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ABSTRACT: In recent years, the rubber industry has come
under pressure to improve health and safety at work, mini-
mize damage to the environment, reduce costs, and increase
competitiveness. Rubber compounds contain additives
including curing chemicals, which are hazardous and harm-
ful. Reducing their use or eliminating them altogether will be
beneficial to rubber compounders and manufacturers of rub-
ber articles. A styrene-butadiene rubber (SBR) was cured
and reinforced with a high loading of precipitated amor-
phous white silica nanofiller. The silica surfaces were pre-
treated with bis(3-triethoxysilylpropyl) tetrasulfide (TESPT),
which is a sulfur-bearing bifunctional organosilane to chemi-
cally adhere silica to the rubber. The chemical bonding
between the filler and rubber was optimized via the tetrasul-

fane groups of TESPT by adding accelerator and activator.
The rubbers were subsequently cured and their hardness,
tensile strength, elongation at break, stored energy density at
break, tearing energy, tensile modulus, Young’s modulus,
and bound rubber content were measured. This study
showed that using the filler in combination with a sulfur-do-
nor accelerator was the most efficient method for curing and
reinforcing the rubber. This led to a significant reduction in
the use of the curing chemicals, a faster curing cycle, and
very good mechanical properties for the rubber vulcanizate.
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INTRODUCTION

To enhance the mechanical properties of a rubber
such as hardness, tear strength, tensile strength, and
elongation at break, fillers with surface areas from
150 to 400 m2/g are added.1 Among the fillers, short
fibers, colloidal carbon blacks, metal oxides, and
synthetic silicas are the most widely used materials
in rubber reinforcement. In addition to filler, com-
pounds used to manufacture industrial rubber
articles such as passenger car tire tread contain up
to eight classes of rubber chemicals. For instance, the
cure system consists of up to five different chemi-
cals; primary and secondary accelerators, primary
and secondary activators, and elemental sulfur,
which may add up to 11 parts per hundred rubber
by weight (phr).2 Antidegradants and processing
aids are also included to protect rubber against envi-
ronmental aging and improve processing properties,
respectively. Excessive use of the curing chemicals is
harmful to health, safety, and the environment and
their use is restricted by the new European chemi-

cals policy, Registration, Evaluation, Authorization,
and Restriction of Chemicals (REACH) and various
legislation for environment and safety. Reduction in
the use of these chemicals in rubber compounds is
now a priority.
Fillers and curing chemicals perform two distinct

functions in rubber compounds. Fillers increase the
mechanical properties3,4 and curing chemicals pro-
duce crosslinks between the rubber chains at ele-
vated temperatures, i.e., 140–240�C.5,6 Synthetic pre-
cipitated amorphous white silica filler, which is
replacing carbon blacks in some applications such as
tire tread compound is acidic and moisture adsorb-
ing.7 This is caused by the presence of silanol or
hydroxyl groups on the silica surfaces and is detri-
mental to the cure of rubber compounds. Moreover,
it can also cause loss of crosslink density in sulfur-
cured rubbers.8 In addition, the viscosity increases
significantly when a large amount of silica is added
and processing becomes more difficult.9 The avail-
ability of bifunctional organosilanes such as TESPT
has provided an opportunity to combine silica and
sulfur into one single product known as a ‘‘cross-
linking filler.’’10 One such filler is silanized silica,
where the surfaces of precipitated silica are pre-
treated with TESPT to chemically adhere silica to
rubber (Scheme 1) and to prevent the filler from
interfering with the reaction mechanism of sulfur-
cure in rubber.7,8 TESPT is used to improve the rein-
forcing capability of the filler and also forms an
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integral part of curing systems to improve crosslink-
ing network properties.7

Using a precipitated silica filler pretreated with
TESPT, the author and coworkers showed that a
substantial reduction in the use of the curing chemi-
cals was achieved in natural rubber (NR) without
compromising the good mechanical properties of the
rubber vulcanizate.11 To crosslink the rubber and
optimize the chemical bonding between the rubber
and filler via TESPT, accelerator and activator were
added. The mechanical properties of the cured rub-
ber were improved significantly in spite of the
reduction in the use of the curing chemicals.

