vo:‘i:j: (d.Nm) 12.73 15.29 5.77
action (Vr) 0.46 0.45 0.44
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*Leveling at a low torque \

Table 5.2b Mechanical Properties @ 120-C

Sample . S1 s2 ——

Hardness (Shore A) 60 ?&}
Modulus, Magw, MPa 45 4\1‘\“\_?
Tensile Strength, MPa 13.78 ?67?
Elongation at Break, % 5T6\30“1\?52;<
Tear Strength, N/cm 360 ??
T,°C -39 ﬁmw
Tensile Strength, MPa (Cured @ 150C) - . T
Elongation at Break, (%) (Cured @ 150°C) - . ?
-

The cure index for the former is 12.7dNm and the latter is 15.29dNm.
Conventional system has a cure index of 5.7. The cross linked density
represented by the volume fraction Vr of rubber in a swollen network
shows that the Vr of polymine cured rubber is 0.46 as compared to the
conventional rubber with 0.44. The mechanical properties of polymine
cured rubber compares favorably with vulcanisates cured at 150°C (with
the conventional curing system). Tear strength of polymine cured systems
shows 360N/cm whereas in the case of conventional is around 260N/cm
Shore hardness of polymine cured system is 60 as against 44 of
conventional system. Modulus at 300% elongation (Mxw) is 4MPa and that
of conventional sample is 2MPa. The apparent activation energy of cure
reaction estimated from rheometric study showed that polymine has an
activation energy of 90KJ/mol while polymine DPTU is 84K]/mol whereas

) . m the
conventional system has 94 KJ/mol. MDSC kinetics parameters fro .
stem is around 4

study shows that enthalpy of the reaction of polymine sy )
D'vnilm“

20]/g while for conventional system it is around 60J/8
cure

s 40kj/mot 1"

. . reaction®
mechanical analysis has been carried out to investigate the

The results show that the cure activation energy in DMA 1
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/ﬁ}m;;nventionﬂ systems on the other hand needs 60k]J/mol.
?dyrm:‘t mismatch in Ea in DMA and MDR analysis can be explained on
A asis of higher temperature sensit_ivity of DMA. Thus the study shows
" polymine can bring down the vulcanization reaction temperature.

- awel . .
W canisation cure under gone by the samples. Lower activation energy

heat of vulcanization of this system is due to higher

}qd ower onset temperature of polymine cured vulcanisate lead to the
:nclusion that the activation threshold of cure has been shifted to lower
;mperaml’e by the new accelerator. Introduction of a polymine as new

crelerator and generation of kinetics of curing neoprene at low

pmperature has been a major highlight of the present study.

37 Viscoelastic Behavior

It has been established that viscoelastic properties of rubbers confer
everal unique advantages for rubbers to function as an engineering
miterial. In the field of passive acoustic rubbers also these viscoelastic
wsponse has been exploited in diverse ways. Carbon black is the dominant
mnforcing filler used in rubbers for tailoring dynamic mechanical
moperties. The present investigation considers two vital aspects on the
Ateraction between rubbers with carbon black one is the effect of the
‘oncentration of carbon black and the other is the types of carbon black.
Mestigation on the influence of carbon black concentration showed that
rbon black contributes significantly to the dynamic modulus of neoprene
d bromo butyl rubbers. The increasing slope for the modulus plots with
“Aeasing carbon black implies that temperature response of dynamic
f"eﬂ.lamcd properties of carbon black filled rubber vulcanisate are more
::;::’; than unf.illed rubbers. Results also revealed that neoprene is more
‘s folrlre feqsltive. than Bromo butyl rubber in the rubbery zor.u?. Tl.le
Yome by thl.S behaviour can be traced to the fact that glass transition in
; ¥lis lower than that in Polychloroprene. The storage modulus

“Quency. )
ney relatlonship is linear in both the rubbers. The frequency
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dependence of modulus decreases with increasing fijjey

is same in both the rubbers. Frequency dependence s m::’nt.ent. The
than in CR for the same loading of filler. In both the rubbe:-:, rei:fse of Big
factor E(/Eo varies exponentially with volume fraction of cup b:r(‘emem
Temperature change does not significantly affect the rEIaﬁOnshin .bh(k
case of CR. In Bromo butyl rubber however, the relationship Showp ln the
dispersion with temperature at high concentrations, The strain ar: };’8*\?7
dependence of storage modulus shows that with increasingp;:ée
amplitude, storage modulus decreases. This observation suggests t::
carbon black structure is amplitude sensitive. Tan & starts with a low valu:
at small ampl.itude in highly filled samples indicating that carbon black
deforms elastically in this region. This results in higher damping at
intermediate amplitudes. Regarding the activation energy of the relaxation
processes it is seen that activation energy increases with filler loading. This
implies a fall in the relaxation rate with increase in the filler concentration.
This is expected since in the rubbery zone, the temperature changes are
dominated by modulus magnitude than relaxation rates. Shift factor
corresponds to temperature dependence of molecular relaxation time. This
observation together with the decrease in the modulus with increase in
strain amplitude suggest that breakdown of carbon black structure
contributes significantly to the energy dissipation process and hence to the

viscoelastic behaviour in the rubbery zone

Loss modulus is more sensitive to temperature variation than elastic
modulus. Superposition of viscoelastic functions reveals that in the mbb""r-"
zone changes in the modulus magnitude dominate over relaxation
transitions. Apparent activation energy of the shift functions increase

dulus
linearly with filler loading. The temperature dependence of the mo o
energy

