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Abstract
This paper investigates the effect of nanoclay and crosslinking systems on the cure characteristics, mechanical properties,
abrasion resistance, compression set and swelling properties of ethylene-propylene-diene monomer (EPDM)/styrene
butadiene rubber (SBR) blends. Nanocomposites were prepared by two-roll mill. In this work, three different crosslinking
systems were used, namely, sulphur, dicumyl peroxide and the mixed system consisting of sulphur and peroxide. The
mechanical properties such as tensile strength, elongation at break, 100% modulus, hardness, crosslink density and tear
strength of the EPDM/SBR nanocomposites were studied. Cure study indicates that nanoclay not only accelerates the
curing reactions but also gives rise to a noticeable increase of the torque values, representing crosslinking density of
the nanocomposites increases at the existence of nanoclay. The tensile strength and 100% modulus of EPDM/SBR
nanocomposites increases with increase in nanoclay content up to 7.5 phr and then decreases for all the different cross-
linking system. The elongation at break, hardness, tear strength and compression set increases with increasing content of
nanoclay.

Keywords Ethylene-propylene-diene monomer · Styrene butadiene rubber · Nanoclay · Crosslinking systems · Mechanical
properties

1 Introduction

Composite materials are generally made up of two distinct
phases; matrix phase and other the reinforcement phase.
The reinforcement phase usually has a higher strength and
modulus than the polymer matrix and is generally fibre or
particles form. One of the greatest innovative development
and successful growths in polymer composite is the inno-
vation of polymer nanocomposites [1–3]. Nanoclay (NC)
based polymer nanocomposites were studied intensively by
numerous research group in recent years. Clays as well as
clay minerals such as montmorillonite, hectorite, saponite,
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etc, were widely used as filler materials for rubber and plas-
tic for several years and saving polymer consumption as
well as the cost reduced [4–7].

Montmorillonite (MMT) is the most commonly used
layered silicate and it occurs naturally. Polymer-layered
silicate nanocomposites have significant improvement in
mechanical, thermal and barrier properties at very low
concentration [8–10]. Montmorillonite has the large surface
area, high cation exchange capacity and high aspect
ratio [11]. The nanoclay is inorganic in nature and is
incompatible with the organic polymer matrices due to
hydrophilic. MMT clays are converted into organophilic
(hydrophobic) so as to give good compatibility with the
polymer matrix since most of the polymers are hydrophobic.
For making the layered silicate filler compatible with
the organic polymer, the silicate layer surfaces are
organically modified by exchanging the alkali cations to
alkyl ammonium ions [12–14]. The modifications of the
layered silicate fillers have the significant advantage in the
mechanical, thermal and barrier properties of the polymer
nanocomposites [15, 16].
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In recent years, polymer/clay nanocomposites (PCNs)
have emerged as a new class of materials. PCNs were first
discovered as well as developed by the Toyota research
group [2]. However, very fewer works have been carried
out on rubber/clay (RCNs) nanocomposites. Nowadays,
elastomer materials are widely used in the polymer industry,
ranging from automotive to domestic applications. The
growth of RCNs would be a positive advantage to the
rubber engineering works because of the improved physical
properties. The dispersion of lesser amount of clay in
the polymer matrix can impart essential improvement in
mechanical properties (tensile and tear strength, tensile
modulus, and hardness), solvent resistance, gas barrier
properties, ionic conductivity, flammability resistance and
biodegradability of polymers. Many researchers have
already worked on PCNs based on a variety of polymers, i.e.
natural rubber [17, 18], styrene butadiene rubber [19, 20],
ethylene propylene diene rubber [21], etc.

SBR is a widely used rubber and it is the first synthetic
rubber considered for manufacturing the rubber materials
because of its low price. SBR, despite around good
mechanical properties particularly abrasion resistance and
is sensitive to the environmental factors such as moisture,
ozone, light, and heat due to the presence of double bonds
in the main chain. This weakness would be altered by
SBR blended with highly saturated elastomers like EPDM.
EPDM is an excellent special purpose rubber used in wide
variety of applications. EPDM rubbers exhibit superior
oxidative and ozone, weather and heat resistance due to the
substantial absence of unsaturation in polymer backbone
[22, 23].

Size, structure and the aspect ratio of the filler
affect processability and vulcanisation of elastomers.
Clays, widely used in rubber industry for their low cost
and accessibility, improve abrasion resistance, mechanical
strength, and heat distortion of rubbers. These outstanding
properties of clay might be attributed to its high aspect
ratio. This is primarily attributed to the nanoscale dimension
of layered silicate dispersed in the matrix which causes a
strong interfacial interaction between polymer chains and
layered silicate, most important to a significant change
in the mechanical strength, thermal stability, dynamic
mechanical properties, optical, barrier properties and fire
resistance compared to properties of their conventional
filled polymers [24–26]. Crosslink density is an important
parameter and it affects the physical, mechanical and
viscoelastic properties of the composites [27–29]. The effect
of blend ratio on crosslinking behaviour and dynamic
elastic properties of EPDM and high-density polyethylene
(HDPE) blends was studied by a torque rheometer. They
found that the crosslink density increases and then decrease
with an increase in the content of EPDM [30]. The
mechanical properties and ozone resistance increase with

increasing content of EPDM. The tensile strength, hardness,
abrasion resistance, complex viscosity, storage modulus and
ozone resistance of SBR/EPDM/Cloisite 20A composites
increases with increasing content of nanoclay [31].

