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ABSTRACT: This study describes the effect of treatment
of Bis(3-triethoxysilyl propyl)tetrasulfane (silane coupling
agent, Si69, TESPT) on in situ sodium activated, organo
modified bentonite clay – styrene butadiene rubber ( SBR)
nanocomposite. transmission electron microscopy and
Wide angle X-ray diffraction indicated the intercalation as
well as partial exfoliation in both the organoclay and sil-
ane treated organoclay compound. It was found that about
5% of silane with respect to clay was the optimum dose
for the treatment. Around 15% improvement in tensile
and tear strength was observed due to silane treatment.
Silane treated organoclay exhibited substantial improve-

ment of the fatigue life, compression set, and rebound
property. A detailed study of physical property was carried
out. A comparison with low and high structure carbon black
filled compound was also carried out. It revealed that the
silane treatment helped organoclay to achieve comparable
property of the compound having equivalent carbon black
loading. Probable mechanism of interaction of silane with
clay has also been proposed. VC 2010 Wiley Periodicals, Inc. J
Appl Polym Sci 116: 1660–1670, 2010
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INTRODUCTION

The polymer clay nanocomposites have gained atten-
tion from researchers due to three major advantages
that nanocomposites have over conventional compos-
ite. They are lighter weight due to low filler loading,
low cost due to fewer amounts of filler use, and
improved properties (includes mechanical, thermal,
optical, electrical barrier, etc.) compared to conven-
tional composites at very low loading of filler. Poly-
mer clay nanocomposites can be prepared by solution
blending or direct intercalation or sol/gel technique
or in situ polymerization or by latex blending.1–12

Due to easy availability of the different rubbers in
latex form and swelling capability of the clay in the
water, the mixing of the latex with the layered sili-
cates (having high cation exchange capacity) followed
by co-precipitation (coagulation) is a promising route
for producing rubber nanocomposites.13 Varghese
and Karger-Kocsis14 prepared NR based nanocompo-

sites with 10 wt % natural (sodium bentonite) and
synthetic (sodium fluorohectorite) layered silicates by
the latex compounding method. Wang et al.15 pre-
pared NR-MMT and chloroprene rubber (CR)-MMT
clay nanocomposites by co-coagulating the rubber la-
tex and the aqueous clay suspension. Stephen et al.16

studied the impact of layered silicates like sodium
bentonite and sodium fluorohectorite on the rheologi-
cal behavior of NR, carboxylated SBR (XSBR) lattices,
and their blends with special reference to shear rate,
temperature, and filler loading. Zhang et al.17 pre-
pared clay (natural clay fractionated from bentonite)-
SBR nanocomposites by mixing the SBR latex with a
clay/water dispersion and coagulating the mixture.
Wang et al.18 compared the mechanical properties of
clay (fractionated bentonite)/SBR nanocomposites
prepared by the solution and latex blending techni-
ques and found that at equivalent clay loadings, the
nanocomposites prepared by the latex route were bet-
ter than those prepared by the solution blending
technique. Jia et al.12 combined in situ organic modifi-
cation of MMT and the latex compounding method
to prepare high performance SBR/MMT nanocompo-
sites by improving the interfacial interaction between
nano-dispersed layered clay and SBR.12
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Applications of such rubber nanocomposites are
contemplated, for example as tire tread and inner
liner. However, some of the properties are seems to
be inferior for rubber clay nanocomposites. It has
been reported that with increase with nanoclay, the
fatigue life of the compounds decreases.19 Same type
of observation has also been reported for rebound
resilience property.20 It is reported that at equivalent
carbon black loading, the set property of the nano-
composites are inferior.18

Author’s previous publication21 deals with a novel
single step method to form in situ sodium activation
and organo modified bentonite clay – SBR rubber
nanocomposites. In this study, effect of silane treat-
ment on the physical property of in situ sodium acti-
vation and organo modified bentonite clay – SBR
rubber nanocomposites has been evaluated. The
properties have also been compared with low and
high structure (N660 and N330) carbon black filled
compounds at equivalent carbon black loading. A
possible mechanism has also been proposed.

This kind of nanocomposites can be used in tyre
tread, side wall or inner liner. Auto motive tube is also
an area, where such kind of nanocomposites can play a
crucial role due to its superior air retention property.