perties of
reversible

decrease with, increase in strain amplitudes. Increase in the
activation of shift functions suggests that the visco-elastic pro
carbon black filled vulcanizates in the rubbery zone result from

dissociation of carbon black network junctions.
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Energy storage capacity expressed as modulus difference from low
high gtrain amplitudes, increase with increase in fillers. The effect is

onounced in neoprene rubber than in bromo butyl rubber. This is
qore PT ple to strain induced crystallinity in neoprene rubbers. The
ltﬁib,l::n from linear to nonlinear viscoelastic behavior occurs at lower
;ﬁix:s as the concentration of carbon black increases. Present study gives a

mprehenSi"e coverage of the effects of carbon blacks concentration on
0 . . s
e ViSO elasticity of rubbers. Reversible dissociation of carbon black

etwork junctions is responsible for dynamic responses of rubbers in the
sost fransition region.

Effect of different carbon black filler types on dynamic mechanical
properties of rubbers is relevant to several applications. In the present
sudy a general increase in the storage modulus is observed in all
compositions containing carbon black. A fall in storage modulus
corresponds to increase in the molecular Mobility arising from higher
nternal energy. Higher modulus value is expected where finer carbon
black is used. Steep fall in the modulus in the temperature region of -32°C
to 0°C suggests that this region succeeds the glass transition in the material.
0*Cto 30°C is the rubbery stage. The dynamic response of polychloroprene
vulcanizates incorporating different types of carbon black fillers is
mportant, particularly in applications involving wave propagation.
Dynamic moduli increase with incorporation of various carbon black fillers.
The trend observed could not be generalized with regard to the type of
fller, their particle size or surface area, excepting the inference that the
"Mallest particle carbon black (N550) has the highest reinforcing effect in
terms of Storage modulus (E’). Carbon black filled compound show a lower
damping Capacity as compared to unfilled compounds. The damping
t:(:: of fillfed.mbbers are not significantly affected by the variation in
Sllbze::ture in the range 0-30°C. However, there is a marked influence at
temperatures. In general, the storage modulus E’ and loss modulus

& shown increase with increasing frequency. This increase is more
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significant in the case of N550 carbon black ﬁﬂe\

d Compounds, ev
of sound propagation (longitudinal mode) of different elocity,

calculated from the values of complex modulug obtainedo:ypounds
time.
ency j
cases. However, the increase is more pronounced in the case of COCY o al
m
containing high reinforcing fillers. The estimated sound attenuationpoundq
(per wavelength thickness of the material) reveal that unfilled neov s
rubbers cause a larger attenuation of low frequency sound wherea:::\e
’ i
compounds exhibit similar properties in the high frequency Zone 'I;d
dependence of damping and sound attenuation on factors suc.h az
frequency, temperature and filler types brought out by this study may
prove helpful in tailoring rubber compounds for specific sound ang

temperature superposition are found to increase with frequ

vibration damping application. However, while designing compounds for
such specific applications due considerations will have to be given to the
coupling media and interface impedance mismatch problems. Conclusions
that can be drawn on the effects of carbon black type on the viscoelastic
behavior of neoprene rubber are that gum rubbers attenuates at low
frequencies while highly filled rubbers exhibits damping at high
frequencies No generalization is possible with regard to the type of carbon
black particle size, or surface area on the viscoelastic parameters. Results

serve as valuable design input for acoustic material design.

5.8 Acoustic Baffles

f
Acoustic baffles are used in large transducer arrays for the purpos¢ °

) . . . stivity of
isolating ships noise as well as for improving directivity and sensitivity

or passive element
: used for
contributing for better performance of the system. The materials

ific
. : SS S
the construction of acoustic baffles are therefore required to posse: pect .
n of paffles 15

n Should
nity,

the transducer elements. The baffle forms a maj

acoustic and dyr'iamic mechanical properties. As the applicatio '
structio

in deep marine environment the material used for the con sl
h as

also be compatible with hostile marine conditions suc
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ostatic pressure, sub ambient temperature, dynamic loading
hYdr, ;ons etc. Rubbers exhibit in their dynamic modulus- temperatures
@ndlf:ency response curves a point of inflexion., where the mechanical
! ping factor goes through a maximum. This region where moduli under
o rapid variation due to temperature/frequency changes is the transition
.on. Since acoustic properties of rubbers is a direct functions of modulus
1371 Tailoring of the transition modulus is key to achieving the desirable
woustic response. Desired acoustic response in the case of baffle rubber is
constant sound speed over the specific frequency region. Constancy in
ound speed in a viscoelastic material is related to low attenuation as per
jamers-kroning [3.18] relations developed by O’Donnel et. al [3.19].
sccordingly a high value of a requires a large dc/dw in the viscoelastic
region. Hence it is clear that lower attenuation or mechanical loss factor
leads to smaller frequency dependence of acoustic wave velocity. Therefore
the study was aimed at developing rubber with low enough damping
fator which is constant over the frequency Band of a few Hz to 10kHz.
Styrene butadiene rubber was selected as base material due its low glass
ransition temperature(-60°C). Availability of the material rmeeting
stipulated specification and the traceable quality as compared to NR which
s subject to changes from clone variations. Detailed investigations on the
dfects of different fillers on damping behavior revealed that incorporation
of about 20 pphr silica in a formulation containing carbon black is effective
in wideband damping factor. Dynamic mechanical properties of the
Material proved that glass transition has shifted to higher frequency region
d‘fe to the effect of silica. There has been an increase in elastic modulus
"thout concomitant increase in loss modulus. With the result that a flat
ound velocity - frequency band has been realized. Tan & values remain at
::l::i:a~ge val\fe of 0.2 in the frequency band of 30 Hz to 10 kHz. Sound
; Ne‘ In the region is 175+ 20m/sec. Sound attenuation (aA) is about 0.6-
Per. Some very interesting conclusions emerge from the studies on

e 1 it L , .
Material. Silica is effective in increasing elastic modulus of rubbers
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without concomitant increase in loss modulus. This effective}

frequency dependent transition region to high frequency eng (Fiyg ;h;fts the
- 76)with
the tangeyy,,

the result that a low damping plateau is produceq in
frequency spectrum. Associated with low damping freque
constant sound velocity- frequency band.