The effects of blend ratio, cure systems and fillers on
the mechanical properties of EPDM/SBR blends. They
found that morphology studies of the blends show the
existence of excellent interphase between EPDM and
SBR in the blend ratio 80:20. The mixed system on
the tensile and tear strengths of the EPDM/SBR blends
is higher compared to the sulphur and DCP systems
but the elongation at break is higher for sulphur cured
system [32]. The effect of a vulcanising system on
cure and mechanical properties of acrylonitrile butadiene
rubber (NBR)/EPDM blends are investigated [33]. The
cure characteristics exhibit much higher elasticity for
the base NBR and rich NBR rubber blend (SBR/NBR,
20/80) with Cloisite30B than Cloisite15A because of the
greater affinity between NBR and Cloisite 30B. The cure
characteristics exhibit much higher elasticity for the base
SBR and rich SBR rubber blend (SBR/NBR, 80/20) with
Cloisite15A than Cloisite30B [34]. The elongation at break
decreases with increase in the content of nanoclay whereas
hardness increases gradually up to 3 wt.% for natural
rubber (NR)/SBR rubber blend [35]. The minimum torque,
maximum torque, delta torque and optimum cure time
are increased, but scorch time and cure rate index are
decreased with the increased content of carbon black in the
NBR/EPDM blend. The tensile strength and hardness are
increased, but elongation at break decreased with increasing
the content of carbon black for all NBR/EPDM blends [36].

The objective of the research work is to prepare the
blends of ethylene-propylene-diene monomer and poly
(styrene-co-butadiene) rubber filled with nanoclay and
to study the effect of nanoclay (Cloisite 30B) loading
and crosslinking systems on the mechanical properties
of unaged and aged EPDM/SBR rubber blends. This
paper also reflects the effect of crosslinking systems and
nanoclay loading in EPDM/SBR rubber blend on the cure
characteristics, compression set, and morphology.

2 Experimental

2.1 Materials

Ethylene-propylene-diene monomer - EPDM (KEP 270),
Mooney viscosity (ML (1 + 4) 125 ◦C) 60 M, ethylene con-
tent 68 wt.%, termonomer content (ethylidene norbornene)
4.5%, density 0.86 g/cm3 and styrene butadiene rubber
(SBR-1502), styrene content 23 wt.%, Mooney viscos-
ity (ML (1 + 4) 100 ◦C) 52 M, density 0.93 g/cm3was
procured from Arihant Reclamation Private Limited,
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Delhi, India. Cloisite 30B (organo-modified layered nano-
silicates), modifier concentration cation exchange capacity
of 90 meqv./100 g clay, methyl-tallow-bis (hydroxyethyl)-
ammonium treated montmorillonite was procured from
Southern Clay Products, USA. The rubber chemicals
used such as zinc oxide, stearic acid, mercapto benzoth-
iazyl disulphide (MBTS), tetramethyl thiuram disulphide
(TMTD), sulphur and dicumyl peroxide were of commercial
grade.

2.2 Preparation of Nanocomposites

The nanocomposite was prepared in two roll mixing mill
operated at 80 ◦C having a friction ratio of 1:1.4. EPDM
was masticated for 4 min and blended with SBR for
about 4 min. After the homogenisation of the EPDM/SBR
rubber blend (for about 8 min) and then nanoclay and
curatives were added orderly according to ASTM D15
[37]. The compounding formulations of the nanocompos-
ites are given in Table 1. The three different crosslink-
ing systems are sulphur (S), dicumyl peroxide (DCP) and
the mixed system consisting of sulphur and dicumyl per-
oxide (S +DCP) are indicated as S, P and M respec-
tively. The nanocomposites containing sulphur system are
labelled as S0 (80/20/0 EPDM/SBR/NC), S2.5 (80/20/2.5
EPDM/SBR/NC), S5 (80/20/5 EPDM/SBR/NC) and so on.
Similarly, the nanocomposites containing dicumyl perox-
ide and mixed systems are labelled, respectively, as P0
and M0 (80/20/0 EPDM/SBR/NC) P2.5 and M2.5 (80/20/2.5
EPDM/SBR/NC), P5 and M5 (80/20/5 EPDM/SBR/NC)
and so on. The cure characteristics of the EPDM/SBR/NC

blends were studied with an oscillating disc rheometer. The
compounded blends were moulded into sheets of 2 mm
thickness using an electrically heated hydraulic press under
a pressure of 30 MPa at a 160 ◦C and at an optimum curing
time.

2.3 Characterisation

2.3.1 Rheometric Characteristic

The rheological test of unvulcanized rubber samples was
carried out according to ASTM D-2084 by the oscillating
disc rheometer under 160 ◦C, oscillation arc 0.5◦ and 100
cycles per minutes (1.66 Hz) testing conditions. Minimum
torque (Ml), maximum torque (Mh), scorch time (tS2 – the
period in the curve in which the minimum torque increase
by two Mooney units [38]), optimum curing time (t90 – the
period in the curing curve where 90% increase in torque
[38]) and cure rate index (CRI) are measured. CRI was
calculated using the equation.

CRI = 100

optimum curetime − scorchtime
(1)

2.3.2 Mechanical Properties

Tensile and tear properties were performed at 23 ◦C
respectively, on dumbbell- and un-nicked 90◦ angle test-
shaped specimens according to ASTM standards D 412-
C and D 624-B on a universal testing machine - series
7200 by Dak System Inc (model: T-72102) at a crosshead

Table 1 Formulation for EPDM/SBR/NC rubber blends

Crosslinking system types Sample code Compounds (phr)

EPDM SBR Clay Zinc oxide Stearic acid MBTS TMTD Sulphur Dicumyl peroxide

Sulphur system S0 80 20 0 4 1.5 1.2 1 2.5 -

S2.5 80 20 2.5 4 1.5 1.2 1 2.5 -

S5 80 20 5 4 1.5 1.2 1 2.5 -

S7.5 80 20 7.5 4 1.5 1.2 1 2.5 -

S10 80 20 10 4 1.5 1.2 1 2.5 -

Peroxide system P0 80 20 0 - - - - - 4

P2.5 80 20 2.5 - - - - - 4

P5 80 20 5 - - - - 4

P7.5 80 20 7.5 - - - - - 4

P10 80 20 10 - - - - - 4

Mixed systems M0 80 20 0 4 1.5 1.2 1 2.5 4

M2.5 80 20 2.5 4 1.5 1.2 1 2.5 4

M5 80 20 5 4 1.5 1.2 1 2.5 4

M7.5 80 20 7.5 4 1.5 1.2 1 2.5 4

M10 80 20 10 4 1.5 1.2 1 2.5 4
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speed of 500 mm/min. Hardness is measured with a Shore-
A Durometer as per ASTM D-2240. The average of
five readings is reported for each sample. Tensile (tensile
strength, elongation at break and 100% modulus) test
samples, tear and hardness test samples were heated at
100 ◦C in an air circulating oven for 96 hours. The sample
is then cooled down for 30 minutes and conditioned at room
temperature. The dimensions of each sample were measured
and tested.

