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Abstract

The waste rubber formed in latex-based industries is around 10–15% of the rubber consumed. The formation of a higher percentage of
waste latex rubber (WLR) in latex factories is due to the unstable nature of the latex compound and the strict specifications in the quality of
latex products. These latex rejects contain about 95% rubber hydrocarbon of very high quality, which is only lightly cross-linked. These
rejects, if not properly used, can create serious ecological and environmental problems. The authors have developed a cost-effective
technique for the reuse of WLR in epoxidised natural rubber (ENR). The effect of powdered rejects on the curing behaviour, mechanical
performance and swelling nature has been investigated. The cure characteristics such as optimum cure time, rheometric scorch time and
induction time, are found to decrease with increasing concentration of latex waste filler. When the vulcanisation system is conventional, the
finest size filler shows superior mechanical performance while the order of performance is reversed when the vulcanisation mode changes to
efficient. The applications and limitations of several theoretical models in describing the tensile modulus of the samples have been
demonstrated. A three-layer model has been used to study the migration of sulphur from ENR to the latex filler phase. The extent of sulphur
migration in the case of different particle sizes of latex waste filler in two different vulcanisation systems has been analysed. The failure
behaviour of the samples was analysed using scanning electron microscopy. The study shows that waste latex rubber can be used as filler in
ENR economically.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Elastomers are a major class of materials having a wide
range of applications, ranging from footwear to space vehi-
cles. This is because of their unique mechanical properties
such as elastic behaviour even at very large deformation and
energy absorbing capacity. By properly controlling the
compounding ingredients in rubber, its ultimate properties
can be made to match the requirements. The potential prop-
erties of an elastomer can be improved by the addition of
certain fillers like silica, carbon black, mica [1,2], etc. As a
result of the severe energy crisis, and the need to reduce
compound cost, rubber product manufacturers were forced
to increase the proportion of filler in the rubber compound
without adversely affecting the mechanical properties. This
approach, however, always resulted in a rubber compound
with very high specific gravity [3], which is not fair, as far as

elastomers are concerned. In order to overcome this
problem and also to make the rubber compound cheaper,
new materials have been considered for use as fillers. Just
like waste plastic, waste rubber also is becoming a world-
wide problem. The disposal/utilisation of tyres, whose life
span has ended, is a great economic and ecological problem.
The earlier approach to this problem was to reclaim [4] or
remove the cross-links in the rubber rejects and then use the
latter as new rubber. However, the use of reclaimed rubber
was limited owing to three main reasons:

(i) Easy reclamation was not possible in the case of waste
tyres due to the presence of steel belts or plies [5].
(ii) The properties of reclaimed rubber were inferior due
to its degradation during reclamation.
(iii) The various components of a tyre or blend may not
respond in the same way to reclamation [6].

Meanwhile the authorities prohibit the open burning of
this waste because of the release of zinc compounds into the
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atmosphere [7]. Therefore, nowadays researchers pay more
attention to scrap latex rejects compared to reclaimed
rubber. This is because of the lightly cross-linked and
high-quality nature of the rubber obtainable from latex
rejects. Moreover, these rejects are available in huge quan-
tities. The two main reasons for this surplus nature are the
unstable nature of latex and the strict specifications regard-
ing the quality of latex products. Therefore, these scrap latex
rejects are now considered as the best potential candidate for
recycling.

Many reviews regarding the disposal problem of rubber
rejects and possible solutions are available from the litera-
ture [8–11]. Another method to reuse large volumes of scrap
latex rejects to use it as an impact modifier in brittle plastics
like polystyrene [5,12]. This can be done simply, either by
solution or melt blending techniques, or by polymerising the
monomer in the presence of swollen crumb, as done by
Freeguard [13]. Researchers [14] have analysed the reactive
blending of plastics and scrap rubber also. The use of cryo-
ground rejects, as filler in rubbers [8,9] and polyolefins [15]
is well known. Recently, many new methods for the devul-
canisation of waste rubber have become available. The most
important among these is the devulcanisation process using
ultrasonic irradiation. A number of studies in this field have
been reported by Tukachinsky [16], Levin [17] and Isayev et
al. [18,19]. They found that in the presence of heat and
temperature, the ultrasonic waves were able to break up
the three-dimensional network in cross-linked rubbers.
The resulting devulcanised rubber could be reprocessed,
shaped and revulcanised just like virgin rubber. In addition
to this ultrasonic devulcanisation technique, there are
several surface modifications, which are possible on the
latex waste. Chemical [20,21], mechanical [22,23], plasma
[24,25], corona [26,27] and electron beam radiation [28,29]
are reported to be useful to improve the matrix filler adhe-
sion. Epoxidised natural rubber or ENR is a relatively new
rubber, having properties similar to those of synthetic
rubbers rather than natural rubber. It has low air permeabil-
ity [30] (comparable to that of butyl rubber), good oil resis-
tance [31] (comparable to that of nitrile rubber) and good
dynamic properties. It exhibits strain-induced crystallisation
[32] similar to natural rubber.

In this article, we evaluate the effects of using
powdered latex rejects as filler in ENR. The influence
of filler loading on the curing characteristics is
discussed. Also, the effect of both particle size and load-
ing of the filler on the mechanical properties, swelling
and failure behaviour are compared and presented. A
comparative study based on the mode (conventional
and efficient) of the vulcanisation system and its effect
on the tensile strength of the vulcanisates also is carried
out. The dependence of filler–ENR matrix adhesion on
the particle size of the filler also is examined on the
basis of sulphur migration phenomena. Several theoreti-
cal models have been used to fit the experimental tensile
modulus values. The filler particle morphology, filler

dispersion and filler–matrix interphase adhesion are
analysed using scanning electron microscopy.

2. Experimental

2.1. Materials

The basic material used in this work is ENR-25, epoxi-
dised natural rubber having 25% epoxidation, manufactured
and supplied by the Rubber Research Institute of India,
Kottayam, India. Its composition is given in Table 1. NR
latex filler was prepared from WLR, supplied by Hindustan
Latex Ltd, Thiruvananthapuram, Kerala, India. Other
compounding ingredients such as zinc oxide, stearic acid
and CBS (N-cyclohexyl benzthiazyl sulphenamide) were
of reagent grade and obtained from local rubber chemical
suppliers. Toluene (reagent grade) was used for carrying out
swelling studies.

