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Natural rubber (NR) is a high molecular weight poiymer. irhose
chemical structure is cis-l,4-polyisoprene. The crude rubber as obtained
from the tree contains, in addition to the pure rubber hydrocarbon, various
other substances like proteins, fats and fatty acids, carbohydrates, mineral
matter etc. The hydrocarbon content is reported to be about 94% (Allen
and Bloomfield. 1963). The non-rubber .substances, although only present
in low concentrations, influence the chemical and physical properties of
the hydrocarbffli polymer. The cis content of the polymer was reported
to be almost 100%. But a recent work (Tanaka. 1985) indicated the presence
of about three trans units per chain. The properties of NR depend very
much upon the state of crosslinking. Therefore, the important properties
of the raw unvulcanized rubber and those of the vulcanized rubber are

discussed separately. n

UNVULCANIZED RUBBER

Molecular weight

As natural rubber is a linear lon® chain polymer, it is composed
of molecules of different size. Therefore, the numerical value of Its
molecular weight depends on how the noteroeenelty is averaged. Thus it
can be expressed either as number averagie molecular weight, Mn or as
weight average molecular weight, Mw. The relation between Mn and Mw
depends on the molecular weight distribution. The two averages are equal
only when the polymer is homogeneous. In other cases, it is found that
Mw > Mn. The weight average molecular weight of natural rubber ranges
from 30000 to about 10 million. A random blend would have a weight average
molecular weight of about 2 x 10 and a number average molecular weight
of about 5 X 10”~. Determination of Mn of natural rubber involves measurement
of colligative properties, like osmotic pressure (Bristow and Place. 1962).

Measurement of Mw |Is possible by the light-scattering method which s



particularly useful for polymers with molecular weights in the region of
10® (Schulz et al. 1956).

Intrinsic viscosity measurements have been widely used for the deter-
mination of molecular weight of natural rubber wusing toluene as solvent

(Onyon, 1959).

Molecular weight distribution

In addition to the measurements of Mn and Mw, a full characterization
of a polymer like natural rubber requires determination of Its molecular
weight distribution (MWD). Using direct visual measurement of sizes of
natural rubber molecules. Schulz and Mula (1960) determined Its molecular
weight distribution. This method is restricted to molecular weights in excess
of approximately 5 x 10~. Later, using more advanced techniques like gel
permeation chromatography (GPC), Subramanlam (1972) demonstrated that
the molecular weight distribution of unmasticated natural rubber Is distinctly
blmodal. The MWD curve shows that the peak at lower molecular weight
Is less pronounced than that of the higher molecular weight. The districtuion
Is wide, the ratio M/Mn being In therange of 2.5 to 10. The various
coinmercial grades of NR show differences in molecular weight and Its distri-
bution. Storage hardening of NR tends to change the shape of its MWD curve
from bimodal to unlmodal and to raise jiiw slightly.

It has long been known that properties of raw NR are characteristic
of the clones from which the rubber is obtained. Subramciniam (1975) studied
clonal variation in molecular weight and its distribution using GPC. Though
the range of molecular weight is nearly the same for all the clones, the
mean values and the shapes of the MWD curves are different. While the
low and average molecular weight clonal rubbers show distinct bimodal
distribution, the high molecular weightclonal robbers usually show a uni-
modal distribution with a shoulder of shallow plateau in the low molecular
weight region. The effect of the yield stimulant ‘ethrel' on the molecular
weight and its distribution was studied by Subramanlam (1971) and
shown that the average molecular weight decreases quite sharply a few
days after stimulation. As the effect of the stimulant wears off, the molecular
weight recovers to reach normal values. MWD studies indicated that the
additional latex obtained from the stimulated trees contains a greater pro-
portion of lower n'olecular weight material.

Macro and micro gel

When NR is immersed in a solvent, the rubber first swrUs. On

prolonged standing some soluble rubber is extracted from the swollen gel.This

phenomenon gives rise to a two-phase theory of rubber, comprising 'sol*

itwas



and ‘'gel' phases and various factors are responsiblefor increasing the
proportion of either of these phases at the expenseof the other. The gel
phase ~consists of the more highly branched and lightly «crosslinked
components of the rubber closely intertwined with insoluble high-molecular
non-rubber substances like proteins. The phase thus observed in solid
or latex rubber which, underwent prolonged storage is known as macrogel.
The increase in the macrogeJ content during storage is responsible for the
hardening of rubber stored in bulk (Wood. 1953). Factors such as mechanical
shear or oxidative degradation etc. are known to disaggregate the mdcro
gel and to make It soluble.

Fresh NR latex ccxitalns crosslinked particles of colloidal dimensions.
Bloomfield (1951) coined the name microgel for this crosslinked fraction
in Hevea latex considering their similarity with the microgel in SBR latex.
The wusual concentration of microgel in normal Heves latex is of the order
of 7-30%. but in long rested, and particularly newly opened trees, it may
be as high as 60-S0%. Both microgel and macrogel in rubber have
technological implications. While  macrogel is responsible for storage
hardening, formation of microgel in latex affects only the original level
melt viscosity of the resulting rubtier. Unlike macrogel, which is formed
in dry rubber cm storage, microgel is formed in the latex present within
the vessels of the tree. Sekhar (1962) reported that microgel formation
in latex is initiated by aldehyde condensing groups, numbering between

100 and 420 per polyisoprene molecule.

Chain branching

The presence of abnormal chemical groups on the rubtier chain is
believed to cause formation of branched chains. Bristow (1962) showed
the existence of branched chains in natural rubber through dilute solution
viscometry. Chain branching is responsible for the lower values of molecular
weight determined by GPC techniques. The rheological properties of NR
are strongly influenced by lonp chain branching. The slow rate of stress
relaxation of Hevea rubt>er compared to guayule and synthetic polyisoprene
rubt>er has also been attributed to chain branching (Montes and White.1982).