2.3.3 Crosslinking Density

The degree of crosslinking density has been calculated by
the following equation [39, 66, 67].

v(
mol

cm3
) = 1

2Mc

(2)

where Mc is the molar mass of the polymer between
crosslinks. Molar mass between the crosslinks of the
nanocomposites has been calculated from the Flory-Rehner
equation [39, 65–67].

Mc(
g

mol
) = −ρpVsV

1/3
r

ln (1 − Vr) + Vr + χV 2
r

(3)

where, ρp is the density of the polymer, Vs is the molar
volume of the solvent (106.3 mL/gmol), Vr is the volume
fraction of polymer in the solvent-swollen filled compound,
χ is the interaction parameter of the polymer (0.3) [68], and
Vr is given by following equation [69]

Vr = 1

1 + Qm

(4)

where, Qm is the weight swell of the EPDM/SBR
nanocomposites in toluene.

2.3.4 Rebound Resilience

The rebound resilience of the nanocomposites was carried
out according to the ASTM D 2632. In this method, a
plunger suspended from a given height above the specimen
was released and the rebound height was determined. The
ratio of the rebound height and the original height is stated
to as the rebound resilience and expressed as a percentage.
The test was performed on the vertical rebound tester as
resiliometer. The average of five readings is reported for
each sample.

2.3.5 Abrasion Resistance

Abrasion resistance of the rubber nanocomposites in terms
of volume loss was determined on DIN abrader (Zwick
Abrasion tester, model 6102) according to DIN 53516,
ASTM D5963 and ISO 4649. The cylindrical shape
specimen (10 ± 0.2 mm in diameter and 12 ± 0.2 mm

in thickness) was placed in the starting position of the
DIN abrader testing machine. After, the specimen was
abraded across the emery paper of grade 60 at a constant
force of 10 N and at a constant speed of 0.32 m/s.
Then an abraded distance of 40 m was reached, the test
specimen was automatically elevated from the DIN abrader
emery paper. The DIN volume loss or abrasion loss of
the rubber nanocomposites was calculated using Equation
(2). Minimum of 5 specimens per sample was tested and
recorded and then the average value was taken as the
abrasion loss for each sample.

Abrasionloss(mm3) = (�m × S0)
/
(ρ × S) (5)

where �m is a mass loss (mg); ρ is a density (mg/mm3);
S0 is a value of nominal abrasive power (200 mg); S is an
average abrasive power (mg).

2.4 SwellingMeasurements

Swelling test according to ASTM D471 was performed on
25 x 25 x 2 mm3 cut a sample from the vulcanised sheet
by the immersion method and were dried for 24 hours in
a vacuum desiccator. The corners of the specimen were
slightly curved to obtain uniform absorption. The thickness
of the test samples was measured using a digital Vernier
calliper with an accuracy of ±0.01 mm. The initial weight of
the specimens was measured and was completely immersed
in aromatic (benzene, toluene, xylene and mesitylene),
aliphatic (n-pentane, n-hexane, n-heptane and n-octane) and
chlorinated hydrocarbons (dichloromethane, chloroform,
and carbon tetrachloride) in glass diffusion bottles. At
regular intervals, the samples were removed from the glass
diffusion bottles and clean the surface of the samples using
tissue paper and weighed on a highly sensitive electronic
balance with ±0.001 g. samples were then placed back into
the glass diffusion bottles. The process was repeated until
equilibrium swelling was obtained. The mole cent uptake Qt

for solvent was determined using the formula.

Qt(mol%) = (Mt − M0)/MW

M0
X100 (6)

where Mt is the mass of the specimen after time 72 h of
immersion, M0 is the initial mass of the specimen and MW
is the molecular weight of the solvent.

2.4.1 Compression Set Measurements

Compression set test was carried out according to ASTM
D395 [40]. The test sample is placed in the middle of
the rectangular plates of the compression device by the
spacers arranged on each side of it, allowing adequate
clearance for bulging of the rubber when a compressive load
is applied. The bolts tightened; therefore they are drawn
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together uniformly until in contact with the spacers. The
percentage of compression working is 25% of its original
thickness. Then the assembled device was placed at 23 ◦C,
70 ◦C, and 100 ◦C for 1 day and 23 ◦C for 2 and 3 days
in an air circulating oven. After completion, compression
device is taken from the air circulating oven and then the
test specimen removed instantaneously and allowable to
cool for 30 min. The final thickness is measured by an
electronic digital Vernier calliper with 0.01 mm accuracy.
The compression set was determined using formula

Percentage of compression set,C% = t0−t1
t0−ts

X100 (7)

where t0 is the original thickness of the specimen, t1 is
the specimen thickness after removed from the compression
device and ts is the spacer bar thickness which is used.

2.4.2 Field emission scanning electron microscopy (FESEM)

Field emission-scanning electron microscopy (Hitachi
S4160, Japan) were employed to study the morphology of
the fractured surface obtained from the tensile test under an
acceleration voltage of 3 kV, coated with a gold layer.