2.2. Methods

2.2.1. Preparation of powder rubber
The ground vulcanisate preparation was done in a fast-

rotating toothed-wheel mill. The advantage of this techni-
que is that one can obtain a fine elastic rubber powder,
unlike cryoground rubber (CGR), which is stiff [33]. There-
fore, CGR will not permit easy diffusion of curatives into it.
The powder rubber was found to be polydispersed in particle
size. It was then sieved into four different particle sizes,
ranging from 0.3 to 0.5 mm (size 1 or S1), 0.6 to 0.9 mm
(size 2 or S2), 1.7 to 2.5 mm (size 3 or S3) and 9 to 11 mm
(size 4 or S4). A mill-sheeted form (M) of the latex rejects
also was prepared by passing the rejects through a hot two-
roll mill for 10 min. Various particle sizes and mill-sheeted
form of the filler are presented in Fig. 1.

2.2.2. Mixing, rheometry and preparation of test samples
Mixing of ENR and filler were carried out using a labora-

tory size two-roll mixing mill having a friction ratio 1:1.4,
as per ASTM D 15-627. The recipe used is given in Table 2.
The effect of addition of up to 40 phr of latex filler in ENR is
investigated, with emphasis on the size of the filler and its
influence on sulphur migration.

The cure characteristics of the mixes were determined
using a Monsanto Rheometer model R-100 at 1508C by
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Table 1
Composition of ENR-25

Constituent/properties %/Value

Epoxy content (%) 25
Density (gm/cc) 0.97
Mooney viscosity 80–90
Protein content (%) 0.001–0.0004
Molecular weight 105

Colour Yellow



measuring the optimum cure time, scorch time and induc-
tion time. The kinetics of vulcanisation [22] was also
studied from the rheographs and correlated with cure rate
index values.

The compounds were then compression-moulded at
1508C using an electrically heated hydraulic press for
their respective cure times (t90). Dumbbell-shaped tensile
and angular tear specimens were punched out from the
compression-moulded slabs along the mill grain direction.

2.2.3. Physico-mechanical testing of the samples
Stress–strain was determined on an Instron Universal

Testing Machine, using a C-type dumbbell specimen,

according to ASTM D 412-80. The tear strength was deter-
mined as per ASTM D 624-81 using angular tear specimens.
Both the tests were done at 288C and at a cross-head speed
of 500 mm/min.

2.2.4. Swelling studies
Equilibrium swelling [34] measurements of the vulcani-

sates was performed in toluene at room temperature. The
samples were allowed to equilibrate for 7 days and again the
solvent was renewed after 3 days, to remove soluble materi-
als from the vulcanisates. The variation of cross-link density
with filler loading was analysed. In order to assess the ENR
matrix–filler interaction previously established, Kraus [35],
Cunneen and Russell [36] and Lorenz–Park [37] models
were applied.

2.2.5. Sulphur diffusion studies
The sulphur migration phenomena that takes place

between ENR and the filler phases was studied using a
three-layer model [38] (Fig. 2) system. It consists of three
layers, one layer of NR latex waste (all sizes 1–4 and M
were tried) was sandwiched between two layers of gum
ENR compounds. In one half of the specimen, the outer
ENR layers were separated from the inner latex waste
layer by using aluminium foils (non-contact surface) and
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Fig. 1. Different particle sizes (sizes 1–4) and mill-sheeted form of the filler.

Table 2
Base formulation

Material Control (phr)

ENR-25 100
Zinc oxide 5
Stearic acid 2
CBS 0.6
Sulphur 2.5
Calcium stearate 1
WLR Variable (0,10,20,30,40)



in the other half, the aluminium foil was omitted (contact
surface). The system was then subjected to vulcanisation at
low pressure. Then the middle layer was separated. The
cross-link density and swelling index values of this layer
were determined by swelling the samples taken from the
contact and non-contact regions. If sulphur migration occurs
from the outer ENR matrix to the middle latex waste layer,
the cross-link density of the latex waste layer at the contact
surface will be increased. The extent of increase will be a
direct measure of extent of sulphur migration.

2.2.6. Scanning electron microscopic studies
The SEM observations of filler morphology and

distribution were made in a direction transverse to the
grain direction, using a JEOL JSM-35C model scanning
electron microscope. Fracture surfaces of the test samples
were carefully cut from the failed test pieces without touch-
ing the surfaces. These specimens were sputter coated with
gold, within 72 h of observation.

3. Results and discussion

3.1. Processing characteristics

The powdered filler particles are found to be almost
spherical in shape with fissured surfaces (Fig. 3). Since

particles of larger diameter also can penetrate through the
meshes because of their elasticity, the particle size data can
be presented as distribution curves (Fig. 4). The distribution
broadens as we go from sizes 1 to 4. The average size and
most frequent size range are given in Table 3. The number
average (Dn) and weight average (Dw) diameters are calcu-
lated using the equations given below and are also presented
in Table 3.

Dn �
X

NiDi =
X

Ni �1�

Dw �
X

NiD
2
i =
X

NiDi �2�
whereNi is the number of rubber particles having a certain
diameterDi .

It is clear from the table that all these parameters show an
increase from size 1 to size 4. The shape factorp and its
significance will be discussed later.

The processability characteristics of the compounds
(Table 4) can be studied from the rheographs. The finest
size filler (size 1) is selected for the determination of
processing/curing characteristics. The minimum torque in
the rheograph is a measure of filler content in the rubber
and is presented as the minimum viscosity valueMn. These
values first register an increase with increase in filler
content, but later they decrease (Table 4). The initial
increase is due to the presence of cross-linked rubber
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Fig. 2. Model to analyse sulphur migration.



