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Abstract
The ethylene-propylene-diene monomer/styrene-butadiene rubber (EPDM/SBR)-nanosilica (SiO2) nanocomposite was pre-
pared. The 0–10 parts per hundred rubber (phr) of SiO2 with EPDM/SBR was mixed on a two-roll mill. The effect of nanosilica
(0–10 phr), crosslinking system (sulphur, dicumyl peroxide and mixed) and silane coupling agent (bis(triethoxysilylpropyl)-
tetrasulphide) on the curing characteristics, mechanical properties, rebound resilience, compression characteristics, abrasion,
swelling property and morphological characteristics of the EPDM/SBR-SiO2 nanocomposites was investigated and studied.
From the results, it was clear that the mechanical, wear and swelling properties steps-up with increase in the content of nanosilica
particles in it. The sulphur cured rubber composite exhibits an overall improved properties as compared with other crosslinking
agents such as peroxide and mixed systems. The addition of silane coupling agent (SCA) enhances the properties of the
nanocomposites to a greater extent. From the analysis, it was clear that the effect of nanosilica concentration in the rubber
composite with SCA was found to be superior compared to nanocomposites without it.
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1 Introduction

The introduction of the reinforcement in the rubber ma-
trix improves the properties such as mechanical, physi-
cal and thermal properties. At the same time, it also
reduces the overall weight and cost of the rubber com-
posites [1, 2]. Currently, more than hundred types of
reinforcing materials was used in rubber composite and
have been reported in the literatures. But only a few of
them are cost-effective, commercialized and extensively
used [3]. Carbon black (CB) was commercially used as
a reinforcing material in rubber industries in the past
decades. The drawbacks associated with the carbon
black was its dark colour and pollution related issues.
This leads to the development of newer reinforcing

materials in the recent decades [4–6] such as montmo-
rillonite [7], silicate layered clays [8], carbon nanotubes
[9] and halloysite nanotubes [10] which enhances the
mechanical properties, thermal stability and flammability
of the rubber composites, when added even in small
quantity.

Rice husk was considered as a naturally available
agricultural source for the production of nanosilica.
The preparation of nanosilica from the rice husk was
found to be both environmental friendly and economi-
cally beneficial. The major chemical content in the rice
husk was the organic materials (such as cellulose and
lignin) and silica. Apart from that other minor chemicals
found in the rice husk was carbon, nitrogen, oxygen,
ferron, sodium, magnesium and aluminum. Generally,
this kind of silica was amorphous in nature and will
get uniformly dispersed [11] in the rubber material.
Most of study in the recent past have confirmed that
the silica was used to produce green tires with good
mechanical characteristics [12], low rolling resistance
[13], and high wet-grip resistance [14] in the rubber
matrix [15–17]. But, the presence of more hydroxyl
groups on surface of silica material paves a way to
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the agglomeration of the particle (strong filler-filler in-
teractions), which is lowering the performances of the
rubber composites [18–20]. To obtain the high concen-
tration of nanosilica in the rubber matrix with reduced
aggregation, in the past numerous research works have
been carried out to minimize the hydroxyl groups on
surface of silica and to enhance its compatibility be-
tween rubber and silica [21]. Moreover, the surface of
the silica was high polar in nature which leads to hy-
drogen bonding with the polar rubber materials, espe-
cially amine-based accelerators affects an adsorption of
the vulcanizing agents on the silica surface and causes
the retardation in the curing reaction [22]. However, the
above mentioned disadvantages could be overcome by
the use of silica along with silane coupling agent [23,
24].

The blending of the silica particles along with the
silane coupling agent (SCA) in rubber mix forces to
the chemical reaction called as silanization [25, 26]. It
was only the response between the silanol cluster of the
silica and the alkoxy cluster of the silane. The discharge
mix temperature was the most important parameter con-
sidered during the process of silanization [27, 28],
where due to the presence of diphenyl guanidine or
different amines the reactions are catalyzed [29, 30].
SCA, such as Bis[3-(triethoxysilyl)propyl] tetrasulfide
(TESPT), mercaptopropyltriethoxysilane (MEPTS), and
bis[γ-triethoxysilylpropyl] disulfide (TESPD), are the
commonly used. These materials generally are used for
the surface modification of silica particles in the com-
posites [31–33]. The distribution of silica particles in
the base material is enhanced by the presence of SCA
which reacts with the outer surfaces of the silica parti-
cles [34, 35]. The temperature more than 130 °C was
the basic requirement for the reactions to take place
amongst the base matrix material and silica particles,
and in this case TESPT was the commonly used SCA.
The SCA at this higher temperature will turn into a
sulphur donor that initiates the early curing of SBR
[36].

Due to the presence of disulfide bond and high dis-
sociation energy the TESPD are generally stable in na-
ture [37]. Numerous reports in the recent times dis-
cusses on the easy dispersal of the silica particles with-
out agglomeration in the base matrix material by surface
modification methods by SCA. Phosphonium ionic fluid
has additionally been utilized for surface modification of
silica particles with the presence of TESPT that en-
hances the great interfacial interaction amongst the silica
particle and SBR matrix [38]. Modification in the sur-
face of the silica particles are done by using different
coupling agents by the hydrolysis process to enhance

the thermal property of the rubber matrix material.
Some of the common coupl ing agents are γ -
c h l o r o p r o p y l t r i m e t h o x y s i l a n e ( C P S ) , γ -
am i nop r o py l t r i e t h oxy s i l a n e (APS ) , a n d γ -
methacryloxypropyltrimethoxysilane (MPS) [39]. The
initiator called benzoic peroxide was used for the latex
phase grafting of vinyltriethoxysilane (VTEOS) with
SBR material [40]. But generally the latex stage process
was time consuming, tedious, and less economical one
for commercial and industrial applications. Because of
that, for the most, melt grafting process was generally
usually employed. By reactive blending process, the re-
active silane compounds are grafted in the polyethylene
matrix material by dicumyl peroxide (DCP) in a
Brabender Plastocorder [41]. Banbury mixer was used
for the reactive mixing of the TESPD along with the
SBR/polybutadiene elastic (BR)/SiO2 rubber compounds.
The reactivity of SCA’s with the rubber compounds and
their effect on the viscoelastic behavior of the SBR/BR/
SiO2 composite are analyzed [42]. Peroxide initiated
g r a f t i n g o f v i n y l t r i e t h o x y s i l a n e a n d
vinyltrimethoxysilane against the polyethylene along
with the ethylene propylene copolymer are synthesized
and analyzed by using Brabender extruder [43].

The most significant process in rubber compounding
that change over the gentle plastic material into an elas-
tomer through forming a 3D – structure is called as
Vulcanization. The conventional curing agent such as
Sulphur and peroxide are generally used curing the elas-
tomers [44]. Yet still, the peroxide, sulfur and blended
curing agents are supposed to have the inflexible C—C
bonds, flexible S—S bonds and C—S bonds in general.
The rubber blends are the commercially important ma-
terial for engineering applications as they combine the
individual properties of the each rubber compounds in
it. Hence these blends are very much beneficial in many
industrial applications. It also reduces the overall cost
and improves the processability of the final blended
rubber compounds [45]. In automotive and construction-
al applications, amongst the different rubbers, EPDM
was generally used, which was a saturated non polar
rubber with enhanced ozone, weathering and heat resis-
tant characteristics. But it was associated with a weak
adhesive property along with the high cost. Hence to
overcome the problems associated with it, the EPDM
rubber was mixed with SBR [46].