3 Results and Discussions

3.1 Rheometric Characteristics

For filled compounds, type and content of filler affect the
cure characteristics [41]. Table 2 shows the rheometric
characteristics of EPDM/SBR-nanoclay vulcanizates with a
different crosslinking system under investigation. The rheo-
metric characteristics such as minimum torque, maximum
torque, delta torque (difference between maximum torque
and minimum torque), scorch time, optimum cure time and
cure rate index were studied. Minimum torque is directly
related to the viscosity of the compounds at the test tem-
perature. The minimum torque can be calculated as the
measure of the viscosity of the masticated rubber. When-
ever there is excessive mastication, the viscosity registers
a sharp decrease. The nanoclay loaded EPDM/SBR vul-
canizates show that minimum torque, maximum torque and
delta torque (�M) increases with increasing content of nan-
oclay for all of the crosslinking system. Maximum torque
value can be related to as the measure of stock modulus [42].
Peroxide cured compound shows higher minimum torque,
maximum torque, and delta torque value than the other
cured compounds. The delta torque is an indirect indication
of the degree of crosslinking of the rubber vulcanizates [43].
This shows that �M increase continuously with increasing
content of nanoclay for different curing system. This may
be due to the ethylene and propylene monomers present
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in EPDM [44]. The scorch and optimum cure time value
decreases but cure rate index increases with increasing con-
tent of nanoclay. The optimum cure time and scorch time
were reduced in the nanoclay loaded nanocomposites than
the base rubber. Scorch time is a measure of the prema-
ture vulcanisation of the nanocomposites. These results can
be due to the good interactions and interfacial adhesion
between the nanoclay and the rubber matrix. Hasty vulcan-
ising reaction in the nanocomposites was activated by the
large surface area of the nanoclay. Amongst the different
crosslinking systems for given nanoclay loading, the scorch
safety was highest for peroxide system and lowest for sul-
phur cured system. The optimum cure time has been found
to be highest for peroxide cured systems compared with sul-
phur and mixed systems for a given nanoclay loading. A
high CRI value shows higher vulcanisation rate. This may
be attributed to the nanoclay acts as an effective crosslink-
ing agent for SBR/EPDM nanocomposites and it is leading
a substantial increase in the rubber vulcanisation rate [44–
46]. In fact, the amine groups existing in the nanosilicate
structure, which originate from the organophilization of the
nanoclay, ease the curing reaction of neat rubber [53]. This
result is due to the intercalation of the rubber chains between
the silicate layers, and therefore increasing the interlayer
distance which eases the loading of EPDM/SBR chains into
the silicate layers.

3.2 Mechanical Properties

The additions of fillers in the matrix enhance the tensile
strength, tensile modulus, hardness and tear strength of
the composite. The reinforcement’s effect in the polymer
materials is directly related to the interphase properties
and depends on the nature of the specific interactions
between the polymer matrix and reinforcing fillers [47].
The incorporation of filler into the polymer materials
imparts many useful properties to the filler filled composite
materials. The properties mostly depend on the dispersion
condition of filler particles such as particle size, surface
area, surface activity, aggregate structure and rubber-filler
interactions [48]. Optimum reinforcing control can be
achieved by the advantage of filler is better dispersed in the
rubber matrix. The chemical or physical interaction between
the filler and the rubber is an additional important aspect
in the reinforcing effect [49]. The interaction between
reinforcing fillers and rubber matrix has an important effect
on the properties of rubber composite. A rubber-rubber
interaction primarily occurs when rubber blends are used
in composites and are not considered as important to filler-
filler and filler-rubber interactions. Filler-filler interaction
is explained by the attraction of filler to filler and the
ability to form a network whilst filler-rubber interactions are
explained by the compatibility of the filler with the rubber.

Filler-filler interactions are a most important mechanism
in reinforcement, particularly at high filler loading. These
interactions depend on chemical interactions between the
filler particle surfaces such as filler-filler and filler-rubber,
physical interactions such as Vander Waals forces and
hydrogen bonding, filler volume fraction and morphology
of the filler network.

The interaction between the clay platelets having a
large surface area as well as polymer chains enables
stress transfer to the reinforcement phase, causing improved
tensile properties. The stress-strain curves for EPDM/SBR
vulcanizates filled with nanoclay loading are shown in Fig. 1.
Tensile properties (tensile strength, elongation at break and
100% modulus) are obtained from the stress-strain curve.

The tensile strength of unaged and thermally aged sulphur,
peroxide and mixed system cured EPDM/SBR blends as a
function of nanoclay loading as shown in Fig. 2. The tensile
strength of unaged nanocomposites increases with increase
in nanoclay content up to 7.5 phr and then decreases for all
the three different curing system. This is due to the crosslink
density as shown in Table 4. The crosslinking efficiency
of the nanoclay filled EPDM/SBR blends is measured in
terms of crosslink density. The increase of tensile strength
is directly related to the amount of dispersion of the
nanoclay within the rubber matrix. The generally increased
filler of the nanocomposites may be attributed to the
dispersed structure of nanoclay at the nano-level, the planar
orientation and the high aspect ratio of the silicate layers
[54]. The filler is also related to the anisotropy property
and high aspect ratio of nanoclay fillers, which act as short
fibres with nano-scale architecture. Nanoclay with the high
aspect ratio is more efficient in restricting the rubber chains
and also in resisting the cracks development than spherical
fillers [45]. All the types of cured thermally aged samples
show a significant increase in the tensile strength. This is
due to the creation of extra crosslinks during thermal ageing
as shown by the crosslinking density values in Table 4.
Samples are generally cured in the industry only to 90%
of their maximum torque [50]. The grant of remaining
10% is usually kept to provide accommodations for the
introduction of crosslinks in the matrix during service.
Sulphur cured system exhibit the best tensile strength
before and after ageing compared to peroxide and mixed
system. A schematic representation of different crosslinks
(sulphur, DCP and mixed system) formed between the
macromolecular chains through different vulcanisation
method is presented in Fig. 3. The chemical bonding
between EPDM and SBR was formed via sulphur, peroxide
and mixed system crosslinking between saturated and
unsaturated rubbers as shown in Fig. 4. For unfilled blend
systems (S0, P0, and M0), the peroxide cured systems have
rigid C—C bonds, which can be broken without difficulty
under an applied stress, but in other systems (sulphur
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(a) Unaged sulphur cured nanocomposites 

(b) Aged sulphur cured nanocomposites 

(c) Unaged peroxide cured nanocomposites 

(d) Aged peroxide cured nanocomposites 

(e) Unaged mixed system cured nanocomposites 

(f) Aged mixed system cured nanocomposites 

Fig. 1 The stress-strain curves of unaged and thermally aged sulphur, peroxide and mixed system cured EPDM/SBR/NC rubber blends

and mixed), the flexible S—S and C—S bonds exist and
they have need of more stress to break the bonds. The
proposed interactions of nanoclay filled EPDM/SBR blends
nanocomposite via sulphur and peroxide crosslinking as
illustrated in Fig. 5. Addition of nanoclay improved the

dispersion of filler in EPDM and SBR blends because it
provides chemical bonds between fillers and polymers.