particles in ENR and the decrease at 40-phr loading may be
because of the higher extent of mastication during mixing.
The maximum torque in the rheograph is a measure of
cross-link density in the rubber and is presented as the
maximum viscosity valueMh. It is found that the presence
of particulate inclusions increases the maximum torque.
However, in our case, where the inclusion itself is a
rubber, the variation may be a result of the combined
effect of cross-link density variation and the presence of
cross-linked particles. At 10-phr loading, the presence
of cross-linked particles increasesMh, but at later stages
of loading, the sulphur migration (which will be discussed

later) becomes predominant, which leads to reduced
cross-link densities. This causes the reduction inMh

values.
As the filler content increases, the optimum cure time,

t90 (time needed for the formation of 90% cross-links),
scorch timet2 (premature vulcanisation time) and induc-
tion time t1 (time to start the vulcanisation process) are
found to decrease. These results are presented in Fig. 5.
This is due to the presence of unreacted accelerator zinc
diethyldithiocarbamate (ZDEC) in the latex waste. ZDEC
is one of the important accelerators currently used in the
manufacture of condoms. Its structure is shown in Fig. 6a.
In order to confirm its presence we have extracted the
unreacted ZDEC from the latex waste, and it has been
evaluated by IR. The spectrum is presented in Fig. 6b.
The peaks at 700–600 cm21 are due to C–S stretching
and that at 790–770 cm21 indicates the presence of
ethyl chain (–CH2–CH3). The CyS stretching peak is
visible at 1250–1020 cm21 and the peak at 2820–
2760 cm21 indicates the presence of N–CH2 group in
the compound. All these confirm the presence of
unreacted accelerator in the latex rejects. Therefore, it
is clear that the rubber compound contains the accelera-
tor CBS (N-cyclohexyl benzthiazyl sulphenamide) added
in the formulation (Table 2) and the unreacted accelera-
tor ZDEC, already present in the latex rejects. As a
result of the combined accelerating effect, the three
parameters, namelyt90, t2 and t1, decrease with loading
of filler.

The increase in speed of the curing reaction with filler
loading can be analysed systematically, by calculating two
parameters, namely the cure rate index (CRI) and reaction
rate constant (k). The cure rate index values (CRI) are
calculated using the equation:

CRI� 100=t90 2 t2 �3�
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Fig. 3. Scanning electron micrograph of powdered rubber rejects.

Fig. 4. Particle size distribution curves.



wheret90 is optimum cure time andt2 is rheometric scorch
time.

CRI values are given in Table 4 and its variation with
filler loading will be discussed later. The kinetics of cure
reaction is analysed by the method [22] explained below.

The general equation for the kinetics of a first-order
chemical reaction can be written as:

ln �a 2 x� � 2kt 1 ln a �4�
wherea is the initial reactant concentration,x is the reacted
quantity of reactant at timet andk is the first-order reaction
rate constant.

The rate of cross-link formation during the vulcanisation
of rubber is usually monitored by measuring the developed
torque. Since these torque values are a direct measure of the
modulus of the rubber, the following substitutions can be
made.

a 2 x� M∞ 2 M �5�

a� M∞ 2 M0 �6�
whereM∞ is the maximum modulus,M0 is the minimum
modulus andM is the modulus at timet.

Substitutions of torque values for modulus give the
equations:

a 2 x� Mh 2 Mt �7�

a� Mh 2 M0 �8�
whereMh is maximum torque,M0 is minimum torque andMt

is the torque at timet.
The plots of ln (Mh 2 Mt) versus time,t, are presented in

Fig. 7. Even though linearity is claimed for the plots
theoretically, deviations from linearity are experimentally
observed for certain points. The observed linearity in the
plots confirm that the cure reaction of the samples follow

first-order kinetics. The slope of the respective straight lines
gives the cure reaction rate constant (k) and are presented in
Table 4.

It is clear from Table 4 that both CRI andk values show
an increase up to 30-phr latex waste loading and later they
decrease at 40-phr loading. The initial increase is again due
to the presence of unreacted accelerator in the latex waste.
This cure-activating nature of latex filler is an advantage,
since a faster curing sample will have a high production rate.
However, this cure activation is found to level off at higher
loadings of latex waste. Since the filled ENR compound is
more stiff and non-tacky, the compound is easy to handle for
further processing. On the other hand, the unfilled ENR is
very tacky, making it difficult to handle.

3.2. Mechanical properties

The mechanical properties of elastomers filled with
powder rubber depend on many factors, such as the
following.

(i) Strain crystallising nature of the filler.
(ii) Adhesion [39] of the filler with matrix.
(iii) Particle size of the filler.
(iv) Extent of sulphur migration from matrix to filler
phase, which is controlled by many factors such as:

(a) The concentration of polysulphidic linkages in the
matrix and filler. If the concentration of polysulphidic
linkages in the matrix is higher than that of filler,
sulphur migration will be less, but it will be extensive
if the reverse is true [22].
(b) The particle size of the filler. As the particle size of
the filler decreases, the contact surface area with the
ENR matrix increases, leading to more sulphur diffusion.

As the filler content increases, the tensile strength (Fig. 8)
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Table 4
Cure characteristics

Loading
(phr)

Minimum
viscosity (Mn)
(dN2 m)

Maximum
viscosity (Mh)
(dN2 m)

Cure rate
index (CRI)
(min21)

Rate
constant (k)
(min21)

0 3 35 12.5 0.266
10 4 44 33.3 0.631
20 4.5 44 33.3 0.675
30 6 43 36.4 0.810
40 4 42 32.1 0.800

Table 3
Particle size data

Particle size Average size (mm) Most frequent size range (mm) No. average diameter (mm)/Dn Wt. average diameter (mm)/Dw Shape factorp

Size 1 0.5 0.3–0.5 0.401 0.489 2.2951
Size 2 1.05 0.6–0.9 0.961 1.083 2.0067
Size 3 1.9 1.7–2.5 2.11 2.34 2.1667
Size 4 10 9–11 10.09 10.72 1.6513



increases dramatically and reaches a maximum value at
30-phr loading. Beyond 30-phr loading, the tensile strength
values show a decrease or levelling-off behaviour. For size 1,
the increase is about 300%. The increase in tensile strength is
due to the strain crystallising nature of NR latex filler parti-
cles. The threshold value of strain, required for strain crystal-
lisation of natural rubber (NR), is 500%. Since the filler
particle is very small, it will cover this value even at the initial
stages of extension. The increase in tensile strength with load-
ing confirms the fact that NR retains its strain crystallising
nature, even if it is in the form offine filler. Lewis and Nielsen
[40] postulated that as the particle size decreases, the contact
surface area increases, providing a more efficient interfacial
bond, leading to better properties. At high filler loading, there
will be an increased tendency for agglomeration, which may
weaken the interfacial bonds. It is also important to mention
that the tendency for agglomeration increases with the

decrease of particle size. At 40-phr loading of size 1 filler,
the latter effect exceeds the former and, therefore, tensile
strength drops suddenly. Such a sharp drop is noted only for
size 1. Agglomerates as described above, tend to contain
voids, so that their apparent volume will be considerably
greater than their true volume. If the agglomerates are hard
with appreciable strength, then the filled material will have a
higher strength than expected. Soft disintegrated agglomer-
ates, however, as in the present case, produce a reverse effect,
which manifests as a sharp drop in tensile strength at higher
filler loading. Since such an agglomeration is less probable for
higher particle sizes, a sharp drop in tensile strength is not
observed.