EXPERIMENTAL SECTION

Materials

The SBR latex (Encord 205) with 25% bound styrene
and 40% solids content was supplied by M/S Jubi-
lant Organosys (Borada, India). The Mooney viscos-
ity (ML [1 þ 4] at 100�C) of the coagulated SBR latex
was 51. Apart from SBR latex, SBR 1502 (emulsion
grade) from BST Elastomers (Bankok, Thailand
bound styrene 24%, Mooney viscosity 50 (ML [1 þ
4] at 100�C), volatile matter 0.02%, specific gravity
0.94) was also used in the compound formulations.
Unpublished work in our laboratory indicates that
the gum properties of both those SBRs are similar
and thus SBR 1502 was used for dose adjustment
during compound formulation as reported later. The
clay used in this work is unfractionated bentonite
clay available locally in Rajasthan, India.

The rubber compounding ingredients used in this
work were of commercial grade, viz. zinc oxide, ste-
aric acid, sulphur, N-t-butylbenzothiazole-2-sulphe-
namide (TBBS), and N660 and N330 carbon black.
Bis(3-triethoxysilyl propyl)tetrasulfane (Silane) was
purchased from Dugassa AG (Bitterfeld, Germany).

Synthesis of the in situ modified bentonite clay
nanocomposite master batch

The synthesis of the in situ sodium activated and
organomodified bentonite clay master batch was car-

ried out according to the published literature.21

About 10 g of the unfractionated pristine bentonite
clay was dispersed in 500 mL of distilled water
using a Remi (India) stirrer for 1 h at 2000–3000
rpm. The temperature was maintained to around
80�C. Next sodium chloride (10% with respect to
clay) was added to the hot clay slurry. The slurry
was further stirred for 4 h at 2000–3000 rpm and
80�C. Required amount of octadecyl amine (about
1.5 equivalent times of CEC of the clay) was stirred
with equivalent amount of hydrochloric acid in dis-
tilled water at 80�C. The amine solution became col-
orless after some time. The amine solution was then
added to the clay slurry and stirring was continued
for another 2 h at 80�C and at 2000–3000 rpm.
Diluted SBR latex (20% total solid) was then added
to the aqueous slurry. The amount of latex was
adjusted to make 20 parts of clay in 100 parts of rub-
ber (i.e. 20 phr.) on dry basis. The pH of the solution
was adjusted to around 3–4. The solid content of the
slurry was finally maintained around 20–25%. The
mixture was further stirred for another 1 h. The re-
sultant solution was coagulated during stirring. The
mass was washed several times with tap water and
dried at 70�C in a hot air oven.

Compound mixing

The single stage mixing was done in a Brabender
Plasticorder model PL 2000-3 (M/s Brabender, Ger-
many) having a chamber volume of 80 cm3, cam
rotors, ram pressure weight of 5 kg and batch
weight of 70 g.
Single stage mixing was carried out for 10 min

using 60 rpm rotor speed at 70�C. Initially 1 min
mastication time was allowed for the rubber. Then
clay or clay master batch was added and mixed for
6 min. Finally, other ingredients were added and the
batch dumped after 3 min.
For silane treatment, the mixing was carried out

in three stages. In first stage, the rubber and the
nanocomposite master batch was mixed for 4 min
using 60 rpm rotor speed at 70�C. In second stage, 1
min mastication time was allowed for the first stage
master batch rubber using 60 rpm rotor speed at
145�C. Then required amount of silane was added
and further mixed for 2 min. In the third stage, 1
min mastication time was allowed for the second
stage master batch using 60 rpm rotor speed at
70�C. Then required curatives were added and fur-
ther mixed for 2 min.
The mixed batches were further milled on a labo-

ratory two-roll mill from M/s Santosh Industries
(India). The respective compound formulations are
shown in Tables I and II.
The SBR dose was adjusted by adding SBR 1502

from outside during mixing.
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Characterization of the SBR/bentonite
clay nanocomposites

Wide angle X-ray diffraction (WAXD) measurements
were carried out in a Philips 1710 X-ray diffractome-
ter using a scan rate of 0.5�/min with Cu Ka target
at 40 kV and 25 mA (wavelength ¼ 0.154 nm) with
2y scan range from 2 to 10�. The X-ray diffracto-
grams are represented in Figure 1. The peak position
and the corresponding spacing of the d001 plane is
reported in Table III.

For transmission electron microscopy (TEM) meas-
urements, 100 nm sections were microtomed at
�120�C using Ultracut E ultramicrotome (Reichert
and Jung) with a diamond knife. Measurements
were carried out with a Philips CM200 TEM at an
acceleration voltage of 120 kV. The TEM micro-
graphs are given in Figures 2–5, respectively.

Energy dispersive X-ray spectrophotometry (EDS)
study was carried out with the help of Quantax 200
with X-Flash liquid nitrogen free detector from
Bruker, Germany for the elemental mapping of the
samples. The aluminium mapping of the samples
are reported in Figure 6.