The effect of nanoclay loading on the elongation at
break of unaged and thermally aged sulphur, peroxide and
mixed system cured EPDM/SBR rubber blends as shown
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Fig. 2 Tensile strength of EPDM/SBR nanocomposites

in Fig. 6. The elongation at break of unaged and thermally
aged EPDM/SBR rubber blends increases with increase in
the content of nanoclay for all the three different curing
systems. The elongation at break decreases for thermally
aged samples compare to that of corresponding unaged
samples. Sulphur cured system exhibit the best elongation
at break of unaged samples compared to peroxide and
mixed system. The peroxide cured system exhibits the lower
elongation at break due to the C—C bonds between the
macromolecular chains. The crosslink density increase for
thermally aged samples, the mobility of the rubber chains

Fig. 3 Schematic representation of the nature of the crosslinks

is reduced. Incorporation of nanoclay into the EPDM/SBR
matrix was found to improve elongation at break of
nanocomposites. Generally, at favourable matrix/nanoclay
interactions and relatively low nanoclay content, both
tensile strength and elongation at break increased [51–54].

The effect of nanoclay loading on the 100% modulus
of unaged and thermally aged sulphur, peroxide and mixed
system cured EPDM/SBR/NC rubber blends as shown in
Table 3. The 100% modulus of unaged and thermally aged
EPDM/SBR rubber blends increased rapidly with increasing
the concentration of nanoclay (2.5-7.5 phr) and with further
increase in the addition of nanoclay, the 100% modulus
decreases. The 100% modulus increase in thermally aged
samples compare to the corresponding unaged samples.
This is because of crosslink network increase due to the
post-curing during thermally ageing treatment. Peroxide
cured system exhibit the best 100% modulus unaged and
thermally aged compared to sulphur and mixed system.
The modulus is the direct measurement of the reinforcing
effect of the nanofillers. The results of M100f/M100u are
represented in Table 3. The measure of the reinforcement
effect on the nanoclay filler is the ratio of 100% modulus
of nanoclay filled nanocomposites (M100f) to that of
unfilled EPDM/SBR nanocomposites (M100u) [55]. This
ratio increased rapidly with increasing content of nanoclay
(2.5 to 7.5 phr) and then decreases. The reinforcing effect
is decreased for EPDM/SBR nanocomposites with higher
nanoclay concentration owing to the poor dispersion of
nanoclay [56].

The effect of nanoclay loading on the hardness of unaged
and thermally aged sulphur, peroxide and mixed system
cured EPDM/SBR rubber blends as shown in Fig. 7. The
hardness of unaged and thermally aged EPDM/SBR rubber
blends increases with increase in the content of nanoclay
for all different curing systems. This could be attributed
to the large surface area of nanoclay dispersed at nano-
level and the largest aspect ratio of silicate layers, which
consequences the increased silicate layer networking [45].
Higher crosslink density is responsible for higher hardness.
The hardness of thermally aged samples increases compared
to the corresponding unaged samples due to the crosslink
density being increased. Crosslink density increases, the
softer matrix turns into harder one. Peroxide cured system
exhibits the best hardness of unaged and aged samples
compared to sulphur and mixed system.

The effect of nanoclay loading on the tear strength of
unaged and thermally aged sulphur, peroxide and mixed
system cured EPDM/SBR rubber blends as shown in Fig. 8.
The tear strength of unaged and thermally aged EPDM/SBR
rubber blends increases with increase in the content of
nanoclay for all different curing systems. Sulphur cured
system exhibit the best tear strength of unaged and aged
samples compared to peroxide and mixed system. The
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Fig. 4 The proposed interaction
of EPDM/SBR blends with
different cross-linkers

peroxide cured system exhibited lower tear strength due to
the short and rigid C—C bonds.

3.3 Rebound Resilience

The effect of nanoclay loading on the rebound resilience
of unaged and thermally aged sulphur, peroxide and mixed
system cured EPDM/SBR rubber blends are seen in Table 3.
The rebound resilience of unaged and aged nanocomposites
decreases with an increase in nanoclay content for all the

three different curing system. The decreasing tendency may
be attributed to better rubber-filler interaction. As filler
particles increases in the rubber matrix, the elasticity of
the rubber chains is reduced, resulting in lower rebound
resilience [59]. The surface activity is a major factor,
showing the extent of rubber-filler interaction. The increase
in the content of nanofillers in the rubber matrix, increases
the hardness of the nanocomposites, whereas the rebound
resilience tends to decrease [60]. The rebound resilience of
the (S10, P10, and M10) nanocomposites was 15%, 20%,
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Fig. 5 The proposed interactions
of nanoclay filled EPDM/SBR
blends nanocomposite

and 14% lesser than their respective controls (S0, P0 and
M0). From the Table 3, sulphur cured nanocomposites
shows the highest rebound resilience. Rebound resilience
at different crosslinking systems follows the order sulphur
>mixed >peroxide. The peroxide cured system exhibits
lower rebound resilience due to the C—C bonds between
the macromolecular chains.

3.4 Abrasion Resistance

Abrasion resistance of the nanoclay filled EPDM/SBR
nanocomposites, expressed as an abrasion loss has been
studied for sulphur, peroxide and mixed system cured
blends, and is presented in Table 3. The abrasion resistance
of nanocomposites increases with the increase in nanoclay

content for all the three different curing system. At given
nanoclay loading, the abrasion resistance of thermally
aged nanocomposites is noticeably greater than those in
unaged nanocomposites. Nanoclay as reinforcing filler, that
interacts better with the rubber phase, as revealed by the
higher reduction of abrasion loss in the nanocomposites.
This improvement may be due to the better rubber-filler
interfacial adhesion and greater surface area resulting in
an enhanced abrasion resistance [61]. The peroxide cured
system exhibits higher abrasion loss, sulphur cured system
shows the lowest abrasion loss and the mixed system
exhibited an intermediate behaviour. It is evident that the
abrasion resistance of the S2.5, S5, S7.5, and S10 of the
sulphur cured nanoclay loaded nanocomposites was 31%,
44%, 54% and 59% higher than that of their respective
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Fig. 6 Elongation at break of EPDM/SBR nanocomposites

control S0. Similarly, peroxide cured nanocomposites was
18%, 27%, 32% and 34% as well as mixed system cured
nanocomposites was 18%, 29%, 36% and 43% higher than
that of their respective control P0 and M0.