We have noted many interesting behaviours associated
with the particle size–performance relationship. In the
case of fine filler, the contact surface area with the matrix
is more. This can lead to enhanced sulphur migration from
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Fig. 5. Effect of filler loading on curing characteristics.
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Fig. 6. (a) Structure of unreacted accelerator (ZDEC). (b) IR spectrum of unreacted accelerator (ZDEC).

Fig. 7. Plots of ln (Mh 2 Mt) vs. time,t.



matrix to filler and worsening of tensile properties. So one
expects inferior properties for ENR filled with size 1 filler.
According to our studies, however, size 1 filler is found to
be superior (Fig. 8). This is mainly because fine particles of
size 1 will have a uniform distribution, which makes an
efficient stress transfer possible. The second reason is the
competition between polysulphidic linkages in the ENR
matrix and filler. The basic formulation used here is a
conventional vulcanisation (CV) system with high
sulphur-to-accelerator ratio (Table 2). This provides a
higher concentration of polysulphidic linkages in ENR,
than that of the filler. A schematic sketch of the CV system
is given in Fig. 9. When the concentration of polysulphidic
linkages in the matrix is higher than that of the filler, sulphur
migration from the matrix to the filler is less predominant
[22]. Therefore, the tensile properties for fine fillers (sizes 1
and 2) become superior to those of large-size fillers (sizes 3,
4 and M).

In order to analyse this effect in detail, we have
tried a recipe with a low sulphur-to-accelerator ratio
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Fig. 9. Schematic sketch of sulphur linkages for different vulcanisation
systems.

Fig. 8. Effect of filler loading and size on the tensile strength of ENR cross-linked by a CV system.



G. Mathew et al. / Polymer 42 (2001) 2137–21652146

Fig. 10. Effect of filler loading and size on the tensile strength of ENR cross-linked by an EV system.

Table 5
Cross-link density values from sulphur migration studies

Vulcanisation
system

Filler
size

Cross-link density values× 1025 (gm moles/cc)
of middle layer

Contact surface
(CS)

Non-contact surface
(NCS)

CV S1 1.14 1.18
S2 1.16 1.15
S3 1.15 1.14
S4 1.15 1.16
M 1.13 1.14

EV S1 1.45 1.21
S2 1.30 1.22
S3 1.31 1.23
S4 1.20 1.23
M 1.25 1.24



(sulphur — 0.5 phr, CBS — 1.5 phr). This efficient
vulcanisation (EV) system provides mainly mono and
disulfidic linkages in the ENR matrix phase (Fig. 9).
Here, since the concentration of polysulphidic linkages
in the filler is more than that of the matrix, sulphur
migration is extensive and is maximum in the case of
size 1 (owing to the large contact area). Therefore, the
tensile strength values for large-size fillers (sizes 4 and
M) become higher than that of size 1. This is clear from
Fig. 10. There is one more important reason for the
superior properties of large-size fillers, mainly size 4.
It is clear from Fig. 4 that the size 4 filler has the
widest particle-size distribution. Such mixtures of parti-
cles with differing sizes can pack more densely than
monodispersed particles because smaller ones can fill
the interstitial spaces between the closely packed large
particles to form an agglomerate. Such an agglomerate
[41], which is formed from a polydispersed or ungraded
system may be able to carry a large proportion of load
and is, therefore, superior to the agglomerate discussed

earlier. Such cases describing the superior performance
of large particles were already reported by many
researchers [42].

The absence of sulphur migration in the CV system as
well as its presence and extent in the EV system is
confirmed by using a three-layer model as shown in Fig.
2. The dimensions of the model are also shown in Fig. 2.
For the CV system (Table 5), the cross-link density of the
sample obtained from the contact surface of the middle latex
waste layer is found to be almost the same as that from the
non-contact surface. Moreover, the values are found to be
similar for all the particle sizes of the filler. This data
confirms the absence of sulphur migration in the CV system.
Whenever sulphur migration is present in the system, the
cross-link density of the sample from the contact surface
must be higher than that of the non-contact surface.
Owing to the higher concentration of polysulphidic linkages
in the ENR matrix for the CV system, sulphur migration
must be less and consequently, the cross-link density from
the contact and non-contact surfaces must be comparable.
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Fig. 11. Effect of filler loading and size on the tear strength of ENR vulcanisates.



This is found to be true for the present case. However, for
the EV system with lower concentration of polysulphidic
linkages in the ENR matrix, the sulphur migration must be
predominant and consequently, the cross-link density from
the contact surface must be higher than that from the non-
contact surface. However, various additional factors, such
as the differential swelling of prophylactic particles and the
ENR matrix, the competition between the interaction para-
meters of the two polymers and the overall compact
structure of the system deciding the diffusion characteris-
tics, make the swelling results a bit irregular. The superior
influence of the compact nature of the polymer matrix over
the interaction parameter values on the swelling process will
be discussed in a later section. Even in the case of the EV
system, the cross-link density of the sample from the contact
surface is found to be only slightly higher than that from the

non-contact surface. Even though this proves the presence
of sulphur migration, this factor alone is unable to support
the observed changes in mechanical properties.

The tear strength of gum and filled ENR samples are
presented in Fig. 11. With increase in loading of the filler,
there is slight improvement in the tear strength of the
samples up to 30-phr loading. This increase is due to the
restriction in the advancement of the tear front. This restric-
tion is caused by the elongation of filler particles in the tear
path. The performance of size 1 filler is superior here. In the
case of finer filler (size 1) there will be a large number of
filler particles present per unit area to elongate to high
strains and to resist tear propagation. As the particle size
increases to sizes 2 and 3, the tear strength decreases and the
values are minimum for size 4. However, at 40-phr loading,
the value either drops or levels off for large filler sizes.
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Fig. 12. Comparison of the experimental data with Einstein’s model for a CV system.



3.3. Theoretical modelling of Young’s modulus

Young’s modulus of particulate-filled composites can be
predicted using several theoretical models. Even though a
large number of theoretical equations are generally avail-
able for composite materials, only a few are specially
formulated for composites with non-rigid matrices. These
include the Einstein, Mooney, Guth, Cohan, and Brodnyan
models. The Einstein equation and its modifications are
usually applied to predict the modulus of the composites
containing rigid fillers such as black and silica.
These theories are applied to systems with non-rigid fillers
such as prophylactic particles, which undergo strain
crystallisation on stretching.