5.9 Underwater seals

The present investigations includes a systematic study on the
Elastomeric seal material based on nitrile rubber. Major highlights of the
studies is realising flat compression set value which remains at an averzge
value of 8 +0.5%. Accelerated thermal aging shows excellent retention
(7%)even at 70 °C over 2 months of soaking. Water absorption study shows
that absorption does not exceed 1.2 % over a period of 3 month when
soaked in water at temperatures from 49°C to 70° C. Variation in
compression stress relaxation of the material as a function of temperature
indicates that maximum variation occurs at sub ambient temperatures.
Thus at temperature between 4 and15 °C value is only 5%/ decade,
between 15 and 30 it is 1.5% while the value between 30°C and 50°C is 1%.
Activation energy of the stress relaxation process has been found to be 17
k]/mole. A study on teniperature dependent changes in the tensile stress
strain behavior when temperature is lowered from+27° to -16°C shows that
M100 increased from about 4 MPa to13 MPa. Tensile strength changed only
by 5 Mpa in the interval. Elongation at break remained at a plateau of 290%
in mid temperature region of 4 and 27°C. Tensile strength decreases
linearly with temperature in temperature above 0°C. At subzere
temperature the response is flat. Sealing force is a sensitive indicator of the

| in sealinf

] s+h service
force is faster in water soaked samples. The rate increases with
uitable for deeF

f10

sealing efficiency. Study of this parameter shows that rate of fal

temperature. Reélization of an elastomeric seal material s e o
. ice life
water application with stable property for an estimated servicé

years is the out come this study.
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oA ging and Life Prediction
53

Life prediction of polymers is a complex, multivariable, multifactor

plem involving several unknowns. Conventional technological tests on
pro

life

prediCﬁons generally consider tensile strength alone as the controlling

smeter. This approach is inadequate in the context of present day high

ormance polymers, particularly those used in underwater electro
scoustic transducers. Controlling properties vary according to the end use
gations. In many cases a combination of life determining properties
ather than any single property is important. Studies on ultimate tensile
dlongation, water diffusivity, compression stress relaxations have indicated
that compression stress relaxation transitions are more sensitive to aging
processes than ultimate elongation and diffusivity. Present study covers a
ife estimation methodology involving, diffusion, permeation, static
mechanical/dynamic mechanical properties, compression stress relaxation
and clustered water estimation. In the diffusion method, diffusion
coefficient is estimated from accelerated water absorption experiments.
from the Arrhenius plots of diffusion coefficient, the value at the
temperature of interest can be obtained. Life of the device, for example, an
underwater transducer element equals the time for water to advance to the
thickness of the encapsulation. Life estimation based on permeability has
been carried out in similar lines as that of diffusion. Here the time needed
for the permeant to reach the sensor element and saturate the available free
Volume decides the life. The third approach takes into account the

degradation in mechanical properties such as ultimate elongation or
Dynamic modulus,

The method is designed to follow the time dependent degradation at
 series of temperatures in service medium, generate best fit regression
Models of the property change, estimate the time for specific degradation
Vels and construct Arrhenius plots. In case of linear plots the Arrhenius

Extr L. .
3Polation is valid. A set of shift functions can be generated for different
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accelerated test temperatures using the relation 4.13, By multip];
ICaﬁOr‘
of

nlft funcﬁon
d. Life of the

raw data obtained for service temperature with the respective g
the data needed for generation of a master curve is obtajne,

device can be estimated from the master curve.

Estimation of life of a seal material envisages the use of sealing f,

g force
i index of
retention of origing) sea
force has been determined by testing the sample materials in a comp

retention. 80 % retention of sealing force has been taken ag the

failure, from field experience. Time for 80% "
ing

. Tession
stress relaxometer after aging them in simulated service environments
at

different temperature conditions. An Arrhenius plot has been generated
with the time and temperature parameters. The selected example of the
case has shown a life of 11 years at 30°C, which enables estimation at the
tequired temperature. Estimate of life based on diffusivity, permeability,
retention of EB etc of a typical encapsulation rubber has been found to be
15-years. A life estimation technique based on water intake kinetics, static
mechanic properties, dynamic mechanic properties, and clustered water
estimation has been implemented. Using the technique service life of an

underwater elastomer has been estimated to be 10 years.

Effects on long time aging of rubbers on their dynamic mechanical
properties have been investigated during the course of the present study.
Results show that that heat aging in water causes a shift in glass transition
to higher temperature. Explanation for the shift and lowering of tanb
(damping) is that the dominating influence is thermally accelerated

. s " : i ter
stiffening. Frequency response at glass rubber transition region 1n wa

oy . . ¢ ’” ns 6
aged neoprene shows that transition region in both E’and E” spa

” to
decades from102 to 104 Hz E”, peaking occurs at 90 kHz. E value staﬂst‘ll
st
decrease beyond 90kHz indicating that material is unable to respond t0
mechanica

se even in watef
lues.