The EPDM/SBR blend have a wide scope of indus-
trial and commercial application such as conveyer belts,
seals, gaskets, tires, tubes and so on [47]. The
EPDM/SBR rubber blends with 80/20 proportion have
an enhanced mechanical and abrasion characteristics
[48]. Hence, the blends are industrially used in various
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applications. From the literature survey, it is apparent
that no appropriate examination have been carried out
on the various crosslinking frameworks with SCA
alongside with nanosilica particle.

In our previous research work, reported the effect of
the nanoclay and crosslinking systems on the mechani-
cal properties and swelling resistance of EPDM/SBR
blend nanocomposites. The results showed that the me-
chanical properties and swelling resistance improved
with an increasing content [49]. And then studied the
effect of nanoclay/nanosilica content and crosslinking
systems on mechanical and swelling properties of
EPDM/SBR blend nanocomposites and results revealed
that the introduction of nanosilica improved the perfor-
mance of rubber nanocomposites [50]. Silica has been
extensively used as reinforcement in the rubber prod-
ucts, particularly in light-colored rubber products. The
current research work was focused on improving the
mechanical and swelling properties of EPDM/SBR com-
posite reinforced with nanosilica. The method used for
the preparation of rubber composite was melt mixing
method in an open mill mixer. The cure characteristics
behaviour, mechanical characteristics, rebound resil-
ience, compression behaviour, swelling and abrasion re-
sistance of EPDM/SBR-SiO2 were studied, with the var-
ious concentration of nanosilica (varied from 0 to
10phr). The influences of different crosslinking systems
and SCA (bis[3-(triethoxysilyl)propyl]tetrasulfide) on the
above mentioned properties of EPDM/SBR-SiO2 com-
posite was also reported in the paper.

2 Experimental

2.1 Materials

Styrene-butadiene rubber with a styrene concentration of
weight percentage 23.5, Mooney viscosity and density
of 52 M and 0.93 g/cm3 was used. The ethylene-
propylene-diene rubber with the Mooney viscosity, eth-
ylene termonomer content, and density of 60 M, 68
weight percentage, 4.5%, and 0.86 g/cm3 respectively
was purchased from Arihant Reclamation Pvt. Ltd.,
was used for the study. The raw rice husk required
for the preparation of nano silica was purchased from
farmers in Bahour, Puducherry, India and are processed
as required. The nanosilica from the raw rice husk was
prepared in our laboratory by dissolution and precipita-
tion technique and are stored in a desiccator. The other
r e q u i r e d c h e m i c a l s , s u c h a s z i n c o x i d e ,
bis[3-(triethoxysilyl)propyl]tetrasulphide (Si-69),
m e r c a p t o b e n z o t h i a z y l d i s u l p h i d e (MBTS ) ,

tetramethylthiuram disulphide (TMTD), peroxide, stearic
acid and sulphur of analytically pure and commercial
grade was purchased from Vignesh Chemicals,
Ambattur, Chennai, India. Sodium hydroxide, sulphuric
acid, benzene, toluene, n-octane, dichloromethane, etc.,
of grade of 99.95% purity was purchased from Sigma
Aldrich.

2.2 Preparation of Nanosilica

The raw rice husk from the farmers are collected and
are subject to certain process as follows to extract the
nano silica from it. The hot plate was used initially to
remove the dampness present in the raw rice husk ma-
terial. Later the treated rice husk was heated above
850 °C for about 7 h in the closed furnace to avoid
oxidation and the rice hush ashes are collected from
it. The nano silica particles are separated from the rice
husk ash by the two stage process namely dissolution
and precipitation process. The carbonaceous materials
present in the raw rice husk ash are taken away from
it by dissolving it in 1 mol of NaOH alkali solution.
The final solution (sodium silicate (Na2SiO3)) thus ob-
tained were filtered, cleaned and dried for about 30 h at
100 °C in the oven followed by treating the final solu-
tion in sulphuric acid for 24 h. During the process the
pH should be constantly maintained at 7. Finally the
nano silica particles are precipitated through centrifuged
process and are washed in hot water and later dried at
75 °C for 20 h [11].

Dissolution Process

SiO2 þ 2 NaOH→Na2SiO3 þ H2O ð1Þ

Precipitation Process

Na2SiO3 þ H2SO4→SiO2 þ Na2SO4H2O ð2Þ

2.3 Preparation of Composites

The composition of the prepared composites was tabu-
lated in Table 1. Compounding of the material was
achieved through an open two-roll mill at the tempera-
ture around 80 °C. The different crosslinking systems
used are sulphur (S), dicumyl peroxide (DCP) and
mixed (S + DCP) and are designated as S, P, and M,
respectively, whereas the SCA was represented as T in
the study. The composites containing Sulphur as the
cross linking material are chosen as S0 (EPDM/SBR/
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SiO2 80/20/0), S2 (EPDM/SBR/SiO2 80/20/2), S4

(EPDM/SBR/SiO2 80/20/4) and so on. Whereas the
composites containing silane coupling agent are desig-
nated as ST0 (EPDM/SBR/SiO2/TESPT 80/20/0/3), ST2

(EPDM/SBR/SiO2/TESPT 80/20/2/3), ST4 (EPDM/SBR/
SiO2/TESPT 80/20/4/3) and similarly. The rubber

composites which contains peroxide and mixed systems
are chosen as P0 and M0 (EPDM/SBR/SiO2 80/20/0), P2
and M2 (EPDM/SBR/SiO2 80/20/2), P4 and M4

(EPDM/SBR/SiO2 80/20/4), etc., and same composites
containing silane coupling agent are designated as PT0

and MT0 (EPDM/SBR/SiO2/TESPT 80/20/0/3), PT2 and

Table 1 Formulation for EPDM/SBR-SiO2 composites

Cross-linking system
types

Surface modifier
(Si69)

Sample
code

Compounds (phr)