The simplest theoretical equation for the reinforcement of
a material with a filler is given by Einstein [43]. The

equation is

Mc � Mm�1 1 2:5Vf � �9�
where Mc is Young’s modulus of the composite,Mm is
Young’s modulus of the matrix andVf is the volume fraction
of the filler. The Young’s modulus values of all the four
particle sizes and mill-sheeted form of the latex waste filler
are correlated with the Einstein model in Figs. 12 and 13.
Fig. 12 represents the conventional vulcanisation system,
where the finest filler (size 1) is most reinforcing. Therefore,
it presents a plot that is far above that given by the Einstein
equation. It is a general observation from the figure that only
large-size fillers such as sizes 3 and 4 are found to give close
values to that of Einstein. With increasing loading of fillers,
the deviation shown by the finer-size fillers such as sizes 1
and 2 goes on increasing, while that of large-size fillers
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Fig. 13. Comparison of the experimental data with Einstein’s model for an EV system.



(sizes 3 and 4) decreases. The behaviour shown by the mill-
sheeted form (M) is in between finer- and large-size fillers.

Fig. 13 represents the Young’s modulus correlation of all
filler grades with the Einstein model, in an EV system. Here,
the finest filler (size 1) is weakly reinforcing and, therefore,
its plot is closer to that of Einstein, mainly at 10-phr loading.
It is found that as the particle size increases to sizes 2–4, the
deviation of the modulus values from those of the model
increases. Also, as the loading increases, the magnitude of
deviation also increases even though some irregularities are
observed for the size 3 filler at 20-phr loading. It is a general
observation that for CV and EV systems, none of the filler
grades shows an exact correlation with the Einstein model.

The observed deviations from the model are due to the
following reasons:

(1) The Einstein model assumes that the stiffening action of
a filler is independent of its size, while it has already
been established by many researchers [44] and also by
our studies [45] that the reinforcement of the matrix by a

filler changes with its particle size. Since this effect is not
accounted for by the model, the experimental values for
different size grades deviate differently from the model.

(2) The model assumes that the filler particles are spherical in
shape and there is perfect adhesion between the filler and
matrix. It is clear from the SEM photos of filler particles
(Fig. 3) that the filler particles have non-uniform size
distributions and shape. Also, we have noted from the
scanning electron micrographs (Fig. 28a and b) that
the filler particles are not firmly bonded to the matrix.
The presence of an air pocket over the filler particles has
already been confirmed by the work of Phadke et al. [46].
Therefore, the imperfect adhesion between filler and
matrix also contributes to the observed deviations from
the model.

(3) It is stated by Mooney [47] that the Einstein equation
is valid only for low concentrations of filler. This is
because at higher filler loading, the strain fields around
filler particles can interact, causing deviations from the
model.
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Fig. 14. Comparison of the experimental data with Mooney’s model for a CV system.



(4) The final and most important reason for the deviation may
be the lower rigidity of the filler compared to normal fillers
such as carbon black or silica. Since it is assumed in the
Einstein model that the filler is much more rigid than the
matrix, this factor may cause a number of secondary
reasons for deviations from the model. However, it has
already been proved by Smallwood in the literature [48]
that the Einstein equation is more useful for predicting the
elastic behaviour of rubbers containing non- or less-rein-
forcing fillers. The correlation, even though less, between
experimental and theoretical values observed in our case
again proves this fact.

The Einstein equation does not account for the particle

agglomerations. Therefore the equation has been modified
by Mooney [47] by introducing a crowding factorS. The
Mooney equation is given as;

Mc � Mm exp {2:5Vf =1 2 SVf } �10�
whereMc, Mm andVf are the same as explained earlier.Sis the
crowding factor or relative sedimentation volume of the filler,
which accounts for the agglomeration of filler particles.
Agglomerates of filler particles tend to contain voids or air
spaces so that their apparent volume will be higher than their
true volume.S is defined as the ratio of apparent volume
occupied by the filler to its true volume.

According to Mooney [47], the minimum possible value
thatScan have is unity while its experimental value ranges
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Fig. 15. Comparison of the experimental data with Mooney’s model for an EV system.



from 1.2 to 2. However, it has been reported [49] that up to
Vf � 0:5; a value of 1.4 (or 1.35) can fit the best
experimental values. For our system, we have made our
calculations using two values ofS, 1.35 and 1. Fig. 14 is
the Mooney model fitting curves of different size grades of
latex waste filler, in the conventional vulcanisation system.
When the value ofS is 1.35, the size 4 filler gives
comparatively closer values than that given by the equation
at 10- and 20-phr loading. However, as the loading increases
to 30 phr, a better value is shown by the mill-sheeted form,
while the size 4 filler gives a value below that of the model.
All other filler sizes such as 1, 2 and 3, deviate greatly from
the model mainly at lower loadings. As the filler loading
increases to 40 phr, the model plot shoots up and, therefore,
closer values are shown by finer filler sizes 1–3. Size 4 and
mill-sheeted form values lie much below that of the model
at highest loading. When the value ofS is 1, the size 4 filler
gives better agreement mainly at 30-phr loading and sizes 2
and 3, at 40-phr loading. Large-size fillers, size 4 and the
mill-sheeted form, are below that of the Einstein model

while finer sizes 1 and 2 are above. As far as the efficient
vulcanisation system (Fig. 15) is concerned, forS� 1:35;
the size 1 filler is closer to the values predicted by the
Mooney equation. This is due to its weakly reinforcing
nature in the EV system. Most other size grades and mainly
sizes 4 and the mill-sheeted form deviate from the model at
all the loadings. It is clear from the nature of the Mooney
plots �S� 1:35� up to 40-phr filler loading, that it will
steeply increase for further filler loadings. The general
nature of the Mooney equation, i.e. a modulus value
which tends to infinity at higher filler loadings, which has
been reported previously [47,49] is observable here also. It
has already been experimentally established by Nielsen [49]
that S increases with decreasing particle size. This means
that the tendency of finer filler to agglomerate is greater
compared to large fillers. Therefore, it is clear that in
order to have a reasonable fitting of tensile strengths of
the size 1 filler with the Mooney model, different and
variable values ofS for different loadings, size, etc., must
still be suggested. The above observed fitting of theoretical
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Fig. 16. Comparison of the experimental data with Guth’s model for a CV system.



values, even though partial, may be due to the fulfilment of
some of the assumptions connected with the Mooney model,
such as Poisson’s ratio of the matrix must be 0.5, etc. This
model also assumes that filler particles are uniformly
distributed spheres with good adhesion to the matrix and
the modulus of the filler is infinitely greater than that of
the matrix. Even when the value ofS is 1, the deviations
from the model shown by various particle sizes of fillers is
almost the same.