1 glass
higher frequendies. In other words this represents a &

transition. Master curve has characteristic WLF respon

jversal va
soaked neoprene rubber. WLF constants are also close to univer
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usion hot water aging causes neoprene rubber to stiffen and glass

:;pﬂﬂ n temperature region to shift to higher temperature. Very high

'requeﬂcy

[nfluence of hygrothermal environment and water immersion

Jeads to mechanical glass transition.

jitions  on the water absorption behavior of neoprene rubber
,::mulatlons show that water uptake from hot humid environment is

or than that from hot water. Swelling and degradation are also higher
i hygrothermall}' aged samples.Fig.5.3 shows a surface scan of neoprene
qum vulcanisate aged at 95RH and 60°C for 100days and Fig.5.4 is the
arface scan of water immersed sample at 60°C for 100days. The Figures

tow the relative effect of the two environments.

Fig.5.4 SCM Microgrargh X3000 of water aged sample

In hygrothermal environment water molecules form a uniform
is
Persion in rubber phase and this has been suggested as the reason for
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Chapter 5

the initial decline in volume resistivity. Net rise in electrica] resi
Stivity ¢
N an
7 I)lncreaSe ln
8 Process,
eCimen.

be concluded to have been caused by the foHOWing factorg
electrical resistivity due to the progress of cross linking ¢
aging ii)increase in resistivity due to enhanced swellin

Marginal fall in resistivity due to intake of water into the sp iii)

The above cross linking process also manifests in increase of
Orage

lting in
. . ances the
elastic response of the materials by restricting molecular movement, G|

- Glass

modulus without any corresponding increase in loss modulus resy
fall in tand. Aging in accelerated moist environments also enh

transition temperature in the material is lowered by about 10eC by water
immersion for about 4 months. Plasticization is more in the case of the tota]
immersion than by storage in humid environment. Value of loss factor has
also got reduced for the same reasons. In hygrothermally aged sample
plasticisation and degradation dominate. Results of the present study leads
to the conclusion that storage in hot humid environment is more
detrimental to the performance of transducer elastomers[3] as compared to
long term underwater deployment as far as water absorption and electrical
resistivity are concerned. In terms of viscoelastic parameters, hygrothermal
aging causes the glass rubber transition zone to widen and damping

maximum shift to lower temperatures.

Large decline in activation energy takes place in neoprene
vulcanizates aged under hot aqueous environment. Activation energy for
decomposition decreases with increase in percentage conversion in unag“:d
rubber. In aged rubber, activation energy decreases with increase 1N
conversion. A change in mechanism of thermal degradation has been
suggested to explain the behavior[4]. Decrease in Avrami expoﬂef‘.t f"."'“
23 to 0.7 due to aging supports the observation. Thermo O"'dafl\:
degradation is initiated at the outer surface and proceeds inwards as i
advances. Both TGA and MDSC analysis confirm this finding:
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Gtress relaxation rate in neoprene rubber increases with

othermal aging. Though the increase is negligible during the first 15-20
5‘

ahon rate falls with increase in temperatures between 30 and 60°C.

an increase up to about 140% occurs in a little over 5 weeks.

gelax

this 8P
jon in rubbers. Activation energy of the relaxation process increases

parent contradiction follows from the negative coefficient of thermal

Jith hygrothermal aging. In conclusion two opposite processes take place
o hot humid environment. Relaxation increase with time, but decreases
4ith temperature. Mechanism is explained in light of the theory of rubber
Jasticity. Recovery rates are generally lower than corresponding relaxation
ates. Observed increase in the spontaneity of relaxation process is expected
inrubbers containing large amount of absorbed water. Hygrothermal aging
auses significant increase in relaxation rates [5] while its influence on
rcoverv rate is only marginal. Long term relaxation rate also increases
with aging. Long time hygrothermal aging cause fractional free volume
and coefficient of expansion to increase. The fall in glass transition

temperature with aging confirms this observation.

Nature of water absorbed within the rubber matrix has been studied.
Reversible signal of the MDSC plot shows two distinct thermal events. A
step change in the base line (Fig.4.37) seen at the lower temperature end of
the plot is the glass transition in the material. A prominent endotherm with
onset at ~15°C is the melting transition of water. Endotherm appearing in
the reverse heat flow signal is obviously due to clustered form of water as
e same can only appear in reversible endotherm signal. Besides, freely
dbsorbed water is expected to be bound to the surface of the rubber
Molecules as a single layer through hydrogen bonding. These water
Molecules are not free to freeze while clustered form of water can freeze, if

e . . .
Mperature is lowered sufficiently.

An interesting out come of this finding is that it opens up a method

estU’natmg water absorbed by a polymer exposed to underwater
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in turn enables the estimatj
is information in .en alibrated for Water intaye
environment. This if the material is c¢ dv i WhiCh i
ure . ent study in
period of e;POS been reported in the pres
. ts have

AMpleg
' 0°C, 12 days at e,
for different periods (3 days at
to water for
exposed

tudieq for
Correlateq

Oon of tota)

ture.) have been ¢
4 years at room tempera absgrbed bas be
shelf aged for analysis. Amount of wat:lrly results of clustereg Water

ter Typic _—
clustered wa . ic method. Typ direct Weighing
etric . °C when dir
with direct gra‘:;n for 3 days immersion at 4b0 an encapsulation rybper
analysis give 0.82% 0.78 %. Water absorbed -Yd of 4 years give value
method gives a value 0. temperature over a Perlo' for clustered water in
ample soaked at room a method of analysis fo life of underwater
s u i e
2.69%. This study opens zuick estimate of service
R . les a
hich enab

rubbers w
polymers.
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Chapter 6