EPDM SBR SiO2 Si-
69

Zinc
oxide

Stearic
acid

MBTS TMTD S DCP

Sulphur system Without TESPT S0 80 20 0 – 4 1.5 1.2 1 2.5 –

S2 80 20 2 – 4 1.5 1.2 1 2.5 –

S4 80 20 4 – 4 1.5 1.2 1 2.5 –

S6 80 20 6 – 4 1.5 1.2 1 2.5 –

S8 80 20 8 – 4 1.5 1.2 1 2.5 –

S10 80 20 10 – 4 1.5 1.2 1 2.5 –

With TESPT ST0 80 20 0 3 4 1.5 1.2 1 2.5 –

ST2 80 20 2 3 4 1.5 1.2 1 2.5 –

ST4 80 20 4 3 4 1.5 1.2 1 2.5 –

ST6 80 20 6 3 4 1.5 1.2 1 2.5 –

ST8 80 20 8 3 4 1.5 1.2 1 2.5 –

ST10 80 20 10 3 4 1.5 1.2 1 2.5 –

Peroxide system Without TESPT P0 80 20 0 – – – – – – 4

P2 80 20 2 – – – – – – 4

P4 80 20 4 – – – – – – 4

P6 80 20 6 – – – – – – 4

P8 80 20 8 – – – – – – 4

P10 80 20 10 – – – – – – 4

With TESPT PT0 80 20 0 3 – – – – – 4

PT2 80 20 2 3 – – – – – 4

PT4 80 20 4 3 – – – – – 4

PT6 80 20 6 3 – – – – – 4

PT8 80 20 8 3 – – – – – 4

PT10 80 20 10 3 – – – – – 4

Mixed system Without TESPT M0 80 20 0 – 4 1.5 1.2 1 2.5 4

M2 80 20 2 – 4 1.5 1.2 1 2.5 4

M4 80 20 4 – 4 1.5 1.2 1 2.5 4

M6 80 20 6 – 4 1.5 1.2 1 2.5 4

M8 80 20 8 – 4 1.5 1.2 1 2.5 4

M10 80 20 10 – 4 1.5 1.2 1 2.5 4

With TESPT MT0 80 20 0 3 4 1.5 1.2 1 2.5 4

MT2 80 20 2 3 4 1.5 1.2 1 2.5 4

MT4 80 20 4 3 4 1.5 1.2 1 2.5 4

MT6 80 20 6 3 4 1.5 1.2 1 2.5 4

MT8 80 20 8 3 4 1.5 1.2 1 2.5 4

MT10 80 20 10 3 4 1.5 1.2 1 2.5 4
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MT2 (EPDM/SBR/SiO2/TESPT 80/20/2/3), PT4 and
MT4 (EPDM/SBR/SiO2/TESPT 80/20/4/3) and so on.
The subscripts indicate the content of nanosilica in the
composites. EPDM was masticated and blended with
SBR and then nanosilica, Si-69 and curatives were
added to it. Finally, 10 end-roll passes was made before
making it into sheets. The compounded rubber was left
for around 24 h idle before the vulcanization process.
The process was done in semi-automated hydraulic
press at a temperature and pressure of 160 °C and
30 MPa respectively at the optimal time period. The
designated compound rubber sheet of 15 cm × 15 cm ×
0.2 cm sizes was made during the process.

2.4 Characterization

2.4.1 Rheometric Characteristic

The cure behavior of the unvulcanized rubber com-
pounds for the different conditions are analyzed by
using an oscillating disc rheometer, at the standard

operating condition of 160 °C, oscillation arc 0.5o and
100 cycles per minutes as per ASTM D-2084. The CRI
of the rubber compound was determined using the eq.
(3):

CRI ¼ 100

Optimum cure time−Scorch time
ð3Þ

Where, CRI = Cure Rate Index.

2.4.2 Mechanical Properties

The tensile property of the composite was analyzed in
the universal tensile machine of make and model: series
7200, Dak System Inc. and T-72102 as per ASTM
D-412. The crosshead speed of the tensile test machine
was maintained at 500 mm/min [51, 52]. Dumb-bell
shaped specimens (using type-C die) and un-nicked
90o angle test-shaped specimens (using type-B die)
was prepared and the tensile and tear properties are

Fig. 1 Minimum torque of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and cMixed system cured composite
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analyzed. The tear characteristics are also performed in
the same machine as per ASTM D-624. The average of
five samples values are taken for each composite com-
position and are tabulated and analyzed. Shore – A
Durometer was used to determine the hardness of the
rubber compounds as per ASTM D-2240 procedure.

2.4.3 Swelling Properties

The rubber composite samples are used to analysis the
swelling characteristics as per ASTM D-471 through
immersion technique. Different solvents such as aromat-
ic, aliphatic and chlorinated hydrocarbons (Benzene, n-
heptane, carbon tetrachloride, etc.,) are used to analysis
the swelling characteristics of the rubber blend at a
constant temperature of 30 °C. The initial and final
weight of the samples are measured by using a preci-
sion weighing machine at periodic time period and the
process continues up to equilibrium swelling point. The
results are plotted against the time and mole percent
uptake (Qt). The mole percent uptake was determined
using the Eq. (4) below:

Qt mol%ð Þ ¼ Mt−M 0ð Þ=MW
M0

� 100 ð4Þ

where, Mt = Mass after the time of 72 h of immersion,
M0 = Compounds initial mass, MW = Solvents molecular
weight.

2.4.4 Crosslinking Density

The degree of crosslinking density of the composite
materials was determined using the formulae (5)
[53–55]:

ϑ
mol
cm3

� �
¼ 1

2Mc
ð5Þ

where Mc = molar mass of the polymer between
crosslinks and it can be determined using the following
Eq. (6) [53–56]:

Mc
g

mol

� �
¼ −ρpVsV1=3

r

ln 1−Vrð Þ þ Vr þ χV2
r

ð6Þ

Fig. 2 Maximum torque of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and cMixed system cured composite
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where, ρp = polymer density, Vs = Solvent molar volume
(106.3 mL/gmol), Vr = Volume fraction of solvent-
swollen filled rubber compound, χ = Constant parameter
for polymer interaction (0.3) [57], Hence Vr can be
determined using the following Eq. (7) [58]:

Vr ¼ 1

1þ Qm
ð7Þ

where, Qm = Composite weight swell in toluene.

2.4.5 Rebound Resilience

The characteristics of the rebound resilience of the
blended rubber compounds was determined in the verti-
cal rebound tester called resiliometer (ASTM D-2632).
In this technique, the rebound height of the plunger was
measured when suspended from a predetermined height.
The ratio between the two height of the plunger

represents the value of the rebound resilience. In gener-
al, it will be expressed in percentage.

2.4.6 Abrasion Resistance

Abrasion characteristics of the composite material was
determined as per ASTM D-5963 on Zwick Abrasion
tester - DIN abrader - model 6102 and are generally
expressed in terms of loss in the volume ratio. The
composite specimen of the respective dimension was
abraded through a grade 60 sandpaper with a constant
force and speed of 10 N and 0.32 m/s respectively for
about 40 m. For each specimen average of 5 samples
are considered. The wear loss in the rubber composite
was determined using the Eq. (8):

Abrasion loss mm3
� � ¼ Δm� S0

ρ� S
ð8Þ

Fig. 3 Delta torque of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and (c) Mixed system cured composite
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where, Δm =mass loss in mg; ρ = density in mg/mm3;
S0 = value of nominal abrasive power for 200 mg; S =
average abrasive power in mg.

2.4.7 Compression Set

The compression set characteristics of the rubber com-
posite sample was done as per ASTM D-395. The dig-
ital vernier caliper with an accuracy of 0.01 mm was
used to measure the initial and final thickness of the
sample which is compressed at 25% deflection. The test
was performed at the room temperature of 23 °C for 24,
48 and 72 h respectively and are placed in an air cir-
culated oven at a temperature of 70 °C and 100 °C for
24 h. The compression set values of the composite sam-
ples are obtained using the following Eq. (9):

Percentage of compression set;C% ¼ t0−t1
t0−ts

� 100 ð9Þ

where, t0 = Original thickness of the specimen, t1 = Final
specimen thickness and ts = Spacer bar thickness.