Guth and Smallwood [50] generalised Einstein’s concept
and introduced a particle interaction term. This modified
equation can be written as:

Mc � Mm�1 1 2:5Vf 1 14:1V2
f � �11�

whereMc, Mm andVf are the same as explained earlier.
For the conventional vulcanisation system, the Guth

model gives similar values as given by large-size fillers
(size 4) and the mill-sheeted form at 10 and 20 phr. This
is clear from Fig. 16. Size 1 and 2 plots, owing to their
superior reinforcing behaviour, lie above the model at
30-phr loading. However, at 40-phr filler content, finer
fillers sizes 1 and 2 suffer from particle agglomerations

and, therefore, their modulus values slightly bend towards
thex-axis and lie equidistant from the model. Such a blend-
ing is observed for size 4 and the mill-sheeted form also. At
higher filler loading, size 3 filler prefers an intermediate
position. Since the model does not account for the agglom-
eration effects at higher loadings, the theoretical curve tends
to infinite position, as in the case of the Mooney equation.

When the vulcanisation system changes to efficient mode
(Fig. 17), most of the finest filler size (size 1), falls below the
value predicted by the model. Agreement between theore-
tical and experimental values is observable at all the filler
loadings. All the filler sizes except sizes 3 and 4, exhibit a
constantly increasing deviation from the Guth model with
loading. It is a general observation that when the vulcanisa-
tion system is conventional, good correlation with the model
is shown by large particle-size grades of the filler; and when
the vulcanisation system is efficient, the place is taken by the
finer fillers.

The model assumes that the change in elastic constant of
the rubber by embedded spheres is entirely analogous to the
theory of viscosity. For example, when a carbon black
suspension undergoes stretching, the suspended particles
perturb the stresses and strains are set up in the body,
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Fig. 17. Comparison of the experimental data with Guth’s model for an EV system.



which lead to an increased elastic energy and elastic
constants. For this to happen, however, filler particles
must be spherical and rigid. Even though sizes 3 and 4
assume a somewhat spherical shape, their non-rigid nature
violates the assumption. Therefore, they deviate from the
model mainly at higher loadings.

Most of the equations discussed above assume that the
particulate inclusion is spherical in shape. Even though we
have assumed that filler particles are spherical in the present
case, they are not exactly so. Only large particle-size fillers
can be considered as spherical, while smaller fillers possess
different shapes. This can be understood from a comparison
between Figs. 26a (size 1), 29a or 29c (size 4). Many studies
have been reported in which the effect of particle shape on
reinforcement is discussed. This effect must be treated
separately from usual effects such as agglomeration and
interphase adhesion.

Properties of composites are affected by changes in the
shape of inclusion also. Bueche observes [51] that different
filler shapes lead to different mechanical properties. A theo-
retical treatment was suggested by Wu [52], which could
prove that disc-shaped particles can reinforce better than
spherical or needle-shaped ones. The anisotropy associated
with this, which Wu neglected, was taken into account by
Chow [53]. Chow [53] modified the equation by introducing
longitudinal and transverse moduli and proved that fillers
with a high aspect ratio show a better reinforcement, than
those with high particle symmetry. This aspect ratio also is
included in the Guth equation modified by Cohan.

The Cohan model [54] is given by the equation:

Mc � Mm�1 1 0:675pVf 1 1:62p2V2
f � �12�

whereMc andMm are the same as explained earlier andp is
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Fig. 18. Theoretical plots of tensile strength from Cohan’s model (CV system).



the aspect ratio or shape factor, which is the length-to-width
ratio of filler particles.

The values ofp determined for different particle sizes are
given in Table 3. It is clear from Eq. (12) that the modulus of
the composite predicted by the equation will be the highest
for the case with the maximum value ofp. Among the
theoretical plots obtained for the different size grades in
Fig. 18, size 1 shows the most superior performance. The
model is able to predict the order of modulus variation as the
particle size decreases. It is assumed by the model that
p q 1, which is not correct as far as our system is
concerned. This is clear from the shape factor value given
in Table 3. Therefore, deviations from the experimental
values can be normally expected.

There is another approach to explain the superior perfor-
mance of the finest filler in the conventional vulcanisation
system. This can more clearly illustrate the expected

behaviour when spherical particles are stretched to form
rod-shaped particles. Kuhn and Kuhn in the literature [49]
derived an expression for the viscosity of suspension of
randomly oriented rod-like or cigar-shaped particles in the
form of ellipsoids. This equation was modified by Brodnyan
[55] for elongated ellipsoids as:

Mc � Mm exp {2:5Vf 1 0:407�p 2 1�1:508Vf } =1 2 S�Vf �
�13�

whereMc, Mm, Vf andSare the same as given earlier andp is
the aspect ratio�1 , p , 15�.

The theoretical plots for Young’s modulus for the
conventional vulcanisation system from the Brodnyan
model are presented in Fig. 19. The steeply rising trend of
the plots shown by the model compared to the Cohan model
(Fig. 18) is observable here. The values ofp are the same as
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Fig. 19. Theoretical plots of tensile strength from Brodnyan’s model (CV system).



already reported (Table 3) and this equation also is found to
be successful in predicting the comparatively better reinfor-
cement in the case of finer fillers. Still, deviations from
theoretical values can be expected. This is because the
model assumes random orientation of rod-shaped fillers,
whereas in the present case they are found to be oriented.
This orientation results from the shearing in the two-roll
mixing mill. This is clear from Fig. 26a. This model predicts
that the higher the concentration of rod-like particles, the
higher the modulus value. However, it neglects the aniso-
tropy in property associated with their alignment in the
matrix. From these discussions it is clear that the models,
namely the Cohan and Brodnyan models, can explain the

relative order of performance of different size grades in the
conventional vulcanisation system only. The trend in the EV
system, where larger fillers are more reinforcing, cannot be
explained unless these two models are modified appropri-
ately. Moreover, from the theory of all the models described
above, the rubber matrix must have the same properties as
the unfilled vulcanisate�Vf � 0� if a direct experimental test
is to be possible. This condition will never be met and,
therefore, deviation from different models can be justified.
For the present cases, these equations can only be consid-
ered as semiquantitative guides for predicting the modulus
of composites containing less-rigid soft fillers in a soft
matrix.