SUMMARY AND CONCLUSIONS

$1 Summary

Application of rubbers in under water electro acoustic transducers
nnks among the most sophisticated end uses. Functional requirements are
omplex combinations of physical properties, mechanical properties, acoustic
properties, electrical properties, besides environmental resistance. Reliability
of the system itself is dependent on performance of certain rubber
components. A range of passive materials, besides the active sensing
material go into the construction of underwater electro acoustic transducers.
Reliability of the transducer is critically dependent on these passive
materials. Rubbers are a major class of passive materials. Present work
®ncentrates on these materials. Of the common engineering rubbers,
Neoprene is optimally suited for the applications. Conventional rubbers are
nadequate to meet many of stringent function specific requirements. There
Oists large gap of information in the rubber technology of underwater
"ubbers, particularly relating to underwater electro acoustic transducers.

®ent study is towards filling up the gaps of information in this crucial
érea_ Water intake into rubber is considered as the single most important
Sue for the long term performance of rubbers, especially Neoprene. In the
Presen study, the cause and effects of a range of parameters affecting the

Water absornt i s . : .
rption by diffusion and permeation have been investigated.
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Kinetics of the diffusion process, have been studied. Curing pr.

Vulcanjyag:
Conventional neoprene absorb large amount of water(>200% tion,

. .. . )- MajOr cay
of very high water absorption in Neoprene has been traceq se
Magnesium oxide curing system. Alternate curing system

curing acceleration are important issues in Neoprene

o Znc Oxide.

. . . based On Red
lead, is known to be difficult in processing. It will Je,

.. . . . d to Pre<cure
vulcanisation and low electrical insulations etc., In present sty dy muc,
attention was paid to the issue and a viable formulation has been arriv, edat,

In transducer fabrication, use of high processing temperature g
detrimental because of the possibility of accelerated degradation. There is
also requirement for low temperature splicing of neoprene sheathed cables,
with thermoplastic materials. Present study has resulted in identifying
low temperature curing systems. Viscoelastic behavior is an important
consideration for under water electro acoustic transducer technology.
Nature of base rubbers, as well as type and quantity of carbon black decide
the viscoelastic response. Influence of type and quantity of the carbon black
on dynamic mechanical properties have been studied with a view to
optimizing the compounding formulation. Rubber used in underwater and
above water surface come under the influence of total immersion and
hygrothermal environment. The relative effects are important in the context
of underwater transducers, particularly because of the shelf storage
requirements in dockyards. Present study covers investigations in both the
environments and conclusions drawn on the effects of storage
environment on the diverse characteristics affecting the transducer passive
rubbers. The properties studied include, electrical, interaction with water:
viscoelastic behavior as well as thermal stability. Parameters critical to

. . .cations such as
certain functional properties for some of the important applications

. studied.
encapsulation materials, acoustic baffles, seals etc., have also been
f any engineeriné

Prediction of service life is an important aspect 0 o
he faﬂuh

. ast
device. The question is more relevant to the naval transducers
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Summary and Conclusions

; tralnsducer may lead to total failure of the sonar system. In the present
ofa

study

jvolves .
g ake through diffusion and permeation, ultimate elongation, clustered,
in

an aging methodology has been implemented. The approach
study of a number of key rate controlling properties such as water

aater analysis, compression stress relaxation etc. Further life prediction
appmaches have been developed based on the studies. The thesis comprise
of six chapters expounding introduction, theoretical studies on
ompounding, experimental investigation on compounding, theoretical as
well as experimental studies on aging and degradation, discussion and

consolidation of results, summary and conclusions.

Chapter I discusses the role of rubbers in underwater engineering,
their mechanical properties, electrical properties, and vicoelastic properties.
Chapter also reviews under water properties of rubber, diffusion and
permeation of water, mathematical considerations of diffusion, sealing
properties, acoustic behavior dealing with wave propagation through
elastic medium,  various acoustic parameters, relationship between
dynamic mechanical properties and acoustic properties etc. This
introductory chapter also gives a brief out line on acoustic acoustic
transduction and active, passive transducer materials leading to the

subject matter of the work namely rubber asa passive acoustic material.

Chapter 2 deals with theoretical aspects of rubber compounding,
“mpounding ingradients, base rubbers, curatives, accelerators fillers,
intidegradents etc. This chapter also discusses the principles of
“mpounding, compounding for specific properties, such as hardness,
Modulus, viscoelastic properties, resistance to abrasion and tear,resistance
t(? Cyclic stress, flex cracking, resistance to fluids, rheology, mooney
"Scosity. A discussion on the engineering properties of the rubber
"lanisates, sfatic mechanical properties, tensile stress strain tests,
“Mpressive stress strain tests, dynamic mechanical analysis etc. have been

pr
*ented. This chapter also includes techniques and application of
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instruments like DMA, use of time -\

environmental properties, effects of fluids, acoustic Prope ition,
rties, th,

tric analysis, Dsc thei

analysis of rubber including thermogravime
principles of working etc.