The thermal stability of the cured samples was
determined by carrying out thermogravimetric anal-
ysis (TGA) using Pyris-1 TGA of M/s Perkin Elmer

(Shelton, USA). For each sample three tests were car-
ried out under the same heating rate and the tem-
peratures were reproducible to 63.0�C. Initially the
sample was heated under nitrogen atmosphere up to
600�C and then the gas was changed to oxygen and
the heating continued up to 800�C. The heating rate
was 40�C/min. The TGA and DTG thermograms are
shown in Figures 7 and 8, respectively. The decom-
position data are represented in Table IV.
Differential scanning calorimetry (DSC) experi-

ments were performed in dynamic mode using Dia-
mond DSC (Perkin Elmer, Norwalk, USA) to mea-
sure the glass transition temperature (Tg). The
scanning rate was 20�C/min under nitrogen atmos-
phere. The DSC thermograms are shown in Figure 9
and Tg values are reported in Table V.
The rheometric properties were determined in a

moving die rheometer (MDR 2000E) from M/s
Alpha Technologies (Akron, USA) at 160�C for
30 min keeping the rotor arc at 0.5� in accordance
with ASTM D 5289. Rheometric properties are
reported in Tables VI and VII.
Curing of tensile slabs was done using a compres-

sion molding technique in an electrically heated cur-
ing press from M/s Hind Hydraulics (New Delhi,
India) at 160�C for 30 min. The tensile samples were
died out in accordance with ASTM D412 type C die.
The stress–strain properties were determined

using a universal testing machine, Zwick UTM 1445
from M/s Zwick (Ulm, Germany) in accordance
with ASTM D412. The hardness was determined in
a Shore A durometer from M/s Prolific Industries
(New Delhi, India) in accordance with ASTM D2240.
The tear properties were measured according to

ASTM D624. The Mooney viscosity was measured
using MV2000E from Alfa Technologies (Akron,
USA) in accordance with ISO 289-1.
Cure rate index (CRI) was measured according to

ASTM D5289. The following formula was used for
the CRI in the study:

TABLE I
Compound Formulation with Varying Dose of Silane

Material 5A3Si2 5A3Si5 5A3Si7 5A3Si10

SBR1502 100 100 100 100
Nano-clay
(from
nanocomposite
master batch) 5 5 5 5

Silane 0.1 0.25 0.35 0.50
ZnO 3 3 3 3
TBBS 1 1 1 1
Stearic acid 1 1 1 1
Sulfur 1.75 1.75 1.75 1.75

TABLE II
Formulation of Different Compounds

Material B1 B2 10A3 10A3Si5 N10330 N10660

SBR1502 100 100 100 100 100 100
Nano-clay
(from
nanocomposite
master batch) – – 10 10 – –

Silane – 0.5 – 0.5 – –
Bentonite clay 10 10 – – – –
Carbon black, N330 – – – – 10 –
Carbon black, N660 – – – – – 10
ZnO 3 3 3 3 3 3
TBBS 1 1 1 1 1 1
Stearic Acid 1 1 1 1 1 1
Sulfur 1.75 1.75 1.75 1.75 1.75 1.75
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where,

CRI ¼ 100

tc90 � ts2
(1)

The swelling index of the cured samples was
measured using the following formula in accordance
with ASTM D3616.

Swelling index ¼ Swollen weight

Initial weight
(2)

Volume fraction was also performed to get an in-
dication of apparent crosslink density. Weighed
sample of cured rubber vulcanizate was immersed
in toluene solvent for 48 h at room temperature.
Excess solvent was then blotted from the sample
and the swollen weight was measured. The swollen
sample was dried in oven at 100�C till constant
weight. Dried weight of the sample was taken after
cooling the sample in the desiccators. The volume
fraction, Vr

22 of the vulcanizate rubber was calcu-
lated using following formula:

Vr ¼ ðD� FTÞ=qr
ðD� FTÞ=qr þ A0=qs

(3)

where D is the weight of the deswollen sample; F is
the weight fraction of the insoluble non-rubber

ingredients; T is the original dry weight of the sam-
ple; A0 is the weight of solvent absorbed; qr is the
density of the rubber (density value is 910 kg/m3);
and qs is the density of the solvent (density value is
870 kg/m3).
Bound rubber content was also measured by using

the following formula

Bound rubber ¼ ðMB �MF �MDÞ
MB

� 100% (4)

where MB is the weight of the uncured mix before
immersing in toluene, MF is the weight of the filler

Figure 1 X-ray diffractogram of the compounds.