3.4. Solvent transport studies and cross-link density
determination

The swelling index value, which is a measure of the swel-
ling resistance of the rubber compound, is calculated using
the equation:

Swelling index%� As=W1 × 100 �14�
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Table 6
Swelling index values

Filler loading (phr) Gum Size 1 Size 2 Size 3 Size 4 M

0 408
10 411 416 422 428 430
20 417 421 427 430 436
30 420 425 429 435 441
40 424 429 436 439 454

Fig. 20. Effect of filler loading and size on the cross-link density of ENR vulcanisates.



whereAs is the amount of solvent absorbed by the sample
andW1 is the initial weight of the sample before swelling.

It has already been reported in the literature [56,57] that
in the case of various polymer solvent systems, differences
in the solubility parameter (and hence interaction para-
meter) values can be used to characterise the sorption beha-
viour of the solvent. However, our analysis proved that such
a correlation is ineffective since the diffusion behaviour of
elastomer-filled elastomer systems are more dependent on
the compact nature of the sample. This fact is strongly
supported by the literature [58]. Since the compact nature
of the ENR sample decreases with the addition of prophy-
lactics, the diffusion of the solvent through the sample also
increases. It has also been reported in the literature [59] that
the diffusion mechanism in rubbery polymers is essentially
connected with the ability of the polymer to continually
provide opportunities for the solvent to progress in the
form of randomly generated voids. Since the ease of void
generation in the sample increases with the addition of
prophylactics, the uptake of the solvent also increases.
Therefore, as the filler content increases, the swelling
index value increases for all size grades (Table 6). The
solvent absorption by the latex filler particles is found to

be minimum for the size 1 filler. This again confirms that in
an ENR matrix cross-linked by a CV system, the size 1 filler
shows good adhesion. This behaviour is supported by the
cross-linked density values (Fig. 20). As the filler content
increases, the cross-link density values are found to
decrease. This effect can be explained using the basic equa-
tions used for swelling:

MC � 2rrVsV
1=3
rf

=ln �1 2 Vrf
�1 Vrf

1 xV2
rf

�15�

whereMC is the molecular weight of the polymer between
two cross-linksr r is the density of the polymer,Vs is the
molar volume of solvent andx is the interaction parameter,
which is given by the Hildebrand equations [60,61]:

x � b 1
Vs

RT
�ds 2 dp�2 �16�

whereb is the lattice constant,Vs is the molar volume, R is
the universal gas constant,T is the absolute temperature,d s

is the solubility parameter of the solvent,dp is the solubility
parameter of the polymer andVrf

is the volume fraction of
elastomer in the solvent swollen filled sample and is given
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Fig. 21. Variation ofVro/Vrf
as a function of filler loading (Kraus plots).



by the equation by Ellis and Welding [62]

Vrf
� �d 2 fw�r21

p

�d 2 fw�r21
p 1 Asr

21
s

�17�

where d is the deswollen weight of the sample,f is the
volume fraction of the filler,w is the initial weight of the
sample,rp is the density of the polymer,r s is the density of
the solvent andAs is the amount of solvent absorbed by the
sample.

As the filler content increases, the amount of solvent
absorbed by the sample (As) increases, which leads to

lowering ofVrf
and this in turn reduces the cross-link density

values as evident from Fig. 20. It is to be noted that the
cross-link density decrease is minimum for finer filler
sizes 1 and 2, which have comparatively more reinforcing
action in ENR for the CV system and, therefore, they absorb
a minimum quantity of solvent. So the cross-link density
values (from swelling studies) presented here have good
correlation with filler–matrix interface adhesion.

3.5. Extent of reinforcement

The extent of filler reinforcement can be analysed by
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Table 7
Values of slopes andC

Particle size Kraus equation
slope (m)

C Cunneen and
Russell
equation slope (a)

Lorenz–Park
equation
slope (a)

S1 0.4961 0.9946 20.6790 21.3979
S2 0.7789 1.2070 21.0532 21.5344
S3 1.0979 1.4467 21.5003 22.1026
S4 1.0833 1.4357 21.5067 22.1725
M 1.0956 1.4449 21.5107 22.2144

Fig. 22. Variation ofVro/Vrf
as a function of filler loading (Cunneen–Russell plots).



using Kraus [35], Cunneen and Russell [36] and Lorenz–
Park [37] equations. The Kraus equation is:

Vr0
=Vrf
� 1 2 m� f =1 2 f � �18�

where Vrf
is the same as explained above andVr0

is the
volume fraction of elastomer in the solvent swollen unfilled
sample. Since the above equation is in the form of a straight
line, a plot ofVr0

/Vrf
versusf =1 2 f should give a straight

line, whose slope (m) will be a direct measure of the
reinforcement of the filler. The constantC given by the
equation:

C � m2 Vr0
1 1

3�1 2 V1=3
r0
� �19�

which is characteristic of the filler, is calculated also. The
Kraus plots obtained are given in Fig. 21 and the slope
values are presented in Table 7. According to the theory
by Kraus, reinforcing fillers such as carbon black will
have a negative higher slope. In the present case, we
observed that as the filler loading increases, the solvent
uptake of the sample also increases. As already explained,
this will cause a reduction inVrf

values, which will increase
the ratioVr0

/Vrf
, sinceVr0

is constant. This behaviour leads to
a positive slope in every case. Since size 1 filler exhibits a

minimum positive value of the Kraus slope, it is clear that its
solvent absorption is minimum, thereby supporting its better
adhesion with the ENR matrix in the CV system. Moreover,
constant C is inversely related to filler agglomeration
tendency. It is also clear from Table 7 that the finest filler
size 1 has maximum tendency for agglomeration. The trend
given by theC value in the Kraus equation is in agreement
with S, the crowding factor given by Mooney [47]. It has
also been experimentally proved [47] that theS value
increases with reduction in particle sizes. This means an
increase in the ratio of apparent volume occupied by the
filler to true volume, which points to the case of filler
agglomerations. Thus, the higher tendency of the size 1 filler
for agglomeration can be justified.

The Cunneen–Russell equation is

Vr0
=Vrf
� a e2z 1 b �20�

whereVr0
andVrf

are the same as explained earlier,z is the
weight fraction of the filler,a andb are constants. Here a
plot of Vr0

/Vrf
versus e2z should give a straight line with

negative slope (a). Vr0
/Vrf

is found to increase with increas-
ing filler loading as clear from Fig. 22. This increase is
extensive in the case of large-size fillers (size 4 and M).
For finer fillers, sizes 1 and 2, which are comparatively
highly reinforcing, the absorption of the solvent is minimum,
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Fig. 23. Variation ofQf/Qg as a function of filler loading (Lorenz–Park plots).



which results in a lowerVr0
/Vrf

ratio and a smaller negative
slope.