3.5 Swelling Study

Polymers are used in different applications particularly in
barrier applications and are exposed to a variety of chemical
environments during their lifetime. The swelling curves
are expressed as mole cent uptake (Qt) of the polymer
versus square root of time (t1/2) is plotted. The effects of
nanoclay loading, crosslinking systems, nature of penetrants
and temperature on mole cent uptake through EPDM/SBR
nanocomposites were analysed. The swelling behaviour of

Fig. 7 Hardness of the EPDM/SBR nanocomposites

nanocomposites depends on the types of filler, matrix, the
reaction between solvent and matrix, temperature, etc.

3.5.1 Effect of Nanoclay

Figure 9 shows the mole cent uptake of benzene by different
nanoclay loading crosslinked with sulphur at 30 ◦C.
The uptake of benzene is reduced for the nanoclay filled
composites compared to unfilled compounds. The graph
clearly shows that the EPDM/SBR blend has the highest
equilibrium uptake, and incorporation of nanoclay in the
blends, the mole cent uptake regularly decrease. The
swelling of the penetrant solvent depends on the free
space available in the polymer matrix to accommodate the
penetrant molecule. The incorporation of nanoclay reduced

Table 3 100% modulus, rebound resilience and abrasion loss of unaged and aged EPDM/SBR/NC rubber blends

Sample code 100% modulus (MPa) M100f/M100u Rebound resilience (%) Abrasion loss (mm3)

Unaged Aged Unaged Aged Unaged Aged Unaged Aged

S0 1.44 2.81 1 1 78 52 79.1 72.3

S2.5 1.83 3.02 1.27 1.07 77 49 60.3 54.4

S5 2.09 3.18 1.45 1.13 74 44 54.8 48.4

S7.5 2.51 3.76 1.74 1.34 70 42 51.2 47.8

S10 2.37 3.67 1.65 1.31 66 38 49.9 46.4

P0 1.55 2.98 1 1 71 48 189.8 175.1

P2.5 1.96 3.17 1.26 1.06 69 43 161.4 152.6

P5 2.28 3.39 1.47 1.14 66 38 149.7 142.2

P7.5 2.55 3.81 1.65 1.28 62 36 144.3 137.4

P10 2.55 3.69 1.65 1.24 57 30 141.9 135.5

M0 1.48 2.94 1 1 73 49 113.8 102.6

M2.5 1.81 3.11 1.22 1.06 72 45 96.8 88.4

M5 2.13 3.41 1.44 1.16 70 41 88.1 83.2

M7.5 2.53 3.86 1.71 1.31 66 38 83.9 79.7

M10 2.48 3.77 1.68 1.28 63 33 79.5 75.2
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Fig. 8 Tear strength of the EPDM/SBR nanocomposites

the availability of these free spaces in the EPDM/SBR
matrix, the restricted segmental mobility of EPDM/SBR
matrix and creates the tortuous path for transport of
penetrant molecules through the nanocomposites. The same
trend is observed with aromatic, aliphatic and chlorinated
hydrocarbons as shown in Table 4.

3.5.2 Effect of Crosslinking Systems

The mole cent uptake of 5 phr nanoclay filled EPDM/SBR
nanocomposites crosslinked with sulphur, peroxide and
mixed systems is seen in Figure 10. The penetrant used
is toluene and the experiments conducted at 30 ◦C. The
graph clearly shows that the sulphur cured nanocomposites
absorbs the highest amount of solvent whilst the perox-
ide cured nanocomposites take up the lowest amount. The
mixed system cure nanocomposites exhibited an interme-
diate behaviour. The difference in the uptake values of

Fig. 9 Mole cent uptake of benzene by different nanoclay loading
crosslinked with sulphur at 30 ◦C Ta
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Fig. 10 Mole cent uptake of toluene by 5 phr nanoclay filled
nanocomposites with different crosslinking systems at 30 ◦C

nanocomposites with different crosslinking systems may
possibly due to the formation of different types of crosslinks
between rubber chains during vulcanisation [62, 63]. The
same trend is observed with aromatic, aliphatic and chlori-
nated hydrocarbons as shown in Table 4.

3.5.3 Effect of Penetrant Size

The effect of penetrant size on the mole cent uptake of
four aliphatic hydrocarbons through 7.5 phr nanoclay filled
EPDM/SBR nanocomposites crosslinked with peroxide is
seen in Fig. 11. It is clear from the figure that the trend
is in the order: n-pentane >n-hexane >n-heptane >n-
octane. The low molecular weight of the penetrant molecule
shows the highest uptake but the high molecular weight
of the solvent shows the lowest uptake. Generally, the

Fig. 11 Mole cent uptake of peroxide crosslinked 7.5 phr nanoclay
filled nanocomposites

Fig. 12 Temperature dependence of the mixed system crossliked 7.5
phr nanoclay filled nanocomposites in carbon tetrachloride

solvent penetrant and molecular mass are inversely related.
The same trend is observed with aromatic, aliphatic and
chlorinated hydrocarbons as shown in Table 4.

3.5.4 Effect of Temperature

The effect of temperature on the mole cent uptake of carbon
tetrachloride through 7.5 phr nanoclay filled EPDM/SBR
nanocomposites crosslinked with mixed systems is depicted
in Fig. 12. As the temperature increased, the mole cent
uptake also increased for all the nanocomposites. The
thermal energy increased with increases in temperature
and hence the free void volume in the polymer matrix, a
molecular vibration of solvent molecules and flexibility of
the polymer chains increased [64]. The mole cent uptake at
40 ◦C, 50 ◦C and, 60 ◦C are shown in Tables 5, 6 and 7.