Storage hardening

Natural rubber, either in the form of latex or solid rubber, when
stored for long periods, develops higher hardness, as measured by Mooney
viscosity or Wallace plasticity It is also know.: that the change in viscosity
is greater if the initial viscosity is lower. The hardening process is
accelerated by low relative humidity and higher temperature of storage.



The increase in hardness occurring when ammonlated latex is stored is
believed to be the result of intra-particle crosslinking and microgel
formation. However, with solid rubber the crosslinking process is not
confined to the original latex particle.

The mechanism of storage hardening 1is known to involve carbonyl
groups in rubber, since hardening is almost fully suppressed by the addition
to latex of reagents that could block carbonyl groups (Sekhar, 1958). It
is possible to estimate the number of such carbonyl groups per rubber
molecule by measuring the concentration of hydroxyJaroine required to fully
inhibit storage hardening, and values of 9-29 were found for a number of
clonal rubbers. The amino acids present among the non-rubber constituents
are also believed to be playing a role in the hardening reaction (Gregory
and Tan, 1975). The change in hardness could be quite large. Nair (1970)
compared melt viscosity of rubt>ers prepared from ordinary and viscosity-
stabilised latices of different clones. For the former, Wallace plasticity
values were found to be 10-45% higher, depending upon the clonal source.

Low temperature crystallization

In the raw form, natural rubber freezes even at 0°C if the exposure
time is sufficiently long (say. one week). This also causes stiffening of
raw rubber during storage (Bristow and Sears, 1982). The maximum rate
of crystallization occurs at about -24®C when crystallization is virtually
complete in about eight hours. Such frozen rubber can be thawed to its
original amorphous condition in several hours at 70-100°C. Any significant
stiffening due to crystallization can be avoided by ensuring storage above
15°C. It may be noted that laboratory measurements at room temperature

can be influenced by very small amounts of pre-existing crystallization.

Melting temperature. Tm

The temperature at which the last traces of crystallinlty disappear
is usually described as melting temperature, Tm. The experimental
procedures used for the determination of Tm present difficulties and the
observed values are influenced by factors |like chemical modification,
presence of diluents, degree of deformation of the amorphous material etc.
The observed melting temperature also depends markedly on the temperature
at which crystallization occurs. It is probable that in the case of NR,
the low melting temperatures observed when the crystallization takes place
at a relatively low temperature, reflect the improbability of forming large
crystals under these conditions. Although a value of 28°C has been assigned

for the Tm of NR, a value of 30°C and higher have been occasionally
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reported. However, they have been attributed to the presence of some degree
of orientation in the amorphous rubber prior to crystallization {Andrews
and Gent, 1963h

Transition temperatures

One of the most fundamental measurements on any polymer |Is the
measurement of the temperatureCs) at which solid state transitions occur,
since specific properties and the manner of usage depend to a large extent
on the relation of these transition temperatures to the temperature at which
thematerial Is to be used. AIll polymeric materials will, at some tempe-
rature. wundergo a‘'glass transition (Tg) change from a plastic to a rubbery
state. In addition, many polymeric materials exhibit a first order transition
at a temperature (Tm], resulting from the melting of the polymer crystals
to form an amorphous rubber. In general, a useful rubber should have a
Tg considerably below the temperature of application and have such a
structure that crystallization with Its associated increase in hardness does

not take place on longterm standing of the finished product.

Specific volume measurements on NR have established a Tg of -72*C.

Boyer (1963) reported many of the complexities associated with solid state
transitions. Since such transitions are associated with the allowance of
some hitherto restricted chain segmental motion, it has been found to change
with degree of crosslinking in NR stocks (Wood et al. 1972). Presence of
carbon black has relatively little effect on Tg. If low operating temperatures
are desired, plastlcisers may be incorporated and this is found to depress
the Tg of NR, the degree of depression being dependent on the viscosity
of the plasticlser. Of all the elastomeric materials showing first order
transition, ncNie has been studied as extensively as NR. This situation arises
from a number of factors, particularly the fact that NR was found to undergo
crystallization at a readily measurable rate at convenient temperatures and
hence served as a mode) for the development of experimental and theoretical
treatments of crystallization of polymers in general. A detailed summary
of a variety of experimental work on the crystallization of NR was made
by Andrews and Gent (1963).

Rubber solvent interactions

Information on the interactions of a polymer with a given solvent
can be obtained from measurements of properties of dilute solutions such
as viscosity, osmotic pressure, light scattering etc. However, measu-'ements
made over a much broader concentration range provide data on solvent
resistance of polymers and on the characteristics of vulcanizates prepared



therefrom. The most generally applied technique for measuring such inter-
actions involves combining equilibrium swelling measurements on vulcanised
rubber with someparameterscharacierising thevulcanizate network by

means of the following equation (Flory and Rehner, 1943).
- In(l-v ) -V - yvl = (1)
n RT

where is the volume fraction of rubber at equilibrium swelling, Vo is
the molar volume of the swelling liquid, Cj is a network parameter from
elasticity measurements and x is thesolvent-polymerinteraction parameter.

A modification of this equation includes the term involving the functionality

(fj of the crosslink points (Flory. 1950).
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The application of gas liquid chromatography to solvent-polymer interactions
resulted in the rapid generation of dataon manysolvents and into high
polymer concentration ranges (Summers et al. 1972).

Amongall the measurements that have been made combining stress-
strain andswelling measurements on NR, the mostextensive appear to be
those of Bristow (1965) with the following results for NR.

X ® 0.411 (decane, 25®C, equation [1])

X = 0.40 + 0.20 Vj. (decane, 25®C,equation [2])

Much less extensive data give the following result”.
X = 0.42 (benzene, 25°C. equation (11)
X =0.41 + 0.20 Vj. (benzene, 25°C, equation [2])

X = 0425 ¢ 0.20 (heptane, 25"C, equation [1])

X = 0.415 ¢ 0.35 (heptane, 25°C, equation [2])



Cohesive energy density

The polyjner-solvert interactions, as described in the previous section
cover specific polymer-solvent systems. However, it |Is highly desirable
to be able to consider a more general case where it is possible to predict
the solvent-polymer behaviour of a particular combination froin a knowledge
of two parameters each representing a given polymer and a given solvent.
Such parameters can be derived.from measurements of heat of mixing. The
parameter usually employed is the cohesive energy density (CED) or more
commonly its square root 6. the solubility pcram”Jor. The values reported
for natural rubber are 8.08 and fl.LIO (Trick, 1977).