Chapter 3 discusses the exploratory study of different rubbe.
Neoprene, Bromobutyl, Styrene Butadiene, Natura] rubber ang : like
rubber. Effects of various functional parameters on the water abso e

rption

e have been studied. The
specific studies conducted include the effects of cure Systems, nature anq
, e an

behaviour of rubbers, particularly Neopren

kinetics of water absorption, effects of concentration and type of carbon
black on water absorption, kinetics of diffusion process as functions of
these parameters. Study also covers effects of salinity, effects of inorganic
filler, permeability of water into rubber, effects of anti oxidants and
quantities of carbon black on water permeability. Besides Neoprene
diffusion characteristics of Bromobutyl, Natural rubber have also been
studied. Another aspect coming under the study is curing behaviour of
rubbers: Cure kinetics involving red lead, kinetics of modulus build up,
effects of added carbon black on cure kinetics etc have also been covered. A
comparative study on the effects on the cure systems on mechanical
properties and cure kinetic parameters have been studied. Low
temperature vulcanisation of Transducer rubbers have been investigated.
Polyethyleneimine as a cure accelerator has been investigated.
Comparative study of this accelerator along with conventional cure system
has been carried out the efficiency of curing. Influence of carbon black on
the dynamic mechanical behaviour comprising the influences of carbon
black type on the flexural modulus characteristics, ‘
characteristics and tand have been studied. Effects of concentratfo“
carbon black on Neoprene and Bromobutyl rubber have been invesngal‘ejk'
Frequency response and temperature response as functions of carbon bla

} . . ctor with
concentration have been studied. Changes in the reinforcing fa died.
K have been stud!

loss modulus
of

temperature and volume fraction of carbon blac
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Summary and Conclusions

jitude dependence of viscoelastic parameters has been covered. Super
tioning of dynamic mechanical modulus resulting from the inclusion of
abon black has been conducted. Sqund velocity, frequency relation ship
s been studied. Dependence of carbon black type on the sound
enuation has also been explored. Application specific studies on

att
Jlowing specific aspects have been included in this study. Water

:,sorpfion behaviour of encapsulation rubber, comparison of water
Jpsorption by different rubbers, absorption of moisture from humid
eqvironment, influence of inert environment on different rubbers. Specific
materials studied are acoustic baffle materials and under water seals
materials.  Studies on baffle rubbers include detailed compound
optimization studies. The study is directed at achieving constant acoustic
velocity over a wide frequency band of interest. Study included a section

on rubber seal material for deep sea application.

Chapter 4 starts with a discussion on aging phenomena in rubbers,
controlling parameters, aging models, thermogravimetric degradation and
kinetics. This chapter gives different life prediction approaches developed
for under water rubbers during the course of this study. Separate sections
on different controlling properties i.e. water absorption kinetic method,
permeability method, ultimate elongation, compression stress relaxation
ec, have been included. Other aspects included in this chapter are the
influence of long term water exposure of rubbers on visco elastic
Properties, hygrothermal aging, changes in the electrical resistivity due to
Water exposure. Change in transient response of the rubbers exposed to
hot humid environment. Effects of long term aging on dynamic mechanical
PmperﬁeS, changes in the frequency response due to under water aging,
Mluence of wet aging on the kinetics on thermal degradation etc. Chapter
3o Includes  section on clustered water analysis as a means of assessing

e .
Underwater service rendered by a rubber component.
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Chapter 3 and 4. This also includes the conclusions drawn from
Chapter 6 gives a brief summary of the work.

Chapter 5 consolidates the results of various studies coy
e

red un der
the Studies.

6.2 Conclusions

The following major conclusions are drawn from this work

R/
0.0

By application of judicious compounding techniques, it is possible
to realize highly water resistant encapsulation materials based on
Neoprene rubber for underwater transducer applications|Indjan
pateat No.185889 March ( 2002)]

During the process of the investigations polymine has been
identified as a special Neoprene cure accelerator. It has been
established that by using this accelerator low temperature

vulcanization of Neoprene rubber is practically feasible[refer 5.2].

Even though dynamic mechanical properties of rubber are strongly
frequency dependent, it is possible to achieve rubber compounds
with nearly invariant sound speed or wide frequency bands so as to

make them suitable for acoustic baffles.[Patent Pending]

By recognizing cardinal propefties and understanding the
degradation mechanisms it is possible to develop rubber based seal
materials that facilitate deep water elastomeric seals having life

expectancy of 10 years or beyond.

her important conclusions include

0.0

Hot humid environment is more detrimental for the degradation of
Neoprene rubber as compared to total water immersion. [refer 5.3]

Differential scanning calorimetry can be effectively utilized for

. - . ; in
estimating clustered water intake in polymeric materials, opening

] €.
up a means to assess the elapsed term of under water exposur



Summary and Conclusions

Kinetics of diffusion process has been studied in detail and effect; of
carbon black types and quantity have been established.

Curing process of rubber compounds can be tracked through

several techniques including DMA, as has been demonstrated in the
study. )
A definite relation ship has been established between humidity and
shelf storage life. This profile helps in estimating the storage life of a

rubber encapsulated device in dockyard situation.

Orders of magnitude reduction in the water absorption can be

achieved by changes in curing agents, fillers and antioxidants.
Filler addition increases Energy of activation of diffusion.

Under dynamic loading Carbon black structure is amplitude
sensitive. Rubbery zone modulus is dominated by temperature

changes rather than frequency changes.

Break down in carbon black structure contributes to energy

dissipation processes and viscoelastic behaviour.

Unfilled rubbers attenuates sound in the low frequency region
more than the filled rubbers. Filled rubbers are more effective for
damping at high frequencies.

Silica is an effective acoustic modifier for SBR rubbers. Silica
increases stiffness(modulus) without concomitant increase in loss

modulus(damping ).

Absorbed water enhances compression stress relaxation rate of seal
materials.