The aim of this study was to use a high loading of
a silanized silica nanofiller in a styrene-butadiene
rubber (SBR) to crosslink and reinforce the rubber
properties. Different accelerators and activators were
added to optimize the reaction between the tetrasul-
fane groups of TESPT and rubber chains and cure
the rubber. The hardness, tensile strength, elongation
at break, stored energy density at break, tearing
energy, tensile modulus, and Young’s modulus were
measured. The scorch and optimum cure times, cure
rate index and bound rubber content of the rubber
compounds were also determined.

EXPERIMENTAL

Materials: rubber, filler, curing chemicals,
antidegradants, and processing oil

The raw elastomer used was a SBR (23.5 wt % sty-
rene; Intol 1712, Polimeri Europa UK, Hythe, UK).
SBR Intol 1712 is a cold emulsion copolymer, poly-
merized using a mixture of fatty acid and rosin acid
soaps as emulsifiers. It is extended with 37.5 phr of
highly aromatic oil and contains a styrenated phenol

as a nonstaining antioxidant. It has � 4.8% by
weight organic acid and a viscosity of 32 Mooney
units. The reinforcing filler was Coupsil 8113, which
was supplied by Evonik Industries AG of Germany.
Coupsil 8113 is a precipitated amorphous white
silica-type Ultrasil VN3 surfaces of which had been
pretreated with TESPT. It has 11.3% by weight sil-
ane, 2.5% by weight sulfur (included in TESPT), a
175 m2/g surface area (measured by N2 adsorption),
and a 20–54 nm particle size.
In addition to the raw rubber and filler, the other

ingredients were N-tert-butyl-2-benzothiazole sulfe-
namide (a safe-processing delayed action non sulfur-
donor accelerator with a melting point of 105�C)
(Santocure TBBS, Flexsys, Dallas, TX; Scheme 2), Tet-
ramethyl thiuram disulfide (a fast curing sulfur-do-
nor accelerator with � 13% of the sulfur available to
react with rubber and a melting point of 146�C) (Per-
kacit TMTD PDR D, Flexsys, Belgium, Europe;
Scheme 2), zinc oxide (ZnO; an activator, Harcros
Durham Chemicals, Durham, UK), N-(1,3-dimethyl-
butyl)-N0-phenyl-p-phenylenediamine (an antidegra-
dant, Santoflex 13, Brussels, Belgium), stearic acid
(an activator, Anchor Chemicals, Manchester, UK),
and heavy paraffinic distillate solvent extract aro-
matic oil (a processing oil, Enerflex 74, Milton
Keynes, UK). The oil was added to reduce the rub-
ber viscosity. TBBS and TMTD are often used as pri-
mary and secondary accelerators, respectively, in
industrial rubber compounds.2 The cure system con-
sisted of TBBS, TMTD, ZnO, and stearic acid, which
were added to fully crosslink the rubber.

Mixing

The compounds were prepared in a Haake Rheocord
90 (Berlin, Germany), a small size laboratory mixer
with counter rotating rotors. In these experiments,

Scheme 1 Silanized silica nanofiller pretreated with
TESPT. Tetrasulfane groups react with rubber to form sta-
ble covalent sulfur bonds.

Scheme 2 TBBS and TMTD accelerators.

RUBBER CURATIVES IN STYRENE-BUTADIENE RUBBER 923

Journal of Applied Polymer Science DOI 10.1002/app



the Banbury rotors and the mixing chamber were
maintained at ambient temperature (23�C) during
mixing, and the rotor speed was 45 rpm. The vol-
ume of the mixing chamber was 78 cm3, and it was
55% full during mixing. Haake Software Version
1.9.1. was used for controlling the mixing condition
and storing data.

Assessment of the silica dispersion in the rubber

To select a suitable mixing time for incorporating
the filler in the rubber, compounds containing 60
phr silica were prepared. Before mixing started, the
filler was introduced into the mixing chamber and
then the raw elastomer was added. The filler was
added when the viscosity of the rubber was still rel-
atively high, which lead to an improved disper-
sion.12 The mixing time was increased to 10 min to
determine the time needed to disperse the silica par-
ticles fully in the rubber.13 Twenty four hours after
mixing ended, the rubbers were examined in an
scanning electron microscope (SEM) to assess the fil-
ler dispersion.