Flow properties

Studies on flow properties of rubbers started with the advent of
the parallel-plate plastimeters like the Wallace rapid plastimeter, and the
rotating disc viscometers like the Mooney viscometer. The former provides
a measure of the flow produced during a simple compression at 100°C, while
the latter a measure of the shear viscosity at a particular strain rate also
at 1DO0°C. Both instilments provide a measure of the flow behaviour al
low strain rates and there is a broad correlation between the results of
the two tests (Anon, 1981: Subramaniam, 1975). Freshly prepared natural
rubber is wvariable in plasticity and viscosity. Normal modifications of
the method of preparation have only minor effects. It is now clear that
variations in plasticity andviscosity of raw NR are due to the differences
in the molecular size and structural arrangements of the rubber hydrocarbwi.
and these characteristics are specific to the clone. Rubber with a low
Mooney viscosity normally has a low intrinsic viscosity in solution and
vice versa, but this correlation is not as good as might be expected, due
to the presence of microgel, as discussed earlier in this chapter. The
presence of microgel causes increase In Mooney viscosity without contributing
much to solution wviscosity. Subramaniam (1975) studied clonal variation
in Mooney viscosity and reported that the value normally ranges from 63 to
94, seasonal variation being apparent in a few cases. The Wallace rapid
plasticity values for the same set of clones ranges from 42 to 68.

Ong and Subramaniam (1975) derived a linear correlation between the
initial maximum torque Vi Riax and the Mooney viscosity v, of raw NR.
M astication, storage hardening and method of coagulation did not alter the
linear relaticoiship. A hypothesis involving the mechanism of disentanglement
orientation of polymer chains with chain slippage was proposed to explain

the wvariaticm of torque with time of shearing. It was also suggested that



the initial maximum increase in torque in Mooney viscosity determination
and the subsequent thixotropic phenomenon are of the same origin.

The inherent disadvantages of flow measurements at low shear rates
as in Wallace rapid plastimeter and Mooney viscometer, led to the develop-

ment of capillary rheometers which are t>eing extensively used to extend

measurements to high shearrates (10" s 7). Investigations on the capillary
flow behaviour of raw and filled NR stocks have been reported (Ong and
Lim, 1983; Bristow. 1985;Gupta,1989). The relation between viscosity

and shear stress dependedupon the natural rubber grade and samples of
different grades with similar Mooney viscosities exhibited significantly
different flow behaviour at high shear rates (Bristow and Sears, 1988; 1989).
This again suggests that useful additional information could be gained by

high shear rate tests.

Viscoelastic behaviour

Natural rubber shows viscoelastic behaviour indicating that its physical
properties are partly liquld-like (viscous) and partly solid-like (elastic).
This in fact, is the case for all rjbbers. Rubbers behave in many ways
like highly viscous liquids before they are crosslinked.The vulcanization
process which introduces crosslinks reduces the flow properties and makes
a rubber more elastic. Nevertheless, there is still evidence of flow
behaviour even in a crosslinked rubber. This is demmstrated in the creep

and stress-relaxation behaviour of rubbers.

Tack and green strength

The term processability refers to the way in which a rubber behaves
through a series of processing operations or to the reproducibility of that
behaviour. Easy processability of NR has been regarded as one of its main
attributes. The most important aspects of processability of NR are its high
inherent tack and good green strength. These two characteristics are of
utmost importance in the manufacture of products like tyres. Tack is
important so that the components of a green tyre will hold together until
moulding. Green strength is needed so that the uncured tyres will not creep
and hence distort excessively before moulding, or tear during the expansion
that occurs wupon moulding. A practical definition of tack Is the ability
for two similar materials to resist separation after they are brought into
contact for a short time under a light pressure. The tack of NR and NR/SBR
blends have been compared with that of SBR by Hamed (1981). The higher
tack of NR compared to the SBR stock has been attributed to its greater
ability to flow under compressive load and its higher green strength. NR



is an ideal material for developing high tack. It can be processed to a
low viscosity and still maintain high green strength. Furthermore, the
mechanism responsible for high green strength (strain crystallization) is
not active in the bond formation step, and hence does not interfere with
contact and inter-diffusion, but rather develops upon stressing. The high
level of molecular inter-diffusion is also responsible for the high tack
of NR (Skewis, 1966). Tack and stickiness, although inter-related, are
not the same. Juve (1944) was one of the first to try to differentiate
between tack and stickiness. According to him, if two pieces of a rubber
compound are pressed firmly together and form a joint so strong that
attempts to separate them cause a failure at another point, that is excellent
tack. If only partial tearing at the former interfaces occurs, tack is fair.
If separaticKi occurs at the interface, it is stickiness, and the degree of
stickiness is dependent on the force required to separate the interface.
Tack is also denoted as autoadhesion or autohesion, green strength as
cohesiOT and -stickiness as adhesion. AIll measurements of tack involve green
strength or cohesive strength of the rubber compound, and all rubber
compounds with high tack values have good green strength and this applies

well to NR.
VULCANIZED RUBBER

Strength properties
As in the case of other engineering materials, strength properties

are of great importance in most of the practical applicatims of rubber.
A number of strength properties can be defined and measured. The most
important among these are tensile strength, tear strength and resistance

to fatigue.