Life prediction approach with a combination of critical properties of
rubbers has been demonstrated.

Long term under water aging in hot environment shift glass

transition to higher temperature.

263



Viscoelastic functions generated from seawater aged
. sam
amenable to time temperature superposition. Wi Ples are
. co

_ nst -
such cases are close to universal values. ants in

Hygrothermal aging can cause run away absorption

C Plasticisat;
and degradationin gum rubbers. [refer5.3] Fisation

Thermal degradation process accompanies a change in mechap;

. ' nism
due to aging .This causes a decrease in Avrami €Xxponent.[refer5 4]
Stress relaxation rate increases with hygrothermal aging[refers 5]

In humid environment relaxation rate increases with time
,decreases with temperature.

Recovery is slower than relaxation in water aged rubbers.

Spontaneity of the relaxation process increases with higher water
absorption.



scope For Further Work

The present thesis covers transducer encapsulation materials based
o single rubber polymer. These materials serve as acoustic window
material for transferring acoustic energy across with minimum losses. One
jmitation is that these are effective for a narrow frequency band,
gepending on their mechanical glass transition. As a logical extension,
there is scope for further work to achieve wide band acoustic window
material. We have found that fillers like silica act as acoustic modifier in
elected frequency range. In the similar lines combination of fillers or

blending of polymers can be a starting point for the work.

In most sounds absorber materials, the energy dissipating mechanism
is viscoelastic damping. Viscoelastic damping is generally effective, in high
frequency regions. An attractive way to enhance damping in the low
frequency would be to investigate an active - passive combination. A
composite of piezoelectric materials and rubber polymer could be
designed, which converts mechanical energy of propagating wave into heat
which could be carried away or dissipated from within. Rubber will

additionally dissipate energy from visco elastic mechanism.

. Functionally graded rubber matrix composite materials have
Immense scope to be tailored for diverse acoustic functions. Gradual
®hange of mechanical properties avoid sharp discontinuity will enable
ode conversion. Such an approach in the design of passive acoustic

n .
dbbers will enable materials which can direct sound propagation as
8sireq,
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List of Abbreviations Symbols

@ - rate of change in concentration

ot :
QC_ , 95, a_c_ - change of concentration along x,y,z planes
x oy oz

C - concentration at the surface (chapter1)
Co - initial concentration

D - diffusion coefficient

h - thickness

X - position(chapter1)

Mt - mass absorbed at time t

M - equilibrium value absorbed

Ms, M, - maximum absorption

n - aninteger

Px - rate of advancing of boundary

C - concentration water

R - universal gas constant,8.314] / mole

T - Temperature degree kelvin

E - Youngs modulus

A - extention ratio(chapterl)

p - elastic pressure

o - osmotic pressure external

m - osmotic pressure of the droplet

w - weight of membrane

Wd - dry wieght

b - slope of water absorption plot

D

- Diffusion coefficient in any plane
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Dz

Diffusion coefficient ,x,y,z,planes
amount of substance permeated
solubility

water vapour pressure inside and outside Tespectively
area of permeation

thickness of to be film to be permeated
permeability coefficient of water
force

spring constant

stress

strain

Newtonian viscosity

incremental strain

time increment

initial strain

()2

viscous component of stress

real part of wave riumber
imaginary part of the wave number
stress amplitude

phase angle

loss modulus

storage modulus

complex dynamic modulus

initial phase

total phase

frequency

acoustic impedance of medium1



T T TV TTOUTO VIR RO O IOy

22
p1
p2
c

C2

acoustic impedance of medium?2
density of medium1

density of medium?2

acoustic wave velocity of medium1
acoustic wave velocity of medium2
intensity of reflection

angular frequency

ac/o®

acoustic velocity

attenuation

Acoustic pressure reflectioncoefficient

acoustic power dissipation
Transmitted pressure
Incident pressure

Echo reduction
transmission loss

free energy change
enthalpy change
temperature

entropy change

solubility parameter(chapter2)
area of diffusion

change of mass ( mass diffusing)
rate of change of concentration
time increment

change of concentration
time

distance
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thickness

Average diffussion coefficient
Average time

quantity permeated

quantity of heat

heating capacity

rate dependent function
temperature dependent function
temperature change
constant0.457

heating rate( chapter 2)

energy of activation (chapter 2)

a function whose value depends on
energy of activation

failure temperature

heat of transition

mass

calibration constant

glass trasition temperature
activation energy of diffusion
activation energy of permeation
modulus(torque) change

rate constant of cure reaction
modulus at time t

modulus at zero time

rate constant at zeroconversion
maximum torque

Mega pascal

storage modulus (chapter 3)



Ez

a(@)
dc
do

e(P,Tt)

€0

Tr
G(v)
T1, T2
X, Xo
Do

loss modulus (chapter3)

frequency cycles per sec

attenuation at ®

change in sound speed

change in frequency

sound speed(chapter3)

property (chapter 4)

initial property

ratio of property retention(e.g.ultimate elongation)

rate constant ;exponent(=E/R)(chapter 4)
value of property

constants

van’t Hoff rate constant

change in heat content

heat content change in the reverse reaction
energy of forward raction

energy of reverse reaction

reverse rate constant

property as functions of pressure,
temperature and time

a constant characteristic of material;
fractional conversion(chapter 4)

avrami exponent(chapter4)

pre exponential factor

Reference temperature

a function of property

temperature at two reacting system

property at any time tan § and initial property

diffusivity atinitial temperature
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List of Compounding Ingredients Used