Dispersion of the silica particles in the rubber was
assessed by a LEO 1530 VP Field emission gun scan-
ning electron microscope (Carl Zeiss SMT, Cam-
bridge, UK). Small pieces of the uncured rubber
were placed in liquid nitrogen for 3 min. They were
recovered and fractured into two pieces to create
fresh surfaces. The samples, 40 mm2 in area and 6
mm thick, were coated with gold and then examined
and photographed in the SEM. The degree of disper-
sion of the silica particles in the rubber was subse-
quently studied from the SEM photographs.

For preparing the rubber compounds, a mixing
time of 10 min was considered. TBBS, ZnO, TMTD,
stearic acid, and antidegradant were added 4 min af-
ter the silica, rubber, and processing oil were mixed
together. After these chemicals were added, mixing
continued for an extra 6 min. The temperature of the
compounds during mixing was 50–63�C.

Finally, when mixing ended, the rubber was
recovered from the mixer and milled to a thickness
of about 8 mm for further work. The compounds
were kept at ambient temperature (� 23�C) for at
least 24 h before their cure properties were
measured.

Addition of TBBS and TMTD to the filled rubber

To activate the rubber reactive tetrasulfane groups of
TESPT, TBBS, and TMTD were added. The loading
of TBBS and TMTD in the rubber was increased pro-
gressively to 9 phr to measure the minimum
amounts needed to optimize the chemical bonding
between the rubber and TESPT and to increase the

crosslink density in the rubber. The formation of
crosslinks strengthened the rubber/filler interaction.7

Addition of ZnO to the filled rubber with TBBS
and TMTD

The loading of ZnO in the filled rubbers with TBBS
and TMTD was raised to 2.5 phr to determine the
amounts needed to maximize the efficiency of TBBS
and TMTD and chemical bonding between the filler
and rubber.

Addition of stearic acid to the filled rubbers with
TBBS, TMTD, and ZnO

Stearic acid is a fatty acid that is added to improve
the solubility of ZnO in rubber. The loading of ste-
aric acid in the filled rubbers with TBBS and ZnO
and, TMTD, was increased to 2.5 phr to measure the
amount needed to optimize the efficiency of the
accelerators and cure.

Viscosity and cure properties of the rubber
compounds

The viscosity of the rubber compounds was meas-
ured at 100�C in a single-speed rotational Mooney
viscometer (Wallace Instruments, Surrey, UK)
according to a British Standard.14 The results were
expressed in Mooney Units (MU).
The scorch time, ts2, which is the time for the

onset of cure, and the optimum cure time, t95, which
is the time for the completion of cure, were deter-
mined from the cure traces generated at 140 6 2�C
by an oscillating disk rheometer curemeter (ODR)
(Monsanto, Swindon, UK).15 The cure rate index,
which is a measure of the rate of cure in the rubber,
was calculated using the method described previ-
ously.16 The rheometer tests ran for up to 2 h.
Figure 1 shows typical cure traces produced for the
rubbers with an increasing loading of TMTD.
Dtorque, which is the difference between the maxi-
mum and minimum torque values on the cure trace
of the rubber, is an indication of crosslink density
changes and was calculated from these traces.
Dtorque was subsequently plotted against the load-
ing of TBBS, TMTD, ZnO, and stearic acid.