Tensile strength
Tensile strength, in which the material is subjected to a uniforoi

uniaxial tensile stress, is the simplest strength property as far as measure-
ment is concerned. Perhaps the most striking characteristic of natural rubber,
compared with most synthetic elastomers is its very high tensile strength
even without the help of reinforcing agents. This is undoubtedly due to
its ability to crystallize considerably on extension at normal temperatures.
Strain induced crystallization in rubbers has been directly Investigated
by X-ray. density and other methods. Tensile strength of NR vulcanizates
frequently exceeds 30 MPa which is almost ten times the values reported

for gum vulcanizates of noncrystallizing rubbers such as SBR, under similar



test conditions (Thomas. 1960: Greensmith et al. 1963). The tensile strength
of NR gum vulcanizates depends on various factors (Hofmann. 1967) including
the type and extent of crosslinking: a peroxide-cured vulcanizate showing
a maximum tensile strength of 15 Mpa. a TMTD-cured rubber, containing
mostly monosulphidic crosslinks, having tensile strength values upto 25 MPa
and accelerated sulphur vulcanizates giving values above 30 MPa. The effect
of reinforcing fillers on the tensile strength of NR is not as significant
as in the case of noncrystallizing rubtiers. Temperature is found to influence
significantly the tensile strength oi gum NR vulcanizates and there is a
critical temperature around 100“C. above which the strength falls abruptly,
crystallization being suppressed at that temperature. However, tensile
strength of reinforced NR vulcanizates is found to be less temperature
dependent.

Tear resistance

The tear resistance of elastomers reflects their tensile strength
characteristics. As the tip of the tear sustains high strains, crystallization
occurs and high tear resistanceis observed in NR. The energy parameter
for tear fracture Is termed tearing energy. T. and is defined mathematically

as:

-(fil)
AL WT

where U is the total strain energy stored in the specimen containing a crack.
A the area of one fracture surface, and the partial derivative indicates
that the specimen is considered to be held at constant length. 1. so that
the external forces do no work. From measurement of tearing forces the
values of T at which tearing occurs can be calculated. For noncrystallizing
rubbers tearing energy shows a strong dependence on rate of tearing. Tearing
in such rubbers often proceeds in a 'steady’' manner in the sense that the
force, when a ‘'trousers' type test piece is tested at a constant rate of
separation of legs, remains relatively constant. However, in the case of
crystallizing rubbers like NR. tearing generally proceeds in a 'stick-slip'
manner with the force increasing during the 'stick'periods wuntil a cata-
strophic failure point is reached at which the tear jumps forward. Over
wide ranges, the catastrophic tearing energy is insensitive to rate and tempe-
rature for a crystallizing rubber like NR (Hrounsmith et al. 1963). Tt appears
that in such materials the effect of crystallization which can induce sub-
stantial hysteresis at high strains, overshadows viscoelastic effects. Another



factor promotinc high tear resistance is roughening or branching of the
tear tip. In extreme cases roughening can lead to ‘'knotty' tearing in which
the tear tip circles around on itself under increasing force wuntU finally
a new tear breaks ahead. Although knotty tearing is not exclusive to filled
rubbers, the tendency for it to occur can be greatly increased by re-
inforcing fillers (Gent. 1978). It seems probable that a strength anisotropy
arising from orientation effects is at leastpartly responsible for tear

deviation {Cent and Kim, 1978). Another factor that may influence tear
deviation is covliation ahead of the crack tip due lo the hydrostatic

component of the tensile stresses.

Crack growth and fatigue

Fatigue failure of rubber under cyclic deformation has been shown
to be a crack growth process initiating from small pre-existing flaws,
usually of size 2 x 10" cm (Gent et al. 1964; Lake and Lindley, 1964a:
Mathew and De, 1983a). Thus crack growth behaviour and fatigue are
intimately related. The strain dependence of fatigue life of different
elastomers vary widely. Natural rubber is very good at high strains,
compared with noncrystalUzing elastomers. The difference is more pronounced
under nonrelaxing conditions, that s, when the deformation cycle is
repeated, stress does not return to zero (Fielding, 1943: Lake and Lindley,
1964bl. This effect couldbe wutilized to advantage in certain engineering
applications such as springs. In these applications, suitable designs ensuring
incomplete relaxation could exploit this desirable feature. Even for non-
crystallizing elastomers, fatigue life wunder nonrelaxing condition is found
to be longer which is essentially attributable to the reduction in the strain
energy of the cycle (Lindley, 1974). For a crystallizing rubber, the much
lareer enhancement s attributed to two additional factors: an effective
increase in the threshold energy (To), required for the initiation of
mecnanical crack growth, and a reduction in the rateof growth once the
opv. To is exceeded. The minimum tearing energy needs to be a small but
definite fraction of the maximum for these effects to become apparent. It
has been shown that To can be approximately calculated from the molecular
structure of the vulcanizate and from the strength of the chemical bonds
(Lake and Thomas. 1967). It has also been shown that To for NR incre.ises
substantially if atomospheric oxygen is excluded and/or if certain anti-
oxidants are incorporated in the vulcanizate. This behaviour is reflected
in pnhanced life, particularly in the region of the 'fatig'je limit', that

is a strain below which the fatigue life of elastomers is very lcng.



Frequency of deformation is found to have very Uttle influence on
the fatigue life of NR vulcanlzates. The effect of temperature on crack growth
and fatigue is also found to be much less for NR than for noncrystallizing
rubbers. This difference is believed to be associated with the origin of
mechanical hysteresis. In NR, hysteresis due to strain-induced crystallization,
which does not vary greatly with temperature, far outweighs the viscoelastic
contribution. Carbon black and other fillers provide an additional source
of hysteresis and their inclusion can greatly modify the temperature
dependence of crack growth and fatigue of noncrystalUzing rubbers. For
both crystallizing and noncrystallizing rubbers, resistance to crack growth
could be increased by fine particle size fillers, the effect being attributable

to blunting of the crack tip due to branching.
ELASTIC PROPERTIES

Modulus and hardness
According to the statistical theory of elasticity (Trelor, 197S), in
simple shear the stress, t , is proportional to the strain, Yy, even for

large deformations. Thus
T . Gy @

where G is the shear modulus. In simple tension or compression the nominal

stress, a, is related as
0 -G(X-1/X7) (5)
where X is the extension ratio. At a low elongationt, e. this becomes