3.6 Crosslinking Density

The crosslinking density is calculated from the swelling
data. The molecular weight of the polymer between the
crosslinks (Mc) plays an important role in the determination
of crosslinking density. The estimated values of Mc for
EPDM/SBR nanocomposites are tabulated in Table 8.
Nanoclay filled composites have lower Mc values than
unfilled EPDM/SBR nanocomposites. Molar mass between
crosslinks (Mc) deceased with increasing nanoclay content.
As the Mc values decreased, the available volume between
adjacent crosslinks decreased. The crosslinking density values
of EPDM/SBR nanocomposites are reported in Table 8.
As the nanoclay content in the nanocomposites increased,
the crosslinking density also increased. Higher crosslinking
density provides higher tensile strength, tensile modulus,
tear strength, hardness and abrasion resistance.
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Table 5 Mole cent uptake of aromatic penetrant of EPDM/SBR-NC composites at 40 ◦C, 50 ◦C, and 60 ◦C

Sample code Mole cent uptake (mol%)

Benzene Toluene Xylene Mesitylene

40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C

S0 4.06 4.2 4.31 3.72 3.9 4.03 3.54 3.62 3.78 3.26 3.45 3.6

S2.5 3.89 4.04 4.16 3.48 3.66 3.95 2.96 3.54 3.65 2.91 3.24 3.42

S5 3.82 3.97 4.05 3.41 3.54 3.66 2.81 3.49 3.57 2.84 3.13 3.33

S7.5 3.78 3.88 3.99 3.36 3.46 3.55 2.75 3.41 3.49 2.79 2.98 3.21

S10 3.81 3.91 4.03 3.39 3.5 3.6 2.79 3.46 3.53 2.82 3.08 3.29

P0 2.67 2.8 2.94 2.34 2.5 2.59 2.13 2.35 2.48 2.11 2.29 2.4

P2.5 2.55 2.69 2.8 2.27 2.38 2.48 2.08 2.26 2.41 2.07 2.2 2.3

P5 2.49 2.6 2.9 2.2 2.32 2.41 2.02 2.2 2.35 2.01 2.12 2.23

P7.5 2.44 2.54 2.63 2.13 2.23 2.35 1.96 2.09 2.22 1.93 2 2.1

P10 2.46 2.56 2.75 2.15 2.26 2.39 2 2.14 2.31 1.96 2.06 2.17

M0 3.16 3.35 3.48 2.61 2.82 2.9 2.83 3 3.06 2.52 2.71 2.83

M2.5 3.02 3.18 3.29 2.54 2.74 2.79 2.46 2.74 2.96 2.39 2.56 2.74

M5 2.95 3.07 3.16 2.46 2.7 2.75 2.35 2.65 2.89 2.31 2.47 2.65

M7.5 2.88 2.97 3.09 2.39 2.6 2.66 2.25 2.5 2.7 2.24 2.33 2.51

M10 2.92 3.02 3.13 2.41 2.66 2.71 2.29 2.58 2.78 2.38 2.4 2.58

Table 6 Mole cent uptake of aliphatic penetrant of EPDM/SBR-NC composites at 40 ◦C, 50 ◦C, and 60 ◦C

Sample code Mole cent uptake (mol%)

n-pentane n-hexane n-heptane n-octane

40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C

S0 2.59 2.72 2.85 2.5 2.63 2.74 2.36 2.5 2.63 2.31 2.46 2.53

S2.5 2.31 2.59 2.68 2.39 2.48 2.61 2.19 2.41 2.56 2.23 2.34 2.46

S5 2.17 2.45 2.57 2.23 2.35 2.5 2.1 2.28 2.46 2.11 2.24 2.4

S7.5 2.08 2.33 2.46 2.17 2.25 2.41 2.02 2.15 2.31 2.04 2.12 2.28

S10 2.12 2.42 2.51 2.21 2.33 2.46 2.05 2.21 2.38 2.07 2.18 2.35

P0 2.14 2.29 2.41 2.06 2.2 2.32 2 2.12 2.29 1.92 2.05 2.2

P2.5 2.02 2.2 2.29 2 2.1 2.22 1.94 2.03 2.2 1.85 1.96 2.1

P5 1.94 2.12 2.22 1.94 2.02 2.11 1.88 1.95 2.09 1.69 1.8 2.01

P7.5 1.87 2 2.1 1.85 1.96 2.04 1.83 1.9 2 1.57 1.66 1.91

P10 1.91 2.07 2.18 1.88 1.99 2.09 1.85 1.92 2.05 1.62 1.72 1.97

M0 2.43 2.54 2.61 2.38 2.49 2.61 2.27 2.35 2.48 2.26 2.39 2.45

M2.5 2.37 2.46 2.55 2.26 2.4 2.5 2.1 2.22 2.36 2.14 2.3 2.34

M5 2.3 2.35 2.48 2.15 2.3 2.38 2.02 2.14 2.29 2.07 2.22 2.26

M7.5 2.21 2.28 2.39 2.03 2.16 2.21 1.95 2.04 2.15 1.94 2.1 2.14

M10 2.23 2.31 2.45 2.08 2.23 2.29 1.98 2.08 2.21 1.98 2.15 2.2
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Table 7 Mole cent uptake of chlorinated penetrant of EPDM/SBR-NC composites at 40 ◦C, 50 ◦C, and 60 ◦C

Sample code Mole cent uptake (mol%)