Test pieces and test procedure

After these measurements were completed, the com-
pounds were cured in a compression mold at 140�C
with a pressure of 11 MPa. For measuring the me-
chanical properties of the rubbers, sheets 23 cm by
23 cm in dimensions by � 2.7 mm thick were used
from which various samples for further tests were
cut.
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Hardness

For determining the hardness of the rubber, cylindri-
cal samples 12.5 mm thick and 28 mm in diameter,
were cured. The samples were then placed in a
Shore A Durometer hardness tester (The Shore
Instrument and MFG, New York) and the hardness
of the rubber was determined at 23.5�C after 15-s
interval. This was repeated at three different posi-
tions on each sample and the medium of the three
readings was subsequently indicated.17

Tensile properties

The tensile stress, elongation at break, and stored
energy density at break of the rubber vulcanizates
were determined in uniaxial tension in a Lloyd me-
chanical testing machine (Hampshire, UK) with
dumbbell test-pieces 3.6 mm wide and a central
neck 25 mm long. These samples were die-stamped
from sheets of the cured rubber. The tests were per-
formed at 22.5�C and at a constant cross-head speed
of 50 mm/min.18 Lloyd DAPMAT computer soft-
ware was used for storing and processing the data.

Tear strength

The tear strength of the rubbers was measured using
rectangular strips, 85 long and 30 mm wide, which
were cut from the cured sheets of rubber. A sharp
crack, � 35 mm in length, was introduced into the
strips half way along the width and parallel to the
length of the strips to form the trouser test pieces for
the tear experiments. Trouser tear tests were per-
formed at an angle of 180� and a constant cross-
head speed of 50 mm/min,19 using a Lloyd mechan-
ical testing machine. The test temperature was
22.5�C. The tear produced varied in length from
� 16 mm to 78 mm. In some cases, tearing produced

peaks on the trace where an average force was cal-
culated and sometimes, tearing produced a single
peak from which a force was measured. Five test
pieces were used for each rubber. Tearing energies
were calculated using eq. (1)20

T ¼ 2F=t (1)

where F is tearing force and t is the thickness of the
test piece.

Young’s modulus and tensile modulus
at different strain amplitudes

The tensile modulus at 100, 200, and 300% strain
amplitudes and the Young’s modulus of the vulcani-
zates were measured in uniaxial tension, using
dumbbell test-pieces. The tests were carried out at
ambient temperature (22.5�C) at a cross head speed
of 50 mm/min18 in a HT Hounsfield mechanical
testing machine (Hounsfield, Surrey, UK). QMAT-
DONGLE version 2003 computer software was used
to process the data.

Bound rubber measurements

The solvent used for the bound rubber determina-
tion was toluene. For the determination, 10 g of the
rubber compound was cured in a compression mold
to produce cylindrical samples, 28 mm in diameter
and 12 mm in height. The samples were then placed
individually in 70 mL of the solvent in labeled bot-
tles and allowed to swell at 21�C. It took up to 5
days for the samples to reach equilibrium. The
weight of the samples was measured every day until
it reached equilibrium. The solvent was removed af-
ter this time elapsed, and the samples were dried in
air for 9 h. The samples were subsequently dried in
an oven at 85�C for 24 h and allowed to stand for an
extra 24 h at 23�C before they were reweighed. The
bound rubber content was then calculated using the
expression in Ref. 21.

RESULTS AND DISCUSSION

Effect of TBBS and TMTD accelerators on the
Dtorque of the rubber compounds

As mentioned earlier, TBBS and TMTD are non sul-
fur-donor and sulfur-donor accelerators, respec-
tively. Effects of an increasing loading of these accel-
erators on the Dtorque of the filled SBR rubber was
investigated. Figure 2 shows Dtorque versus TMTD
and TBBS loading. Dtorque increased from 8 to 22
dN m when 3 phr TBBS was added and thereafter,
it rose at a much slower rate to 26 dN m when an
extra 6 phr TBBS was included in the rubber. When
the loading of TMTD was increased from 0.5 to 5.0

Figure 1 Typical torque versus time traces by ODR for
the filled rubber compound containing different amounts
of TMTD. Formulations: 0.5 phr TMTD (a); 3.5 phr TMTD
(b); 5 phr TMTD (c); 8.5 phr TMTD (d).
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phr, Dtorque rose from 10 to 54 dN m and subse-
quently, it increased to 67 dN m when the loading
of TMTD reached 8.5 phr. Evidently, the addition of
3 phr TBBS and 5 phr TMTD was sufficient to start
the chemical bonding or crosslinking between the
rubber reactive tetrasulfane groups of TESPT and
the rubber.