a a 3 Ge “ Eoe

evhere Eo is the Young's modulus. The two moduli at low strain obey the
relationr.hip Eo « 3G for an incompressible solid. The statistical theory
explains reasonably well the stress-strain behaviour of unfilled rubber
upto strains of a few hundred per cent when the stress rises much more
steeply than the theory predicts. This is either due to the molecular chains
between crosslinks approaching their limiting extension or, in the case of
crystallizing elastomers like natural rubber, to the onset of strain-induced
crystallization. However, the statistical theory ot elasticity is not obeyed

by filled rubbers.The values of G derived from both shear and tension/



compression tests decrease with Increasing strain, though the values obtained
are similar when e equals y up to strains of about 50%. At higher strains
the deformation within the rubber matrix becomes sufficient for strain-
crystalllzatlon or limiting chain extensibility, to steepen the stress-strain
curve.

Generally hardness measurements are used to characterize vulcanized
rubbers approximately. 1In the case of rubbers, hardness is essentially
a measurement of the reversible, elastic deformation produced by a specially
shaped indentor under a specified load and Is therefore related to the low
strain modulus of the rubber. Readings are usually in International Rubber
Hardness Degree (IRHD). Hardness is relatively simple and easy to measure,
but is subject to some wuncertainty in measurement and hence 2 degrees
tolerance 1Is given. Shear modulus values are much more accurate, but are
more difficult to measure. However, they are preferred as a basis for deslpt
calculations, particularly for filled rubbers as the modulus is dependent
on strain.

The bullc modulus of rubber, S. is many times larger than Its Young's
modulus, Eo. For most purposes the Poisson's ratio can be taken as
The much larger bulk modulus Indicates that rubber hardly changes in volume
even under high loads, so that for most types of deformation, there must
be space into which rubber can deform. The more restriction that is made
on its freedom to deform, the stiffer it will become, a characteristic used

in the design of compression springs.

Resilience, hysteresis and heat build »up

Resilience Is a basic form of dynamic test on rubber in which the
strain is applied by impacting the test piece with an indentor which is
free to rebound after the impact. Rebound resilience is defined as the ratio
of the energy given up on recovery from deformation to the energy required
to produce the deformation and is usually expressed in percentage. Resilience
is not an arbitrary parameter, but is approximately related to the loss

tangent;

R . U « ntanfi (6)
where ER » reflected energ.y.

EA m absorbed energy = Ej - ER

where ET * incident energy

The relationship is not particularly accurate because tanf is strain dependent



and In an Impact test, the form of applied strain Is complex and Its magni-
tude not controlled.

Hysteresis Is the energy lost per cycle of deformation. It Is the
result of Internal friction and is manifested by the conversion of mechanical
energy into heat. Heat build~up |Is the temperature rise in a rubber body
resulting from hysteresis. As the heat generated is not easily conducted
away in a material of low thermal conductivity such as rubber, the rise in
temperature may assume bo much magnitude in products like heavy duty
truck tyres as to cause failure through tread |lift, blow-out and other de-
lamination or crack growth processes. It is because of such risks that
heat build-up influences the design, compounding and use of large tyres.
Natural rubber has been the preferred polymer in such applications, consider-
ing its outstanding resilience, low hysteresis and heat build-up
characteristics. Unlike in SBR. hysteresis in NR is contributed mostly by
strain induced crystallization, which does not vary much with temperature
and therefore the effect of temperature on crack growth and fatigue tends

to be much less in the case of NR.

Creep, stress relaxation and set

When a vulcanized rubber is held under constant strain, the stress
is found to decrease gradually with time as the crosslinked network
approaches an equilibrium condition. This phenomenon is called stress
relaxation. The same process leads to creep, which is defined as the
additional strain occurring, after a lapse of time, beyond the immediate
elastic deformation. Although all but a few per cent of the original
deformation is recovered immediately on removal of the load, further
recovery takes much longer and may never be complete. The extent of
deformation not recovered is known as permanent set. If the time scale
and the temperature are such that chemical effects are negligible, creep
and stress relaxation are approximately proportional to the logarithm of
the time after loading.

One of the most notable features of natural rubber, compared with
most other elastomers, is its good elastic behaviour. This results in low
creep and a lower stress relaxation rate. |If the stress relaxation rate is
expressed as per cent stress relaxation per decade of time, a typical NR
gum vulcanizate may give a value of about two per cent per decade. If carbon
black is present, the rate will he higher, about seven per cent per decade
lor < 70 IRHD rubber containing 50 pnr of a nonreinforciiig black. However,
prestressing of such a filled rubber can reduce the stress relaxation rate
to a little more than the gum value. This superior elastic behaviour of



NR is a conseqLience of the high mobility ofthe molecules, which is also
reflected in the relatively low glass transition temperature.

Stress relaxation rates are substantially independent of the type or
amount of deformation, but creep rates depend on both the rate of stress
relaxation and the load-deflection characteristics. In tension the creep rate
may reach double the rate of stress relaxation, in shear it is about the
same and in compression, it is lower. For unfilled rubbers having the same
type of vulcanizing system the relaxation rate decreases with increasing
hardness. Over the usual range of hardness possible with gum vulcanizates
this will not alter the rate by more than about a third, in filled rubbers
the relaxation rates increase with the amount of filler. The amount of creep
is the largest during the first few weeks under load but should not exceed
20% (for 70 IRHD) of the initial deflection inthis period. Thereafter, only
a further 5-10% increase in deflection should occur over a period of many
years.

Measurement of set under compression provides a practical evaluation
of either the creep or the stress relaxation of rubber and has been very
useful for those purposes where a high degree of precision is not expected.
To get quick results the test conditions are made much more severe than
the anticipated conditions of service by either increasing the temperature
or the deformation, or both.

Creep and stress relaxation are partici/larly important in load-bearing
applications such as springs. Partly because of its good creep characteri-

stics. NR is the most widely used rubber in this field.