2.4.8 Morphology

The fractured surface of the rubber composite samples
are examined by means of field emission scanning elec-
tron microscopy (FESEM) of make and model Hitachi
S-4160. The surface to be analyzed are coated with gold
layer to make it conductive in nature. The samples are
analyzed under the accelerating voltage of about 3 kV
in general.

3 Results and Discussion

3.1 Rheometric Characteristic

The rheometric characteristics of a compound was great-
ly influenced by the presence of type of filler compo-
nent in it, its type and concentration [8] and its surface
property [59]. Figures 1, 2, 3, 4, 5 and 6 presents the
cure characteristics behaviour of the rubber blend com-
posite reinforced with SiO2 at various concentrations, as

Fig. 4 Scorch time of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and (c) Mixed system cured composite
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functions of silica nanoparticles, silane coupling agent
and crosslinking systems. The different rheometric char-
acteristics such as minimum torque (Ml), maximum
torque (Mh), delta torque (ΔM), scorch time (ts2), opti-
mum cure time (tc90) and cure rate index (CRI) are
analyzed and examined in detail.

At the constant temperature, the viscosity of the rub-
ber blends and the minimum torque are directly inter-
connected to it. Hence the viscosity of the masticated
rubber (unvulcanized rubber) is calculated in terms of it
[8]. The Fig. 1, shows the minimum torque of compos-
ites. The incorporation of the silica nanoparticle in the
blended rubber composite results in increase in the min-
imum torque, because at higher concentration of
nanosilica the viscosity of the EPDM/SBR composite
was increased. Comparing different crosslinking system
cured EPDM/SBR composites with and without silane
coupling agent (TESPT), the minimum torque thus ob-
tained was similar. The peroxide cured EPDM/SBR
composites without TESPT showed an increase in vis-
cosity as they incorporated the highest amount of

nanosilica in it. Minimum torque are higher in compos-
ites vulcanized with peroxide. This may be due to its
ability to promote the curing of rubber compounds and
also because of the structure of crosslinks developed
during the curing time with peroxide, which was con-
sidered by rigid carbon – carbon bonds and stable
bonds. The composites with TESPT exhibited lower
minimum torque which indicates the better processabil-
ity as compared to the composites without TESPT.

The maximum torque may be interconnected as the
measure of stock modulus. Figure 2, shows the maxi-
mum torque of rubber blend composites. The nanosilica
loaded EPDM/SBR composites with and without TESPT
indicates a maximum torque with increases in the per-
centage of nanosilica and this remains same for all the
crosslinking system. The mobility of the rubber chain in
the composite reduces with increase in the presence of
nanosilica and thus increases its maximum torque.
Nanosilica filled EPDM/SBR composites with TESPT
exhibits a higher of maximum torque as compared to
the composites without TESPT. The improvement in

Fig. 5 Optimum cure time of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and cMixed system cured composite
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maximum torque was because of the greater interaction
among the nanosilica and EPDM/SBR blend especially
with existence of TESPT in it. The addition of TESPT
in the peroxide cured EPDM/SBR results in an increase
of maximum torque, showing a considerable increase of
the crosslink degree.

Furthermore, the cure characteristics represents sever-
al physical parameters that state to the microstructural
behavior of the rubber blends. The delta torque was a
secondary suggestion of the degree of crosslinking of
the rubber composites. Figure 3 indicates the delta
torque of composites. Crosslinking density was deter-
mined from the eq. 5 which corresponds with the devi-
ation in the delta torque. Delta torque gradually steps up
with increasing in the percentage of nanosilica for all
the curing system. The delta torque increased as the
plasticizer effect decreased, due to decreased slippage
between the rubber chains occurs as the crosslinking
density is increased. The delta torque for the composites
filled with higher content of nanosilca particles are
higher than unfilled blends, indicating that the cross-

linking between the rubber matrix and silica and the
interaction at the nanosilica particles-rubber matrix inter-
face are higher in the case of the higher amount of
nanosilica filled composites [60]. The peroxide cured
EPDM/SBR with TESPT showed an increase in viscos-
ity as they incorporated the highest amount of
nanosilica. Peroxide promotes the curing of the
EPDM/SBR composites, as expected. On the other
hand, the addition of TESPT in the EPDM/SBR-
nanosilica composites resulted in a complete suppres-
sion, shows that the primary free radicals originated
from peroxide were consumed by the TESPT.

The premature vulcanization in the composite was
measured by scorch. Figure 4 presents the scorch time
of composites. For different crosslinking system cured
EPDM/SBR composites with and without TESPT, it
was seen that the incorporated nanosilica reduced the
scorch time. The sulphur cured EPDM/SBR composite
exhibited the lowest values for scorch time. As a re-
sult, the addition of nanosilica accelerated the curing
process more efficient than peroxide cured one. The

Fig. 6 Cure rate index of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured composite
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scorch time shows that the adsorption of curatives by
nanosilica consequences in the delayed scorch time in
EPDM/SBR composite with TESPT. From the analy-
sis it is also clear that the TESPT induced composite
have an enhance growth in scorch time in par with
the composite without TESPT. This is due to the uni-
form dispersion of nanosilica particles and TESPT.
Higher scorch time shows that composites with
nanosilica particles and TESPT has better processabil-
ity [24].

The optimum cure time was a measure of the min-
imum time required to meet the maximum torque of
about 90%. It is used to measure the time for com-
plete curing of the rubber compound. Figure 5 clearly
indicates the optimum cure time of the rubber blend
composites. For different crosslinking system cured
EPDM/SBR composites with and without TESPT, it
was seen that the incorporated nanosilica reduced the
optimum cure time. The sulphur cured EPDM/SBR
composite exhibited the lowest values for optimum
cure time. For sulphur cured composites, the reactive

species formed rapidly and curing process started al-
most two times faster than in the peroxide cured one.
The optimum cure time of composites filled with
nanosilica particles and TESPT is slightly lower com-
pared to the similar composite with silica nanoparti-
cles. After introduction of TESPT, the number of
silanol groups (-OH) on silica surface reduced and
as a result decreased the optimum cure time in the
vulcanization process [24]. EPDM/SBR with high
nanosilica loading and TESPT showed a reduction in
optimum cure time of about 43%.

The cure rate index (CRI) of composites was clear-
ly represented in Fig. 6. The CRI increases with in-
creasing content of nanosilica. The increase in the
CRI indicates the maximum rate of curing and are
a t t r i bu t ed to the p re sence o f nanos i l i c a and
crosslinking agent in EPDM/SBR composites. Due to
which there is a considerable increase in the curing
rate of the rubber blend composite. The sulphur cured
EPDM/SBR composite exhibited the highest for cure
rate index. This effect is affected by the rigidity of

Fig. 7 Tensile strength of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured composite
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nanosilica. Overall, the curing characteristics of the
EPDM/SBR composites revealed that nanosilica acted
as reinforcing filler. The addition of the nanosilica
and constant TESPT with different crosslinking sys-
tem increased torque and decreased times compared
to the neat EPDM/SBR composite.