TABLE III
Thermogravimetric Data of Various Compounds

Sample
Decomposition
up to 400�C (%)

Peak
decomposition

temperature (�C)

Peak
decomposition
rate (%/min)

10A3 8.8 498 33.0
10A3Si5 8.8 500 33.1
B1 8.9 480 50.2
B2 9.0 481 50.5

Figure 2 TEM image of compound 10A3 at low
magnification.

Figure 3 TEM image of compound 10A3 at high
magnification.
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in the uncured mix (i.e MB) and MD is the weight of
the rubber dissolve in the solvent.

Rebound resilience and compression set of sam-
ples were carried out according to ISO 4662 and
ASTM D395, respectively.

The fatigue to failure properties (FTFT) at 100%
extension ratio was measured in a Monsanto FTFT
machine (ASTM D4482). The fatigue life was calcu-
lated using the Japanese Industrial Standard (JIS)
average method.

Air permeability test was carried out according to
ISO 2782.

RESULT AND DISCUSSION

Dispersion morphology of
SBR/clay nanocomposite

WAXD study

Figure 1 shows the X-ray diffraction patterns of ben-
tonite clay, compounds B2, 10A3S15, and 10A3,

Figure 4 TEM image of compound 10A3 Si5 at low
magnification.

Figure 5 TEM image of compound 10A3 Si5 at high
magnification.

Figure 6 Al mapping of compounds by EDS, (a) SEM
image of Bentonite clay.
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respectively. Bentonite clay shows a characteristic
diffraction peak at 2y � 7.2� corresponding to an
inter-gallery distance of 1.23 nm. Compound B2 did
not exhibit any shift in the diffraction peak and thus
the inter-gallery distance in compound B2 remained
the same as in case of bentonite clay. It can be
deduced that the addition of silane in the bentonite
clay gave rise to the formation of a conventional
composite at a microscopic level, where polymer
was not intercalated into the silicate galleries. It was
expected as there were few number of silinol groups
at the edge of the montmorillonite. The silinol
groups can react with silane to increase the miscibil-
ity with rubber but does not effect the inter layer
spacing.23 In case of compound 10 A3, the XRD dif-
fraction patterns were nearly flat with hump at 4.7�

corresponding to a layer spacing of 1.88 nm. The
intercalation of the polymer and partial exfoliation
of the clay layers led to disordering of the layered
clay structure causing the decrease in the XRD

coherent layer scattering intensity of the compound
10A3. Similarly, in case of compound 10A3Si5, the
inter layer spacing remained unchanged to 1.88 nm.

TEM study

The TEM micrograph of compound 10A3 shown in
Figures 2 and 3 clearly points out the exfoliated as well
as the intercalated nature of the SBR bentonite clay
nanocomposite. Totally exfoliated clay particles can be
seen at the upper left corner of the TEM micrograph,
whereas the intercalated clay particles at the middle of
the micrograph. TEM photograph of compound
10A3Si5 shown in Figures 4 (low magnification) and 5
(high magnification) indicates the nano-scopic distribu-
tion of the clay particles in to the matrix and also the
exfoliated/intercalated nature of the composite. There
is basically no morphological change.

SEM–EDS study

Figure 6 compares the Al mapping of compounds
B1, 10A3, 10A3Si5, and B2, respectively. It is evident
that there is significant amount of bigger

TABLE IV
Rheometric Property of the Compounds with

Varying Dose of Silane

Parameter 5A3Si2 5A3Si5 5A3Si7 5A3Si10

Maximum torque
(Tmax), (dN-m) 8.5 9.9 10.1 9.7

Minimum torque
(Tmin), (dN-m) 1.8 2.4 2.4 2.0

DTorque
¼ Tmax – Tmin, (dN-m) 6.7 7.5 7.7 7.9

ts2 (min) 4.5 3.9 3.0 2.7
tc90 (min) 13.0 14.0 14.3 14.7
CRI (min–1) 11.8 10.1 8.8 8.3

Figure 7 TGA thermogram of the compounds.

Figure 8 DTGA thermogram of the compounds. Figure 9 DSC thermogram of the compounds.

TREATMENT OF BIS(3-TRIETHOXYSILYL PROPYL)TETRASULFANE 1665

Journal of Applied Polymer Science DOI 10.1002/app



aggregation of the bentonite clay in B1. However,
the size of the clay aggregates is relatively smaller in
compound B2. This was due to the miscibility effect
of the silane. However, the Al signals from 10A3
and 10 A3Si5 prove the homogeneous distribution of
the bentonite clay is in the SBR matrix.