Resistance to abrasion

The terms wear and abrasion are very often used synonymot...y. Wear
is a general term covering the loss of material by virtually any means.
As wear usually occurs by the rubbing together of two surfaces, abrasion
is usually wused to mean wear. Abrasion resistance is the reciprocal of
abrasion loss. The mechanisms by which abrasion occurs when a rubber
is in moving contact with any surface, are somewhat complex, involving
principally cutting of the rubt>er and its fatigue. These mechanisms have
t>een extensively reviewed (James, 1967; Zhang. 1984; Gent and Pulford.
1983; Grosch and Schallamach, 1969; Mathew and De, 1983b). It is possible
to categorise wear mechanisms of rubber in various ways and one convenient

system is to differentiate between four main factors:

(a) Abrasive wear, which is caused by hard asperities cutting the rubber.
(b) Fatigue wear, which is caused by particles of rubber being detached

as a result of dynamic stress on a localized scale.



(c) Wear through roll formation, which occurs with a relatively high
coefficient of friction between the rubber and the abrading surface.
(d) Smearing resulting from degradation of rubber from either thermal

or mechanical stress.

One of the most important applications of rubter where resistance
to abrasion is of great importanceis tyre tread. It is generally accepted
that some of the synthetic rubbers such as SBRand BR are superior to
NR in abrasion resistance. However, it may be pointed out that the relative
wear rating of compounds dependsonthe nature of the track as well as
load. On very smooth surfaces SBR is superior to NR. but with increasing
sharpness the difference between the two is reduced and reversals in ranking
can in fact be observed. These effects could be seen in tyre tests on actual
road surfaces and on vehicles of varying load. In going from passenger
car tyres totruck tyres and to aircraft tyres, loading increases and the
proportion of NR Increases. Car tyre treads are in general based on
synthetic rubber. However, truck tyre treads contain 50-100% NR and aircraft
tyres, in general, are made entirely of NR.

Tyre surface temperature is anotherimportant factor influencing the
relative wear rating of NR and SBR (Grosch, 1967). At low tyre surface
temperatures, as encountered during winter. NR is superior; at high surface

temperatures the reverse is true, the reversal occurring at about 35”C.

Resistance to degradation

Natural rubber being an wunsaturated polymer, is highly susceptible
to degradatioD by oxygen, ozone, radiation, heat, chemicals etc. -Hevea
rubber contains natural antioxidants, proteins and complex phenols, which
protect it from deterioration during coagulation of the latex and the
subsequent processing and drying of thecoagulum. These natural anti-
degradants are lost or destroyedduring further processing and hence
additional protectants are needed to ensure adequate service life of end
products.

The changes occurring during the degradation of rubbers could be

described in three ways.

(a) Chain scission, resulting in a reduction in chain length and average
molecular weight.

(b) Crosslinking resulting in a three-dimensional structure and higher
molecular weight.

(c) Chemical alteration of the molecules by introduction of new chemical

groups.



Natural and butyl rubbers degrade mostly by chain scission, resulting
in a weak softened stock, often showing surface tackiness. Chemical analysis
shows the presence of aldehyde, ketone, alcohol and other groups, resulting
from oxidative attack at alpha hydrogens and double bonds. Synthetic
rubbers such as SBR, polychloroprene and nltrile rubber degrade by cross-

linking, resulting in brittle stocks.

Oxidative ageing

Oxygen is considered to be the most important degradant for NR.
A small amount of one to two per cent of combined oxygen in rubber serves
to render it wuseless for most applications. The oxidation of rubber is
believed to take place through a free-radical chain reaction whose mechanism
was first proposed by Bolland and Gee (1946). In order to prevent extensive
deterioration of the rubber, it is necessary to interrupt the chain reaction
and stop autocatalysis. This could be accomplished by either terminating
the free radicals or by decomposing the peroxides into harmless products.
Antioxidants, in fact, function this way. It is established that amine antl-
oxidants act both by reacting with free radicals and by decomposing
peroxides. Phenolic antloxldants, on the other hand, react primarily as
free radical sinks or chain stoppers. Phosphites react readily with free
peroxides such as ROOK to give ROH and a phosphate.

The attack by oxygen on raw rubber Is different from that on
vulcanized rubber. In the former case, an initial induction period Is followed
by rapid uptake of oxygen. With vulcanized rubber, there is no induction
period and the oxygen uptake is essentially linear with time. The net result
of oxygen attack on NRis an overall decrease in all properties. Tensile
strength, elongation, flex life and abrasion resistance decrease progressively
as oxidative ageing increases. Initially modulus and hardness Increase
slightly but then fall off. Antloxldants have great effect on the oxidation
of rubber and as little as0.001 per cent of a good amine antloxldant can
protect rubber against oxidation for long periods. n

M aterials like heavy metal ions and peroxides catalyse oxidative
ageing of rubbers and these are called pro-oxidants. Heavy metal ions such
as copper, manganese and Iron are pro-oxldants of NR. Some of the standard
antloxldants, notably the aromatic diamines, are effective against metal
catalysed oxidation of rubber, by forming stable coordination complexes
with the lons.

The effect of heat and oxygen on rubber, in generalpractice, are
never separated and the practical result of heat on rubber Is a combination

of crosslinklng and an increase in the rate of oxidation.



Ozone
Ozone reacts readily with NR and the effect manifests itself in two ways.

(a) Cracks appear on the surface of rubl>er perpendicular to the direction
of stress in rubber.
(b) A silvery film appears on the surface in unstressed rubber. This

is usually called frosting.

The mechanism of ozone attack is thought to be the reaction of ozone
with the double bonds in rubber to form ozoiiides. These are easily
decomposed to break the double bond, and under strain, a crack appears.
As the reaction proceeds the cracks become deeper.

Two factors which greatly influence ozone cracking are ozone ccm-
centration and the strain in the rubt>er. |Initiation of crack is favoured
by high strain and high ozone concentration.