Ingredient
SL.No ngecen Chemical Name Source
Name Symbol
1. |Natural Rubber NR cis-1,4 Polyisoprene RRII Kottayam
Nitrile Rubber o . M/s Korean Synthetic Rubber
2 |kNB3SL NBR Acrylonitrile Butadiene Rubber Co. Korea .
3. |Butyl Rubber IIR Isoprene isobutylene Rubber  {Polysar Ltd, Canada
Brominated Isoprene
4. |Bromobutyl Rubber|BIIR isobutylene Rubber Polysar Ltd, Canada
5. |Kosyn-1502 SBR Styrene Butadiene Rubber g{o/ s Korean Synthetic Rubber
6. (I\‘J;)oprene Rubber CRW) Polychloroprene Rubber M/s Du Pont, USA
Neoprene
7. |Rubber (GRT) CR(GRT) |Polychloroprene Rubber M/s Du Pont, USA
Polymerised (1,2,Dihydro 2,2,4
8. |Vulcanox - HS HS trimethyl M/s Bayer India, Mumbai
quinoline)
N-(1,3 dimethyl butyl ) N-
9. |Vulcanox - 4020 4020 Pheny}- M/ s Bayer India, Mumbai
P-Phenylenediamune
10. |Diphenyl thiourea |DPTU M/s Go.ldle Lab Chem,
Mumbai
.~ M/s Hindusthan Petroleum
11. {Naphthenic Oil Elasto 541 Ltd., Ernakulam
Pptd,Calcium M/s Rubosynth Impex Pvt.
12 |Carbonate Cacos Ltd ,Mumbai
13. [Silica (Hisil 500)  [SiO:2 Silicone dioxide M/s PPG Ind.inc., USA
. . M/s Rubosynth Impex Pvt.
14. [Magnesium Oxide |MgO Ltd ,Mumbai
. . M/s Rubosynth Impex Pvt.
15. |Zinc Oxide ZnO Ltd ,Mumbai
16. |Santocure CBS | CBS N-cyclohexyl2Bebz.thyazyl |\ /< oidie Lab,Mumbai
sulphanamide
17. |Dicumyl peroxide |DCP-KE |- Vanderbuilt, USA
A Tetra methyl thiuram M/s Bayer India Ltd.
18.
8. |Vulcacit thiuram /c|TMTD disulphide Mumbai
) . . ) M/s Bayer India Ltd.
19. -
9. |Vulcacit - dm/c MBTS Benzothiazyl disulphide Mumbai
20. |Ethylene thiourea [NA22 2 Mercaptoimidazoline M/s Du pont, USA
21. |GMF GMF Di benzo quinone dioxime M/s Goldie Lab,Mumbai
M/s Phillips Carbon Black
22 |Carbon Black, HAF |N 330 LtdLt Ltd, Kochi.
23. |Carbon Black, FEF |N 550 “
24. |Carbon Black, GPF [N 660 -
25. |Carbon Black, SRF [N 770 “
26. |Carbon Black, MT |N 990 M/ s Cabot Corporation,USA
. N M/s The Chemical Centre.
27. ;
Polymine Poly ethylene imine Mumbai-2
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List of Publications and Patents emerging from the work

A. PATENTS

1.

.

An improved process of prepération of a rubber Vulcanizate
Inventors VB Pillai & Narayana Das, ]
Indian Patent N0.185889 March 2002

A process for Preparation of Rubber Based Passive Acoustic Material
Inventors:- VB Pillai & Narayana Das. ]
Indian Patent(Pending)

An Improved Polychloroprene Vulcanisate and Process for
preparation thereof.

Inventors: VB Pillai & Mohana das P.N

Indian Patent (Pending)

B. PUBLICATIONS

1.

Pillai. V.B., Narayana Das. ], Francis.D.], Influence of Wet Aging on
the Kinetics of Thermal Degradation of Certain Rubber
Vulcanizates, Proc. of the International Conference on Rubbers,
Vol.Il p-p Calcutta, Dec’12-14, (1997)

Pillai. V.B., Narayana Das. ], Francis. D. J. Influence of Hot Humid
Aging on the Dynamic Mechanical Response of Neoprene Rubber
Vulcanizate, Vol.IIl,pp,Calcutta, Dec’12-14,(1997).

Pillai. V.B., Narayana Das. ], Francis.D.]J Studies on the influence of
storage environment on aging of underwater elastomer Materials
for Marine applications, Editor :Ramji Lal, Naval Materials
Research Laboratory, Bombay (1996).

Pillai. V.B., Narayana Das. ], Francis.D.] “Studies on carbon black
on the viscoelastic behaviour of certain Bromobutyl and

Polychloroprene rubber vulcanizates in rubbery zone” Proc.of the
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National Seminar on the Advances in Polymer Technology,
Kochi(1996)

5. Pillai, V. B. and Narayana Das, J., Influence of carbon black filler
types on dynamic mechanical properties of certain underwater poly
chloroprene rubber vulcanizates, Plastics, rubber and composites;
processing and applications, 18, 155-160(1992)

6. Vasudevan. S, Pillai, V. B, Evaluation of metal powder embedded
Passive acoustic Materials using improvised impulse measurement
technique, Vol.25, Pt.1,Proceedngs of Institute of Acoustics, London
(2003)

7. Pillai V. B. and Mohana Das.P.N, Thermo-analytical studies on the
curing behavior of certain neoprene rubber accelerators used in
sonar transducer passive materials, Proceedings of the international

conference on sonar-sensors & systems (icons-2002) vol.2,693,(2002)
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