Dichloromethane Chloroform Carbon tetrachloride

40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C 40 ◦C 50 ◦C 60 ◦C

S0 5.63 5.74 5.89 4.8 4.91 5.07 2.38 2.54 2.71

S2.5 4.96 5.12 5.28 4.67 4.78 4.91 2.22 2.39 2.58

S5 4.84 4.98 5.13 4.4 4.56 4.8 2.09 2.22 2.41

S7.5 4.67 4.85 5 4.28 4.45 4.68 2 2.08 2.23

S10 4.73 4.91 5.05 4.32 4.51 4.73 2.07 2.14 2.29

P0 3.61 3.74 3.85 3.57 3.7 3.82 2.31 2.46 2.6

P2.5 3.44 3.62 3.76 3.38 3.54 3.62 2.14 2.29 2.42

P5 3.29 3.47 3.6 3.11 3.32 3.48 1.99 2.13 2.31

P7.5 3.08 3.21 3.47 2.98 3.14 3.32 1.84 2.02 2.16

P10 3.15 3.28 3.54 3.05 3.22 3.36 1.86 2.05 2.21

M0 4.05 4.16 4.3 3.8 4.11 4.32 2.35 2.5 2.65

M2.5 3.86 4 4.21 3.62 3.98 4.19 2.19 2.34 2.51

M5 3.72 3.85 4.08 3.49 3.72 3.99 2.04 2.16 2.37

M7.5 3.6 3.75 3.95 3.21 3.45 3.66 1.91 2.05 2.2

M10 3.65 3.79 4 3.25 3.54 3.75 1.96 2.09 2.25

3.7 Compression Set Properties

Todetermine the effect of nanoclay loading on the compression
set behaviour of EPDM/SBR compounds, the compression
set test was carried out at different conditions (at 23 ◦C for
1 day, 2 days, and 3 days, and at 70 ◦C and 100 ◦C for 1
day). Compression set is a measure of the rubbers ability to
retain their elastic property after a prolonged compression
at a constant strain under the specified condition, and it is a
permanent set of rubber compounds [57, 58]. Table 8 repre-
sents the different crosslinking systems on the compression
set for EPDM/SBR compounds filled with nanoclay loading
under the conditions of 23 ◦C for 1 day. The compression
set of the compound increases with increase in nanoclay
loading. In the case of unfilled nanoclay compounds, the
compression set is low, whilst an increase in the nanoclay
loading, the compression set increases. This is because
when the nanoclay loading increases the crosslinking den-
sity increases. Therefore, induce stiffness in the nanoclay
filled compounds. Hence, the crosslink density increases
which resulting in high percentage of compression set. The
sulphur cured nanocomposite shows highest compression
set. Compression set at different crosslinking systems fol-
lows the order sulphur >mixed >peroxide. A similar trend
followed in compression set test at 23 ◦C (for 2 and 3 days)
and at 70 ◦C and 100 ◦C (for 1 day). As the hours and tem-
perature increases, the compression set also increases. The
temperature is majorly effect the compression set and highly

reduces the retainable properties. The lower compression
set shows the better the retainable elastic properties. The
compression set is lower, the better the material for use.

3.8 Morphology of Blend

Morphology is a most important factor of rubber blends,
which determine the degree to which the blends are com-
patible. The phase arrangement of the rubber blend is
influenced by numerous factors, comprising the surface
characteristics, blend ratio, the viscosity of each constituent
and compounding process. The major factors that determine
the ultimate morphology of the mixtures is their composi-
tion. The FESEM images of the tensile fractured surface of
the nanoclay filled EPDM/SBR rubber blends as shown in
Fig. 13. Figure 13a, b, Fig. 10c, d and Fig. 13e, f shows
the morphology with the incorporation of 5 and 7.5 phr of
nanoclay filled sulphur, peroxide and mixed system cured
rubber blends, respectively. The compounds (S7.5) show
highly rougher morphology, tortuous fractured surface and
many tear line compared to the other compounds. The many
tear line shows the more energy needed to break the speci-
mens. This is because of the good interactions between the
nanoclay layers and EPDM/SBRmatrix. The nanoclay were
uniformly dispersed in the matrix alters the crack lines along
their length depending on the orientation of nanoclay lay-
ers. This leads to more resistance for crack propagation and
hence better tensile strength.
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Fig. 13 The tensile fractured
surfaces with magnification X =
1000 of nanoclay filled
EPDM/SBR blends a S5, b S7.5,
c P5, d P7.5, e M5 and fM7.5

4 Conclusions

In this work EPDM/SBR/Cloisite 30B nanocomposites
were prepared by two roll mixing mill. Cure characteristics,
tensile strength, 100% modulus, elongation at break, hard-
ness, tear strength, rebound resilience, abrasion resistance,
swelling resistance and compression set were conducted
on EPDM/SBR rubber blends unaged and thermally aged
with reference to the effects of nanoclay and crosslinking
systems. The following conclusions were derived from the
experimental results:

(1) Minimum torque, maximum torque and delta torque and
cure rate index increases but scorch and optimum cure
time values decrease with increasing content of nan-
oclay for all the three different curing system. The cure

characteristics results reveal that nanoclay acted as
an accelerating, crosslinking and reinforcing agent for
EPDM/SBR chains. The increase in delta torque value
was attained for the EPDM/SBR/nanoclay nanocom-
posites, showing a higher number of crosslinks
formed. Peroxide cured compound shows higher min-
imum torque, maximum torque, and delta torque value
than the other cured compounds.

(2) From attained effects, it was observed that strong
interactions between EPDM/SBR-nanoclay caused in
significantly improved rheological and mechanical
properties.

(3) Tensile strength and 100% modulus of EPDM/SBR
blend increases with increasing content of nanoclay up
to 7.5 phr and then decreases.

133Silicon (2019) 11:117–135



(4) The sulphur cured systems exhibit increase in elon-
gation at break of unaged nanocomposites with an
increase in nanoclay content.

(5) Peroxide cured system on the hardness of aged rubber
blends and sulphur cured system on the tear strength of
aged rubber blends increases with increasing content
of nanoclay.

(6) The incorporation of nanoclay into the EPDM/SBR
was found to enhance tensile strength, 100% modulus,
elongation at break, hardness, and tear strength.

(7) The peroxide cured nanocomposites shows low-
est compression set and good swelling resistance
properties. The penetrant uptake follows the order
chlorinated >aliphatic >aromatic hydrocarbons for
an EPDM/SBR nanocomposites. As the temperature
increases, mole cent uptake increased thus, swelling
resistance decreased.

(8) As the setup temperature and setup hours increased,
compression set also increases. The compression set is
lower, the better the material for use.

(9) It can be concluded that nanocomposites containing
sulphur cured system give better overall mechanical
properties and nanocomposites containing peroxide
cured system give better compression and swelling
resistance properties. The effects of this work show
that the use of nanoclay as the reinforcing agent to
the EPDM/SBR results in enhanced properties for
prospective use in wide range of applications.
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