Protection of NR stocks from ozone cracking can be accomplished
by using antiozonants. Under static conditions physical antiozonants like
wax which forms a bloom could be used. The bloom cam act as a surface
barrier against ozone. Under dynamic conditions, waxes are unsuitable and
hence chemical antiozonants are employed. Blending of NR with more saturated
rubber such as EPDM or EPM has also been found to be effective in
protecting NR from ozone attack (Mathew, 1983; Mathew et al. 1988).

Light and weathering

Light promotes the action of oxygen at the surface of rubber,
producing a film of oxidized rubber, having physical properties different
from those of the original stock. The film then undergoes action by water
vapour and heat to produce crazing. The oxidized layer expands and
contracts on heating and drying. Finally, the oxidized layer washes away,
leaving the filler exposed. The greatest amount of light damage is dene
by UV light. A familiar form of light ageing Is the stiffening of the surface
of rubber products. Products may be protected against light and weathering
by the use of opaque pigments such as zinc oxide, titanium dioxide, carbon

black etc. and also by certain chemicals.

Atomic radiation

The effect of radiation damage is very similar to that of heat ageing
of vulcanizates. Loss of tensile strength and increase in modulus have been
observed. Radiation degradation of NR has been found to be accelerated
if the rubber is wunder strain (Alex et al. 1989). Antidegradants like



p-phenylene diamine derivatives and fillers like carbon black have been

found to Improve radiation resistance of NR.

Permeability

Permeability of a rubber film is a measure of the ease with which
a liquid or gas passes throughit. The proems of permeation involves
absorption or solution on one side of the rubber film followed by diffusion
through the film to the opEWSiteside where evaporation takes place. In an
ideal case, the quantity of $asor vapMSur being transmitted builds up to

a constant steady level after a period of time and then.

where g = volume ofgas transmitted
P s permeabilitycoefficient

time

—
1

s "partial pressure difference across the test piece

D
A B testpiece area, and
b

= testpiece thickness

In many cases P is a constant for a given gas and polymer comblnaticMi.
The - permeation of a gas through a polymer takes place in two steps, the
gas dissolving in the polymer and then the dissolved gas diffusing through
the polymer. The solubility constant is the amount of a substance whiclj
will dissolve In unit quantity of the polymers under specified conditions,
and the diffusion constant is the amount of substance passing through unit
area of a given plane in the polymer in unit time for a unit concentration

gradient of the substance across the .plane. It can be shown that:

p * SD (8)
where S = the solubility constant, and
D = the diffusion constant

Gases differ considerably in permeability rate since this is affected
by the size of the gas molecule and its solubility in rubber. By far the
lowest gas permeability among the common rubbers is shown by butyl rubber.
Air permeability of NR is almost twenty times that of butyl rubber. Nir“lle

and chloroprene rubbers are in between. Epoxidlsed NR, a chemically



modified form of natural rubber, has much lower air permeability than NR
itself (Gelling and Porter, 1989).

Electrical properties

In general rubbers are electrically insulating and this property is
widely taken advantage of in cables and In various components in electrical
appliances. They can also be made anti-static and even conducting by
suitable compounding. In all cases, it is the combination of the electrical
properties and the inherent flexibility of rubbers which make them attractive
for electrical applications. The electrical properties most commonly considered

are:

Resistance or resistivity.
Power factor, and

Dielectric strength.

Maintenance of electrical properties on exposure to water is especially
important when the product is to be used in wet environments.

Resistance and resistivity; As the surface of rubbers may conduct
electricity more easily than the bulk, it is usual to distinguish between
volume resistivity and surface resistivity. Volume resistivity is defined
as the electrical resistance between opposite faces of a unit cube, whereas
surface resistivity |Is defined as the resistance between opposite sides of
asquare on the surface. Insulation resistance is the resistance measured
between any two particular electrodes on or in the rubber and hence is
a function of both surface and volume resistivities and of the test piece
geometry. Conductance and conductivity are simply the reciprocals of
resistance and resistivity respectively. >

It is not easy to make a clear distinction among insulating, anti-
static and conducting rubbers. The definitions should be made with respect
to the resistance between two relevant pointson a product rather than
to the resistivity of the rubber. Generally, resistances of up to 10" ohms
are considered conductive, between 10 and 10® ohms anti-static and above
10 ohms Insulating.

Dielectric strength:The dielectric strength of an elastomer is the
voltage required to puncture a sample of knownthickness and Is expressed
as volts per mil of thickness. The rate of voltage application, the geometry
of the electrodes and of the test specimen have profound influence on the

results obtained.



Dielectric constant and power factor:The dielectric constant
specific conductive capacity is a measure of an insulation's ability to store
electrical energy. The dielectric constant is the ratio of the electrical
capacity of a condenser using the elastomer under test as the dielectric,
to the capacity of a similar condenser using air as the dielectric.

The power factor of an insulating material indicates its tendency
to generate heat in service. |If a capacitor using an elastomer as the
dielectric is charged by a direct current and then immediately discharged,
there is an energy loss in the form of heat. If this capacitor is repeatedly
charged and discharged by an alternating current, the electrical loss results
in heating of the dielectric. The ratio of this loss to the energy required
to charge the capacitor is known as power factor.

The t)est electrical properties are obtained with hydrocarbon rubbers
such as NR. butyl. EPDM etc. Natural rubber vulcanizates. In particular
can be made to give very high electrical resistance. A comparative
assessment of., electrical properties of NR and chioroprene rubber has been
reported (Ancvi. 1963) and the data are given in Table 1. n

TABLE 1

Chioroprene Natural

rubber rubber
Insulation resistance of 1.15 mm cover on
No. 12 AWG wire, megohms per 300 meters. 4 4000
D.C. resistivity, ohm-cm 1012 1075
Dielectric strength, V per mil 400-600 400-600
Dielectric constant 6.7 2.3
Power factor, ~ 2.5 0.5

Thermal properties

Properties like specific heat, thermal conductivity, thermal expansion
and Joule effect in rubbers are of great practical importance to the designer
of rubber products, but have not been properly recognised.