3.2 Mechanical Properties

The mechanical characteristics of the EPDM/SBR-SiO2

composites were investigated by comparison with neat
different crosslinking system cured EPDM/SBR compos-
ite with and without TESPT. The tensile strength of
different crosslinking cured rubber blend composites
with respect to the concentration of nanosilica and
TESPT is represented in Fig. 7, similarly for 100%
modulus and elongation at break it is represented in
Figs. 8 and 9. The tensile strength, 100% modulus
and elongation at break of EPDM/SBR composites steps
up with positive loading of nanosilica up to 6phr and
then steps down gradually for all the system, which can

be due to the crosslink density as represented in
Fig. 10. This indicating nanosilica was an effective in
improving the tensile properties of EPDM/SBR
composites.

For sulphur cured system, compared with neat
EPDM/SBR, incorporation of 6 phr of nanosilica result-
ed in a roughly 99% increase in tensile strength, from
6.75 MPa to 13.43 MPa, 100% modulus increased by
44% and the elongation at break increased by 22%,
while for neat EPDM/SBR with TESPT, addition of 6
phr of nanosilica resulted in a nearly 125% increase in
the tensile strength, from 7.02 MPa to 15.82 MPa,
100% modulus increased by 47% and the elongation
at break increased by 19%, indicating of reinforcing
and toughening effects of nanosilica on EPDM/SBR ma-
trix. From the analysis of tensile strength, it is clear that
the presence of TESPT can increase the dispersion ca-
pability of the silica nanoparticles and its interfacial
interaction with EPDM/SBR matrix blend. Similarly,
for peroxide cured system, compared with neat
EPDM/SBR, incorporation of 6 phr of nanosilica

Fig. 8 100% modulus of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured composite
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resulted in a roughly 65% increase in tensile strength,
from 3.73 MPa to 6.14 MPa, 100% modulus increased
by 29% and the elongation at break increased by 23%,
while for neat EPDM/SBR with TESPT, addition of 6
phr of nanosilica resulted in a nearly 81% increase in
the tensile strength, from 3.82 MPa to 6.93 MPa, 100%
modulus increased by 34% and the elongation at break
increased by 21%, indicating of reinforcing and tough-
ening effects of nanosilica on EPDM/SBR matrix.
Similarly, for mixed (sulphur and peroxide) cured sys-
tem, compared with neat EPDM/SBR, incorporation of
6 phr of nanosilica resulted in a roughly 77% increase
in tensile strength, from 5.34 MPa to 9.46 MPa, 100%
modulus increased by 32% and the elongation at break
increased by 27%, while for neat EPDM/SBR with
TESPT, addition of 6 phr of nanosilica resulted in a
nearly 82% increase in the tensile strength, from
5.6 MPa to 10.17 MPa, 100% modulus increased by
39%, and the elongation at break increased by 24%,
indicating of reinforcing and toughening effects of
nanosilica on EPDM/SBR matrix. Such trend is

frequently observed in rubber composites with increas-
ing crosslink density. Figure 7 shows that the tensile
strength of the rubber blend composites with TESPT.
The Presence of TESPT clearly improve its tensile
strength and thus improves an interaction among silica
nanoparticles and rubber blends by the coupling reaction
of the silane. As for 6 phr of nanosilica particles filled
composites, the tensile strength value is the highest,
indicating the better dispersion of nanosilica particles
in the rubber matrix. This result is in good evident with
the FESEM images [23]. Sulphur cured composites with
TESPT shows better result than that of composites with-
out TESPT. The interaction among the nanosilica parti-
cles and the rubber blends by silane, which improves
the tensile strength of the rubber blend composites, re-
duces its elongation at break, as represents in Fig. 8.
This is due to ethoxy-group present to react with the
hydroxyl group of surface of nanosilica, leading to bet-
ter dispersal of nanosilica particles in the rubber blend.
100% modulus is also showed a similar trend, as shown
in Fig. 9.

Fig. 9 Elongation at break of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and cMixed system cured composite
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The influence of nanosilica percentage on the tear
property of the different crosslinking system cured
EPDM/SBR composite with and without TESPT is rep-
resented in Fig. 11. For all the curing system, the tear
strength of the prepared rubber blend composites was
found to steps up with an increase in the percentage
of nanosilica content. The sulphur cured system with
and without TESPT shows the better tear strength as
compared to the composite with other two system. The
sulphur cured system shows higher tear strength due to
the flexible sulphur – sulphur (S - S) bonds. From the
Fig. 11, the tear property of silica nanoparticles filled
composites are obviously increased compared with un-
filled blends, mainly due to the hydroxyl groups on the
surface of nanosilica particles react with TESPT. As for
highly silica nanoparticles filled composites, the tear
property value is the highest, indicating the good dis-
persion of silica nanoparticles in the rubber matrix [23].
EPDM/SBR composite filled with nanosilica and TESPT
shows increased tear strength arising out of increased

cross-linking density and better nanosilica dispersion
[61].

The effect of nanosilica concentration with respect
to the hardness characteristics for the different
crosslinking system with and without TESPT is rep-
resented in Fig. 12. The hardness of EPDM/SBR
composites steps up with increase in the percentage
of nanosilica content in it for all the systems. It is
observed that at similar composite ratio, the hardness
of EPDM/SBR composites with TESPT is found to be
as compared to the composite without TESPT, in spe-
cific at higher concentration of nanosilica. This im-
provement in the hardness shows that proper wetting
of nanosilica particles and stronger rubber-filler inter-
facial adhesion [24]. A stable Si-O-Si bond is ob-
served between the silane and the nanosilica surface,
when TESPT was used [62]. Higher crosslinking den-
sity plays major role in determining the maximum
hardness. As the crosslinking density is increased,
the hardness property of composites increases with

Fig. 10 Crosslinking density of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured
composite
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the presence of TESPT in part to the composites
without the presence TESPT, hence there is an in-
crease in the crosslinking density in the composite.
As the crosslinking density steps up, the soft rubber
material becomes harder. As compare to the three dif-
ferent curing system, peroxide system gives a better
hardness to EPDM/SBR composite.

3.3 Swelling Properties

The effects of different parameters such as nanosilica
loading, crosslinking systems, type of solvents, etc., on
mole percent uptake in the rubber blend composites are
analyzed. The swelling characteristics of the rubber
blend composite mainly subjected to the free volume,
the polymeric chains mobility, penetrants and the mo-
lecular size of the solvent used. Tables 2, 3 and 4 show
the comparison for mole percent uptake of aliphatic,
chlorinated, and aromatic solvents by rubber blend -
SiO2 composites with and without TESPT crosslinked
by different crosslinking system.

Figure 13 shows the mole percent absorption of ben-
zene by content of nanosilica crosslinked with sulphur.
Similar to unfilled EPDM / SBR blends, the absorption
of benzene solvent is reduced for the nanosilica packed
EPDM / SBR composites. The graph clearly shows that
the neat rubber has the highest uptake of equilibrium,
and the addition of nanosilica in the neat rubber fre-
quently reduces the uptake of the mole per cent. The
introduction of nanosilica has decreased the number of
free spaces in the EPDM / SBR blend matrix, limited
segmental mobility of the EPDM / SBR blend matrix,
and creates the tortuous path for swelling solvent mol-
ecules through the EPDM / SBR composites. The same
trend with different solvents was observed, as shown in
Tables 2, 3, 4.