The Lorenz–Park equation is

Qf =Qg � a e2z 1 b �21�
whereQ is defined as the amount of solvent absorbed/gm of
rubber and is given by

Q� Swollen weight2 dried weight
Original weight× 100=formula weight

�22�

The subscripts f and g refer to filled and gum vulcanisates,
respectively.z is the weight fraction of the filler. A plot of
Qf/Qg versus e2z gives a straight line with negative slope
(Fig. 23). As explained earlier, here also finer fillers (sizes 1
and 2) exhibit lower slope, proving their better adhesion
with ENR.

All the above previously established equations support
the superior performance of the size 1 filler compared to
large-size fillers when a CV system is used for the cross-
linking of ENR.

3.6. Fractographic analysis

The improvement in tensile and tear performance with
loading of filler is supported by the morphology of the frac-
tured surfaces. These fractographs are presented in
Figs. 24–30. Since the presence of filler particles is clearly
visible in all the filled cases, this latex-filled ENR system
can be considered only as a composite material. All the
composite samples exhibit a two-phase morphology.

The fractograph of the gum vulcanisate is presented in
Fig. 24. The smooth fractured surface observed here is
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Fig. 24. SEM fractograph of tensile gum specimen.

Fig. 25. SEM fractograph of tear gum specimen.
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Fig. 26. (a,b) SEM fractograph of tensile specimen filled with 10 phr of size 1 filler.

Fig. 27. SEM fractograph of tensile specimen filled with 30 phr of size 1 filler.



characteristic of low-strength vulcanised materials. In the
case of torn surfaces of gum vulcanisates also, a similar
morphology could be observed. The weak mechanical
strength of the gum is clear from the undeviated cracks in
Fig. 25.

In the case of ENR filled with 10 phr of size 1 filler, the
fractography reveals the presence of fine filler particles (Fig.
26a). The presence of cigar-shaped particles aligned in a
particular direction also is observable. Moreover, the frac-
ture is found to deviate only slightly (Fig. 26b) presenting
incomplete parabolic patterns. This confirms the compara-
tively high strength of the material. Still, dewetting is
present in Fig. 26a. Fig. 27 is the tensile fractured surface
of the ENR sample filled with 30 phr of size 1 filler. Here the
cracks are extensive and much deviated. Such parabolic
fractured surfaces support the high strength of the material.
The role of filler particles in blocking the advancing crack
also is observable. The torn surface of ENR filled with 40-
phr size 1 filler is presented in Fig. 28a and b. Here also
crack deviation is extensive. The portions from which the

filler particles are debonded are visible as holes in the figure.
The filler particles elongate to high strains and obstruct the
tear (Fig. 28b). Thus, as explained above, the material filled
with size 1 filler shows superior tear performance.

For fillers of higher sizes (size 4) at a loading of 10 phr,
debonding is extensive. Also the cracks are again becoming
smooth. Dewetting is clear from Fig. 29a and b and smooth
fractures are visible in Fig. 29b and c. It can be seen from
Fig. 29c that the particle size of fillers is not uniform. This is
because large-size fillers undergo more size reduction
during mixing.

Fig. 30 is the torn surface of ENR filled with 30-phr size 4
filler. The material shows cracks with slight deviations,
which proves its good tear strength. The accumulation of
filler particles on the crack path in an effort to prevent the
advancing crack is visible in the figure. It is a general obser-
vation in Figs. 29c and 30 that the larger-size grade (size 4)
filler particles are polydispersed in size owing to their break-
age during mixing.

For most of the filled cases, the fractured surfaces are
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Fig. 28. (a,b) SEM fractograph of tear specimen filled with 40 phr of size 1 filler.
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Fig. 29. (a–c) SEM fractograph of tensile specimen filled with 10 phr of size 4 filler.



greatly crack deviated and present a series of parabolic lines
distributed all over the surfaces. Such behaviour is due to
the interaction of main fracture fronts with subsidiary frac-
ture fronts and from the resistance in tear propagation by
filler particles. Thus the superior mechanical performance of
size 1 filler is strongly supported by the SEM fractographic
studies.

4. Conclusions

The utilisation of cross-linked waste natural rubber as a
potential filler in ENR deserves much attention. The cross-
linked waste rubber has been powdered and sieved into
different particle sizes. The morphology and size distribu-
tion of these particles has been analysed. It has been
observed that, as the filler content increases, the curing
characteristics like optimum cure time, scorch time and
induction time decrease. The cure-activating nature of the
filler is clear from the increase in cure rate index and rate
constant values. The filler helps the compounder by redu-
cing the sticky nature of epoxidised natural rubber
compound during mixing. These observations are advanta-
geous as far as processability and productivity are
concerned. In the case of the conventional vulcanisation
system, where sulphur migration is absent, finer filler
shows superior tensile performance than size 4 and the
mill-sheeted form of the filler. However, in efficient vulca-
nisation systems, where sulphur migration plays a role, the
order of performance is inverted. The theoretical models
such as those of Einstein, Mooney, Guth, Cohan, and Brod-
nyan are found to deviate from the experimental obser-
vations. Still the experimentally observed order of
performance for different size grades of the filler could be
correctly depicted by the Cohan and Brodnyan models. The
three-layer model used here has been found to be comple-
tely successful in understanding the phenomena of sulphur
migration in the efficient vulcanisation system and its extent

in the case of different particle sizes of the fillers. As far as
tear strength is concerned, size 1 filler has proved to be the
best, but in every case, the property drops at 40-phr loading.
The swelling index values register a constant increase with
loading of filler and this increase is minimum for fine fillers
such as size 1. In addition to this, the reduction in cross-link
density with filler loading also is minimum for size 1 filler.
The comparatively better adhesion between epoxidised
natural rubber and size 1 filler is proved by previously estab-
lished equations like the Kraus, Cunneen and Russell and
Lorenz–Park equations. The scanning electron micrographs
of fractured surfaces clearly support the good particle–
matrix adhesion in the case of fine fillers. The non-compa-
tible and phase-separated nature of the filler particles in the
epoxidised natural rubber matrix cause these materials to be
classified only as a filled epoxidised natural rubber
composite, rather than as a blend system.
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