Specific heat; Specific heat is the quantity of heat required to raise
unit mass of the material through 1*C. It Is usually determined by supplying
heat to a calorimeter containing the test piece and measuring the resulting
temperature rise. Except when the highest precision is required, what

or



Property

Density, Mg ra’»

Thermal coefficient of volume expansion,

B- (1/V) (6V/IT). K-1
Class transition temperature. K

Specific heat, Cp. Cal g"

Heat capacity. Co. kJ kg"*A. K"
6Cp/6T. kJ kg-i K-2

Thermal cwiductivity. W K~n

Heat of combustion, MJ kg“”
Equilibrium melting temperature, K

Heat of (uaion of crystal. kJ kg”~

Ootical; Refractive index. nD
dnydT. K-1
Electrical: Olelectrlc constant (1 kHz)

Dissipation factor (1 kHz)
Cwiducllvity (60s), fS m'™

Property
Mechanical; ComDressibilftv. a
MPa-1
«B/«P, MPa'2
6B/6t, MPa-1 K"l
Thermal pressure coefficient,
T " B/fi. MPa K-1

fiY/6T. MPa K-2
Bulk modulus (isothermal). GPa
Bulk modulus (adiabatic), GPa

Bulk wave velocity. Vb (longitudinal

«vb/<T. m s'l K-i
Strip (longitudinal wave)
velocity, Vj (1 kHz), m s-I

Ultimate elongation. *
Tensiii® strength, MPa

Initiation slope of stress-etraln curve.

Young's modulus, B(60s). MPa
Shear modulus. G(60s). MPa .
Shear compliance. J(60s), MPa'

Creep rate (1/3)
Dynamic properties
Storage modulus. G', MPa
Loss modulus. G", MPa

Loss tangent, G"/G'
Resilience (rebound)

ValiMS In parenthesis Indicate the

(6J/61og t).% / unit log

range.

wave) km s~7

I/nvulcanlzed

0.913
(0.906-0.916)

670x10°®

210
(199-204)

0.449

1.905 )
3.54x10"*

0.134

-45.2
301 (303-312)

64.0

1.5191.
-37x10'®

2.37-2.45

0.001-0.003
2-97

Unvulcanlzed

. 515x10"®
-2.1x10-6
42.3x10~®

1.94
2.27

1.5B
-3

0.41(0.34-0.56)
0.029
(0,027-0.045)
0.09(0.07-0.13)
75-77

Pure gum
vulcanizate

0.970
(0.920-1.000)

660x10~®

210
(201-212)

0.437
1.828

0.153
(0.14-0.15)

-44.4

1.5264,
-37x10"®

2.68
(2.5-3.0}

0.002-0.04
2-100

Pre-gum
vulcanizate

514x10"®
-2.4x10-6

*2.1x10-®

1.22
-0.0052

1.95
2.26

1.5B (1.5-1.56)

-3
45
(35-51)
750-850

17-25

1.3 (1.0-2.0)

0.43 (0.3-0.7)

2.3 (1.5-3.5)
2 (1-3)

0.41(0.31-0.60)

0.0063

(0.0052-0.030)

Vulcanizate with
50 phr carbon
black

1.120
(1.120-1.180)

530x10"®
(450-550x10""*)

208

0.357
1.404

0.280

Vulcanizate with
50 phr carbon
black

410x10"®
-1.8x10-6

2.44

1.49
141

550-650
25-35

3.0-8.0
0.5-0.7

8 (7-12)
6.2(1.9-13)

0.68
(0.32-1.3)

0.016(0.01-0.05) 0.11(0.10-0.17)

75-84

50 (45- 55)

Hard rubber
(Ebonite)

1.170
(1.130-1.180)

190x10“®
353

0.331
1.385

0.163
(0.160-0.180)

-33.0

1.6

2.82
(2.8-2.9)

0.0043-0.009
2-3000

Hard nibt)er
(Ebcmlte)

240x10"®
-0.41x10-6
+1.1x10-®

1540
6 (3-8)
60-80
3000

0.0017

1100
45

0.040
(63-67)



an adiabatic calorimeter would be used, it Is now usual to measure specific
heat by a comparative method using differential scanning calorimetry (Richard-
son. 1976). It is also possible to determine the dry rubber content of raw
rubt>er and rubber coagulum through specific heat measurements (Karris
et al. 1985).

Thermal conductivity: Thermal conductivity is different for different
rubber compounds, varying with the amount and conductivity of each
constituent in the composition. Thermal conductivities of typical rubber
compositions are (Btu/hr/Sq ft/In/*F): Chloroprene rubber 1.45, SBR 1.70,
NBR 1.70 and NR 1.15. Conductivity is important to rubber technologists,
because it affects the time required to heat the interior of a rubber product
to the wvulcanization temperature. It is also important to the designer of
products in which heat is generated by vibration, flexing or friction. Care
has to be taken to provide for heat dissipation in such products.

Coefficient of expansion; The coefficient of thermal expansion of
rubber compositions vary with the kind and ai&ount of filler used. Addition
of fillers lowers the coefficient. The coefficient of volume expansion of
rubbers is in the range of 4x10** to 7x10"" per *C while that for st”|
is 0.3x10"~ per °C (Juve and Beatty. 1955). This results In shrinkage of
moulded products, leading to difficulties in moulding rubber to close,
dimensional tolerance. In general, limar shrinkage figures fall within the
range of 1.5-3.01. depending on polymer type and filler loading.

Joule effect: When a rubber is heated under strain, it tries to
contract. Its modulus of elasticity Increases with rise In temperature. If
the rubber is under constant load it will contract and if under constant
strain It will exert a higher stress. This phenomenon is known as Joule

effect and occurs only when the rubter is strained first and then heated.

Physical constants at a glance
The values of various physical properties of NR have been compiled
by Wood (1966, 1976) and the same are reproduced in Table 2.
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