The mole percent uptake of toluene through
EPDM/SBR composites crosslinked with different
crosslinking systems was seen in Fig. 14. Figure 14
clearly indicated that the peroxide cured composites
absorb the lowest degree of solvent, mixed system
cured composites taking on the intermediate behavior

Fig. 11 Tear strength of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured composite
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while sulphur cured composites absorb the highest
amount of solvent. The disparity in the intake of com-
posites with different cross-linking systems (sulphur,
peroxide and mixed) may be due to the development
of various forms of crosslinks between rubber chains
during the curing process [63, 64]. The same trend
was observed with different solvents as shown in
Tables 2, 3, 4.

Figure 15 showed the impact of penetrating size on
the mole’s percent absorption of various aliphatic sol-
vents (i.e., n-pentane, n-hexane, n-heptane and n-octane)
by 10 phr nanosilica filled EPDM / SBR composites
crosslinked with peroxide. It was clear from Fig. 15 that
the trend was in the order of: pentane > hexane > hep-
tane > n-octane. The solvent molecule’s high molecular
weight exhibited the lowest absorption while the solvent
molecule’s low molecular weight exhibited the highest
absorption. The molecular mass and solvent are usually
in inverse relation. The same pattern has been observed
for various solvents as shown in Tables 2, 3, 4.

Figure 16 shows the impact of TESPT on the mole
percent absorption of chlorinated solvents (i.e., di-
chloromethane, chloroform, and carbon tetrachloride)
by 10-phr nanosilica-filled EPDM / SBR composites
crosslinked with mixed systems. It was observed that
all composites (with and without TESPT) exhibited
the same pattern, where the mole percent uptake de-
creased as nanosilica content increased. The findings
were attributed primarily to the composites being in-
compatible. Nanosilica forms a strong hydrogen bond
since its surface was acidic, as a result it would re-
duce solvent resistance. However, with the addition of
TESPT in nanosilica filled EPDM/SBR composites,
the solvent resistance was improved to a greater ex-
tent. The swelling resistance of nanosilica-filled
EPDM / SBR composites with TESPT was higher
than without TESPT, can be seen at a similar com-
posite ratio. When using TESPT a strong Si-O - Si
bond was formed between the surface of the silane
and the surface of the sil ica nanoparticle. The

Fig. 12 Hardness of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured composite
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Table 2 Mole percent uptake of aromatic penetrant of EPDM/SBR-SiO2 composites with and without TESPT

Crosslinking system types Nanosilica loading Mole percent uptake (mol%) of aromatic penetrant

Without TESPT With TESPT

Benzene Toluene Xylene Mesitylene Benzene Toluene Xylene Mesitylene

Sulphur system 0 3.95 3.57 3.46 3.03 3.92 3.54 3.44 3

2 3.7 3.34 3.23 2.9 3.61 3.27 3.15 2.82

4 3.57 3.14 3.04 2.78 3.52 3.05 2.97 2.66

6 3.4 2.9 2.76 2.65 3.28 2.77 2.59 2.5

8 3.33 2.84 2.7 2.6 3.23 2.75 2.55 2.46

10 3.3 2.78 2.66 2.55 3.19 2.71 2.52 2.41

Peroxide system 0 2.58 2.27 2.07 2 2.55 2.25 2.04 1.97

2 2.35 2.17 1.8 1.82 2.28 2.08 1.72 1.66

4 2.24 2.06 1.78 1.76 2.17 2 1.65 1.6

6 2.17 2 1.75 1.7 2.11 1.85 1.58 1.54

8 2.13 1.94 1.7 1.66 2.06 1.81 1.55 1.49

10 2.1 1.9 1.69 1.62 1.97 1.78 1.52 1.45

Mixed system 0 2.85 2.48 2.41 2.35 2.81 2.45 2.39 2.33

2 2.7 2.32 2.28 2.23 2.64 2.28 2.23 2.15

4 2.62 2.26 2.2 2.14 2.54 2.22 2.13 2.06

6 2.57 2.2 2.13 2.09 2.45 2.15 2.06 2.02

8 2.52 2.18 2.08 2.02 2.43 2.12 2 1.98

10 2.49 2.15 2.04 1.96 2.41 2.06 1.96 1.91

Table 3 Mole percent uptake of aliphatic penetrant of EPDM/SBR-SiO2 composites with and without TESPT

Crosslinking system types Nanosilica loading Mole percent uptake (mol%) of aliphatic penetrant

Without TESPT With TESPT

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

Sulphur system 0 2.42 2.34 2.28 2.24 2.39 2.31 2.25 2.21

2 2.36 2.17 2.04 2.08 2.29 2.09 1.97 1.91

4 2.18 2 1.87 1.84 2.04 1.92 1.82 1.77

6 1.96 1.84 1.76 1.72 1.84 1.75 1.68 1.63

8 1.9 1.8 1.7 1.64 1.81 1.71 1.6 1.58

10 1.84 1.72 1.66 1.6 1.79 1.68 1.58 1.54

Peroxide system 0 1.95 1.9 1.84 1.81 1.92 1.87 1.81 1.79

2 1.75 1.72 1.7 1.67 1.64 1.6 1.54 1.62

4 1.69 1.64 1.58 1.54 1.53 1.5 1.47 1.43

6 1.65 1.6 1.55 1.48 1.46 1.42 1.37 1.33

8 1.61 1.55 1.5 1.44 1.41 1.39 1.35 1.3

10 1.6 1.53 1.48 1.4 1.35 1.33 1.29 1.24

Mixed system 0 2.32 2.26 2.18 2.14 2.3 2.23 2.15 2.1

2 2.25 2.15 2.06 1.96 2.17 2.11 1.99 1.9

4 2.21 2.09 2 1.87 2.14 2.03 1.94 1.83

6 2.17 2.04 1.95 1.82 2.09 1.97 1.91 1.8

8 2.14 2.01 1.92 1.75 2.03 1.93 1.85 1.71

10 2.09 1.97 1.9 1.72 2 1.9 1.82 1.69
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EPDM / SBR will meanwhile create a hydrogen bond
with the silanol group of nanosilica.

3.4 Crosslinking Density

Crosslinking was the important phenomena required in
most types of rubber materials in order to increase the

mechanical strength and abrasion resistance. Under the
vulcanizing temperature in the compressed mold set-up,
most crosslinking reactions are done through hydraulic
press. After the crosslinking process, the rubber network
was described by crosslink density of the compound.
The crosslinking density of the nanosilica-loaded
EPDM/SBR composites with and without TESPT was

Table 4 Mole percent uptake of chlorinated penetrant of EPDM/SBR-SiO2 composites with and without TESPT