Effect of ZnO on the Dtorque of the rubber
compounds with TMTD and TBBS

Figure 3 shows Dtorque as a function of ZnO load-
ing for the filled SBR rubbers with TMTD and TBBS.
For the filled rubber with 3 phr TBBS, Dtorque
increased from 22 to 57 dN m when 0.5 phr ZnO
was added and it continued rising slowly to 64 dN
m when the loading of ZnO reached 2.5 phr. For the
filled rubber with 5 phr TMTD, Dtorque rose rapidly
from 54 to 111 dN m with 0.3 phr ZnO and there-
after, it reached 142 dN m when an extra 2.2 phr
ZnO was included in the rubber.

Addition of stearic acid to the filled rubber
compounds with TBBS, TMTD, and ZnO

To increase the efficiency of cure in the filled SBR
rubbers with 3 phr TBBS and 0.5 phr ZnO, and 5
phr TMTD and 0.3 phr ZnO, an increasing loading
of stearic acid was added (Fig. 4). For the rubber
with TBBS and ZnO, Dtorque decreased from 57 to
46 dN m when the loading of stearic acid reached
2.5 phr. For the rubber with TMTD and ZnO,
Dtorque hardly changed and remained at 111 dN m
when 1.5 phr stearic acid was added. Clearly, add-
ing stearic acid had no additional benefit for Dtorque
at all and in fact it was detrimental to it. Note that
no ZnO was subsequently included in the rubber
with TMTD because it would have made the rubber
too brittle. After the optimum loadings of TMTD,
TBBS, and ZnO were measured, two compounds

Figure 2 Dtorque versus TMTD and TBBS loading for the
filled SBR compound.

Figure 3 Dtorque versus zinc oxide loading for the filled
SBR compounds with TMTD and TBBS.

Figure 4 Dtorque versus stearic acid loading for the filled
SBR compounds with TMTD, TBBS, and ZnO.

TABLE I
Recipe for the SBR Rubber Compounds

Formulation (phr)

Compound No.

1 2

SBR Intol 1712 100 100
Silanized silica 60 60
TBBS 3 –
TMTD – 5
ZnO 0.5 –
Santoflex 13 1 1
Enerflex 74 5 5

Mooney viscosity (MU)
71 91

ODR results
Minimum torque (dN m) 18 22
Maximum torque (dN m) 56 71

Dtorque (dN m) 38 49
Scorch time, ts2 (min) 16 11
Optimum cure time, t95 (min) 80 58
Cure rate index (min�1) 1.6 2.1
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were made (Table I), cured, and their mechanical
properties were determined.

Cure properties and viscosity of the filled rubbers

As shown in Table I, the filled rubber cured with
TMTD had shorter scorch and optimum cure times,
a faster cure rate and a higher Dtorque value. Since
TMTD is a sulfur-donor accelerator and acts as a
vulcanizing agent, this contributed to a higher
Dtorque value and a shorter cure cycle. Note that
TBBS is a non sulfur-donor substance. The rubber
compound with TMTD had a higher viscosity in
spite of both compounds having the same mixing
time. This rubber had 43% by weight more curing
powder (Table I), which contributed to its higher
viscosity.

Effect of the silanized silica nanofiller on the
mechanical properties of the filled rubber
vulcanizates with TBBS and ZnO, and TMTD

There were noticeable differences between the me-
chanical properties of the two rubbers (Table II). For
example, the rubber cured with TMTD was harder
and had higher Young’s modulus, tensile modulus
at 100–300% strain amplitudes and tearing energy
but its tensile strength, elongation at break, and
stored energy density at break were lower. Interest-
ingly, these properties were similar or even better,
in some cases, than those reported for the SBR com-
pounds filled with a similar loading of silica and
crosslinked with conventional sulfur-cure systems
(two accelerators, two activators, and elemental sul-
fur).3,22 This was in spite of reducing the curing
chemicals in the compound by more than 60%.
Clearly, a more efficient use of these selected chemi-

cals had no adverse effect on the mechanical proper-
ties of the rubber vulcanizates.
Mechanical properties of sulfur-cured silica-filled