Crosslinking system
types

Nanosilica
loading

Mole percent uptake (mol%) of chlorinated penetrant

With TESPT Without TESPT

Dichloromethane Chloroform Carbon
tetrachloride

Dichloromethane Chloroform Carbon
tetrachloride

Sulphur system 0 5.42 4.56 2.26 5.39 4.53 2.23

2 5.1 4.28 2.03 5.04 4.13 1.96

4 4.83 4 1.9 4.76 3.81 1.78

6 4.6 3.83 1.81 4.52 3.66 1.73

8 4.54 3.76 1.75 4.44 3.59 1.64

10 4.5 3.72 1.71 4.35 3.55 1.61

Peroxide system 0 3.47 3.36 2.24 3.44 3.34 2.21

2 3.3 3.14 2.11 3.17 3.04 2.04

4 3.17 3.09 2.04 3.11 2.92 1.96

6 3.13 3.06 2 3.06 2.83 1.9

8 3.08 3 1.96 3.01 2.75 1.85

10 3.02 2.96 1.92 2.96 2.67 1.81

Mixed system 0 3.8 3.42 2.29 3.77 3.39 2.26

2 3.63 3.34 2.11 3.58 3.27 2.04

4 3.55 3.28 2.03 3.5 3.21 1.96

6 3.5 3.17 1.94 3.42 3.11 1.88

8 3.45 3.12 1.9 3.38 3.05 1.84

10 3.4 3.06 1.85 3.32 2.98 1.79

Fig. 13 Mole percent uptake of benzene by different nanosilica loading
crosslinked with sulphur

Fig. 14 Mole percent uptake of toluene through EPDM/SBR composites
with different crosslinking systems
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determined by solvent swelling method using Flory-
Rehner equation and the experimental values of the
crosslinking density are reported in Fig. 10. The
rubber-filler interactions and chemical crosslinks are
the important parameters that affect the crosslinking
density of EPDM/SBR composites. Crosslinking density
increases with increasing content of nanosilica which
was due to better rubber-nanofiller interactions which
results in better dispersion of nano materials at higher
loading. Composite with TESPT shows a better im-
provement in crosslinking density as compared with
the composites without TESPT. This indicates the silica

nanoparticles in the composite without TESPT has a
negative effect on curing which results in a lower
crosslink density. With the TESPT, the crosslinking
density of the composites increased considerably which
indicates the effect of nanoparticles to restrict the rubber
chains when they are attached to the nanoparticles
through the TESPT. Higher crosslinking density of com-
posites with TESPT indicates more strain on the
EPDM/SBR-nanosilica network due to restricted chain
mobility. Similar results are obtained from this kind of
research work [24, 65]. The crosslinking density was
highest for peroxide cured composite and lowest for
sulphur cured composite among the various crosslinking
systems for given nanosilica loading.

3.5 Rebound Resilience

Figure 17 showed the effect of nanosilica loading and
TESPT on the resistance of the EPDM / SBR compos-
ites to the rebound. The EPDM/SBR composites show
similar trends as above; rubber composites’ rebound re-
silience decreases with an increase in nanosilica concen-
tration. The decreasing trend observed in the composite
was due to better EPDM/SBR-nanosilica interaction.
When more silica nanoparticles are introduced into the
EPDM/SBR, the rubber chains elasticity has been re-
duced which results in lower resistance to the rebound
[66]. It was clear that at a similar composite ratio, the
rebound resilience of nanosilica filled EPDM/SBR com-
posites with TESPT was found to be higher than the
composite without TESPT. The surface property of the
filler material plays a vital aspect in indicating the ex-
tent of EPDM/SBR-nanosilica interaction. The incorpo-
ration of particulate fillers into rubber materials leads to
an improvement in hardness and a reduction in rebound
resilience, particularly with high concentration of filler.
Hence the composites with the same composition and
crosslinked with sulphur always show higher values of
rebound resilience than those crosslinked with the per-
oxide cured system, due to the structure of crosslinks
and higher crosslink degree. The TESPT was also effi-
cient in composites crosslinked with sulphur. While the
presence of TESPT reduces the rebound resilience of
both sulphur and peroxide crosslinked systems, the best
rebound resilience was achieved with the sulphur sys-
tem, as shown in Fig. 17.

3.6 Abrasion Resistance

The abrasion resistance was defined as its ability to withstand the
progressive removal of rubber material from it surface as the
consequence of mechanical action of a scraping, erosive, or rub-
bing nature [67]. Figure 18 indicated the volume loss of the

Fig. 15 Mole percent uptake of different aliphatic solvents through
peroxide crosslinked 10 phr nanosilica filled EPDM/SBR composites

Fig. 16 Mole percent uptake of chlorinated solvents through 10 phr
nanosilica filled EPDM/SBR composite with and without TESPT
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EPDM/SBR composites. The incorporation of nanosilica signif-
icantly reduced the abrasion ratio of EPDM / SBR composites.
Generally, the abrasion loss and abrasion resistance are inversely
related. With increasing nanosilica content, the abrasion resis-
tance increased for all the different crosslinking systems. An
increase in the nanosilica composition of the rubber composite
reduces the loss of abrasion in the composites. This improvement
was mainly due to the greater nanosilica surface area and better
interfacial adhesion between filler and rubber [68]. In addition,
nanoparticles show their greater interface between nanosilica and
EPDM / SBR matrix and thus give better resistance to abrasion
and adhesion compared to coarse ones.

3.7 Compression Set

The compression set was a test of the rubber compos-
ite’s ability to sustain its elastic properties under the
specified condition (i.e. time and temperature) after a

long stress at a constant strain rate [8]. The compres-
sion set of the different crosslinking systems cured
EPDM/SBR-SiO2 composi tes with and without
TESPT measured at 23 °C for 24 h and are tabulated
in Table 5. The Table 5, clearly shows the value of
compression set against nanosi l ica loading for
EPDM/SBR compounds. From the table it was obvi-
ous that the compression set is low in the case of
peroxide cured pure blends (EPDM / SBR), but as
the nanosilica content increases, the compression set
increases. The trend seems to be similar for both sul-
phur and mixed cured composites as discussed.
Sulphur > mixed > peroxide was the compression
set order followed for various crosslinking systems.
This was due the fact that the increase in the concen-
tration of nanosilica loading increases the crosslinking
density of composite which in turn decreases the mo-
bility of the polymeric chain. Thus induces stiffness
in the EPDM/SBR-SiO2 composite. The addition of

Fig. 17 Rebound resilience of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured
composite
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TESPT has inc reased the compress ion se t o f
nanosilica filled EPDM/SBR composites for different
crosslinking systems. When using TESPT a strong Si-
O - Si bond was formed between the surface of the
silane and the surface of the silica nanoparticle.
Moreover, the composites of EPDM/SBR with and
without TESPT were aged under compression load at
23 °C for 3 days. Table 5 presents the compression
set of all EPDM/SBR composites with increasing age-
ing time. The compression set with time offered two
stages: in the first stage (I: 0 < time ≤ 2 d), all com-
posites had an increase in compression set. In the
second stage (II: time > 2 d), the compression set of
all composites showed a relatively increase. After
ageing for 3 days, the compression set of sulphur,
peroxide and mixed system cured composites with
TESPT were 220%, 203% and 208% increase, respec-
tively. From the Table 5, compression set of all
EPDM/SBR composites with increasing ageing tem-
perature. The compression set with temperature pre-
sented two stages: in the first stage (I: 23 °C < tem-
perature ≤ 70 °C), all composites showed a drastic

increase. In the second stage (II: 70 °C < tempera-
ture ≤ 100 °C), the compression set of all composites
showed a slightly increase. The set of compressions
also increases as the temperature increases. From the
observation, it was clear that the temperature have a
major influence on the compression set property of
the composite. The lower range of compressions con-
firms the composite’s retainable elastic property to the
better. The compression set of sulfur, peroxide and
mixed system cured composites with TESPT increased
to 511%, 304% and 281% respectively after ageing at
100 °C.

3.8 Morphology

Figure 19 displays the FESEMmicrographs of the composites of
the EPDM/ SBR tensile broken surfaces along with the position
of the tensile. Figure 19 (a, b), (c, d), (e, f) shows the surface
morphology with the addition of 6 phr of nanosilica particles
filled sulphur, peroxide and mixed system cured rubber compos-
ites with and without the presence TESPT, respectively. Similar
to the other compounds, the compounds with TESPT exhibit

Fig. 18 Abrassion loss of the EPDM/SBR composites: a Sulphur cured composite, b Peroxide cured composite and c Mixed system cured composite
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very rougher morphology, tortuous broken surface and many
tear-lines. The several lines of tears indicate the more energy
needed to destroy the specimens. It is because of the strong
nanosilica particle interactions with the matrix EPDM / SBR.
In particularly Fig. 19 (b) show irregular rough surface with
homogeneous dispersion and undulations of nanosilica particles.
This indicates effective stress transfer and leads to the improve-
ment in overall properties of EPDM/SBR with 6 phr nanosilica
and TESPT composite. Figure 19 (g, h, i) indicates aggregated
nanosilica fillers developed stress concentration points in the
polymer matrix which leads to reduction in properties of the
EPDM/SBR composites. In the composites filled with 10 phr
of nanosilica and with TESPT the flat broken-out section mor-
phology is indicative of reduced interfacial adhesion between
rubber matrix and nanosilica particles, as can be presented in
Fig. 19 (g, h, i).

4 Conclusions

The effect of nanosilica and crosslinking systems on
cure characteristics, mechanical characteristics, swelling
resistant, compression set, rebound resilience and wear
(abrasion) resistance of EPDM / SBR composites with

and without TESPT has been investigated in the current
research.

1. From the analysis, it was apparent that the mini-
mum torque, maximum torque, delta torque and
cure rate index of EPDM / SBR composites with
different curing agents, with and without TESPT,
were observed to steps up with an increase in
nanosilica concentration, whereas the scorching
time and optimum cure time are decreased.

2. The introduction of nanosilica into the rubber
compounds slowly increases the tensile strength,
100% modulus and the elongation at break. But,
when the nanosilica loading exceeds 6 phr, further
the addition of reinforcement in the matrix was
found to be insignificant. This was due to the
agglomeration of the nanoparticles in the compos-
ite and the reduced interfacial bonding between
nanosilica particle and the matrix rubber blend
mater ia l which was apparent f rom FESEM
micrographs.

3. There were noticeable improvements in hardness,
tear strength, abrasion and swelling resistance.
Above mentioned properties showed higher for
composites with TESPT compared to composites

Table 5 Compression set for EPDM/SBR-SiO2 composites

Nanosilica
loading

Crosslinking
system types

Compression set (%)

Without TESPT With TESPT

For 1 day
at 23 °C

For 2 day
at 23 °C

For 3 day
at 23 °C

For 1 day
at 70 °C

For 1 day
at 100 °C

For 1 day
at 23 °C

For 2 day
at 23 °C

For 3 day
at 23 °C

For 1 day
at 70 °C

For 1 day
at 100 °C

0 Sulphur
system

4.1 9.74 13.14 21.67 25.23 4.18 9.83 13.36 21.89 25.54

2 5.75 11.45 15.76 24.32 29.32 6.08 12.68 16.89 25.17 30.94

4 6.06 11.69 16.17 26.78 30.67 6.55 11.94 17.56 28.45 32.34

6 6.5 12.55 16.64 29.45 31.76 7.03 13.76 18.07 31.65 33.81

8 6.67 12.93 17.06 30.05 32.54 7.16 14.05 18.73 33.39 34.34

10 6.79 13.34 17.18 30.21 32.84 7.22 14.28 19.12 33.58 34.93

0 Peroxide
system

1.97 4.63 6.18 7.56 8.29 2.08 4.78 6.31 7.78 8.41

2 2.6 6.34 8.45 9.32 11.46 3.2 7.18 9.76 10.54 12.73

4 2.76 6.58 8.97 10.45 12.71 3.28 7.67 10.1 11.67 13.45

6 2.97 6.87 9.23 12.87 13.37 3.5 8.03 10.56 14.62 15.94

8 3.1 7.15 9.45 13.74 15.56 3.7 8.17 10.93 15.07 17.52

10 3.17 7.28 9.78 13.95 16.73 3.91 8.23 11.09 15.43 18.04

0 Mixed system 2.89 6.85 9.12 10.78 11.38 3 6.98 9.25 11.03 11.42

2 3.56 9.04 11.34 13.63 15.27 4.18 9.71 12.79 14.74 16.52

4 3.78 9.38 11.72 14.56 17.76 4.96 10.85 13.67 15.63 18.66

6 3.93 9.89 12.56 16.98 18.89 5.71 11.56 14.61 17.81 20.44

8 4.06 10.45 12.78 17.34 19.76 6.07 12.89 15.87 18.69 21.79

10 4.19 10.9 12.95 17.86 20.67 6.23 13.31 16.43 18.95 22.41
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without TESPT. This improvement in the proper-
ties indicates stronger filler-rubber matrix interfa-
c ia l adhes ion and proper wet t ing of s i l ica
nanoparticles.

4. Among three crosslinking systems used, sulphur
cured EPDM/SBR composites with TESPT show
best mechanical properties, swelling and abrasion
resistance.

5. Owing to the TESPT can form physical and chem-
ical effects with nanosilica particles, and the

chemical interface between nanosilica and rubber
matrix constructed by TESPT. Therefore, TESPT
can greatly improve the dispersion of nanosilica par-
ticles in EPDM/SBR composites.

6. These noticeable improvements in overall properties
by the use of TESPT in nanosilica filled composites,
may open up new opening for the preparation of
environmental friendly rubber materials as well as
high performance materials.

a) Sulphur cured EPDM/SBR blend 

reinforced with 6 phr of nanosilica (S6)

b) Sulphur cured EPDM/SBR blend 

reinforced with 6 phr of nanosilica 

with TESPT (ST6)

c) Peroxide cured EPDM/SBR blend 

reinforced with 6 phr of nanosilica (P6)

d) Peroxide cured EPDM/SBR blend 

reinforced with 6 phr of nanosilica 

with TESPT (PT6)

e) Mixed system cured EPDM/SBR 

blend reinforced with 6 phr of 

nanosilica (M6)

f) Mixed system cured EPDM/SBR 

blend reinforced with 6 phr of 

nanosilica with TESPT (MT6)

g) Sulphur cured EPDM/SBR blend 

reinforced with 10 phr of nanosilica

with TESPT (ST10)

h) Peroxide cured EPDM/SBR blend 

reinforced with 10 phr of nanosilica 

with TESPT (PT10)

g) Mixed system cured EPDM/SBR 

blend reinforced with 10 phr of 

nanosilica with TESPT (MT10)

Fig. 19 The tensile fractured surfaces with magnification X = 20,000 of nanosilica filled EPDM/SBR composites: a S6, b ST6, c P6, d PT6, eM6, fMT6,
g ST10, h PT10 and i MT10
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