SBR rubber vulcanizates are affected by changes in
crosslink density. For example, tensile modulus at
100% strain amplitude improved, whereas, elonga-
tion at break deteriorated as crosslink density was
increased.23 The Dtorque of the TMTD cured rubber
was larger (Table I), which indicated a higher cross-
link density. This explained the differences in the
mechanical properties of the two rubbers for exam-
ple the tensile modulus and elongation at break (Ta-
ble II). Our results are in line with the previous
findings.23

Using TMTD to cure the filled rubber eliminated
the need for ZnO, elemental sulfur, and primary ac-
celerator. Curing the filled rubber with TBBS
required a small amount of ZnO, no elemental sulfur
and no secondary accelerator. The presence of ZnO
in tread compounds has come under growing scru-
tiny because of environmental concerns.24 Since the
tire industry is the largest single market for ZnO,
the elimination or a more restricted use of ZnO in
rubber compounds will help to reduce damage to
the environment. Rubber reinforcement is mainly
due to filler-rubber adhesion,25 filler-filler interac-
tion,9 and formation of crosslinks in rubber.5 The
silica particles were fully dispersed in the rubber
matrix (Fig. 5), and therefore, the filler–filler interac-
tion was negligible. However, the mechanical prop-
erties benefited from the good dispersion of the
silica particles in the rubber.26,27 The bound rubber
content was 63–64% (Table II), which indicated a
very strong filler-rubber adhesion. Furthermore, the
rubbers had Dtorque values of 38 dN m and 49 dN
m, respectively, (Table I), which indicated

TABLE II
Mechanical Properties of the Cured Rubbers

Property

Compound No.

1 2

Hardness (Shore A) 62.5 65.5
Tensile strength (MPa) 26 18
Elongation at break (%) 1308 1112
Stored energy density at break (mJ/m3) 140 94
Tearing energy (kJ/m2) 75 87
Range of values 71–89 79–97
Modulus at different strain amplitudes (MPa)
Strain amplitude (%)
100 0.78 0.98
200 0.96 1.15
300 1.24 1.31
Young’s modulus (MPa) 4.3 5.6
Bound rubber content (%) 64 63

Figure 5 SEM photograph showing good dispersion of
the silica particles in the rubber. Mixing time ¼ 10 min.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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contribution from crosslinks or chemical bonding
between the rubber and filler to the rubber
reinforcement.

CONCLUSIONS

From this study, it is concluded that:

1. To start reaction between the rubber reactive
tetrasulfane groups of TESPT and the rubber
chains and to optimize cure 5 phr TMTD or 3
phr TBBS and 0.5 phr ZnO, were needed. There
was no need to add stearic acid and elemental
sulfur to the filled rubber, and in fact, stearic
acid was detrimental to Dtorque.

2. The scorch and optimum cure times of the filled
rubber cured with TMTD were shorter, its cure
rate was faster, and it had a higher Dtorque value,
which indicated a higher crosslink density.

3. For the rubber compound with TMTD, the
Mooney viscosity was higher and the hardness,
tearing energy, Young’s modulus, and tensile
modulus at strain amplitudes 100–300% were
noticeably better. However, the tensile strength,
elongation at break, and stored energy density
at break were inferior.

In summary, when chemical bonding or crosslink-
ing between the tetrasulfane groups of TESPT and
the rubber chains were optimized with the sulfur-
bearing TMTD accelerator, this provided a very
efficient method for curing and reinforcing the SBR
rubber. At the same time, a significant reduction in
the use of the curing chemicals was achieved, which
was beneficial to health, safety, and the environment.

The authors thank Evonik Industries AG of Germany for
supplying the silica filler and LoughboroughMaterials Char-
acterisation Center for carrying out the SEM examinations of
our samples. The technical input from DTR Vibration Man-
agement Systems Ltd, UK are also appreciated. Scheme 1
was reprinted from a paper in the Conference Proceedings
on High Performance Fillers for Polymer Composites (Copy-
right 2009)with permission from Smithers Rapra Technology
Ltd., UK.
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