Si mapping of the compounds were not collected
as the silane itself contains Si, which may lead mis-
interpretation. The magnification of the pictures
were low enough (300 lm) and thus can be taken as
the representative picture for the whole sample. The
SEM image of the bentonite clay is shown in Fig-
ure 6(a). The image clearly points out the plate like
nature of the bentonite clay.

Effect of clay on thermal behavior

TGA study

The TGA and DTG curves of the compounds B1, B2,
10A3, and 10A3Si5 are compared in Figures 7 and 8,
while the decomposition up to 400�C, the peak
decomposition temperatures and the corresponding
peak decomposition rates for the compounds are
tabulated in Table III. The decomposition amount up
to 400�C (onset decomposition) was similar for all the
compounds. It was very hard to tell any difference
from TGA. However, from the peak decomposition
temperature and from decomposition rate, better
thermal stability of the nanocomposites can be ascer-
tained. The peak decomposition temperature fol-
lowed the trend 10A3/10A3Si5 > B1/B2 and exact
reverse trend was followed for the peak decomposi-
tion rate (i.e B1/B2 > 10A3/10A3Si5). Thermal stabil-
ity of compound 10A3 and 10A3Si5 was comparable.
Similarly, thermal stability of compound B1 and B2
was comparable. Compound B contained ordinary
bentonite clay and thus formed conventional compos-
ite with very low degree of dispersion having large
aggregates. Even the silane treatment did not help
much to increase the distribution. Compound 10A3
and 10A3 Si5 contained the in situ sodium activated
and organo-modified nanocomposites. The nanocom-
posites helped to achieve the higher thermal resist-
ance due to relatively better exfoliation and/or inter-
calation of the SBR rubber in to the clay gallery. The
better thermal stability can be attributed to the carbo-

naceous char formed and the structure of the clay
minerals. The multiplayer clay structure acts as an
excellent insulator and barrier for the mass transfer.

DSC study

Dynamic DSC scans for the samples are shown in
Figure 9. The glass transition (Tg) temperature of
compound B1 and B2 was observed at � �54�C,
while 10A3 and 10A3 Si5 exhibited Tg at � �45.3
and �44�C, respectively. The shift in ‘Tg’ can be
explained by the restricted mobility of the SBR
chains within the bentonite layers thereby proving
the intercalated/exfoliated nature of the SBR/ODA
modified bentonite clay nanocomposites.24 Thus in
case of compound 10A3, effective intercalation and/
or exfoliation of the of the clay has increased the Tg.
Further increase of Tg values was observed in silane
treated compound. This was due to more restricted
mobility of the SBR chains within the bentonite
layers and in the close vicinity of the clay particles
through silane coupling.

Cure kinetics

Compound with different dose of silane

It is very much essential to understand the optimum
dose for silane. Insufficient amount of silane will
produce inadequate interaction of the silica/silicate
with the rubber while higher amount of silane will
unnecessarily increase the modulus and hardness of
the compound. This is due to release of free sulfur
from the excess amount of silane. Moreover, the cost
of silane is also a factor.
The cure property of the compounds with differ-

ent dose of silane are compiled in Table IV. The
extent of curing (given by the DTorque values) is
highest in compound 10A3Si10 followed by com-
pound 10A3Si7, 10A3Si5, and 10A3Si2. This was due
to effective chemical bond formation of SBR rubber
chains with the silinol groups of the clay through sil-
ane coupling agent. This leads to better rubber-to-fil-
ler interaction. It was observed that with the increase
of the silane content, the scorch safety of the com-
pounds (ts2) decreases. This was due to early break
down of the silane, which released sulfur for curing.
However, it was observed that with the increase of

TABLE V
Rheometric Property of the Compounds with Different Formulations

Parameter B1 B2 10A31.5 10A3Si5 N10330 N10660

Maximum torque (Tmax), (dN-m) 6.5 7.4 8.6 10.1 9.3 10.2
Minimum torque (Tmin), (dN-m) 1.3 0.8 1.7 1.7 0.9 0.9
DTorque ¼ Tmax – Tmin, (dN-m) 5.2 6.6 6.9 8.4 8.4 9.3
ts2 (min) 15.2 7.7 2.8 2.6 8.37 8.0
tc90 (min) 26.1 22.2 8.1 13.9 15.38 14.9
CRI (min–1) 9.2 6.8 18.9 8.8 14.3 14.5
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the silane, the tc90 (time required to reach the 90% to
the maximum torque) value of the compound
increases and that of CRI decreases. This was due to
interaction of the silane with sulfonamide accelera-
tor25 or interaction of the silane with octadecyl
amine present in the clay and thus reduced the
accelerating effect of the amine groups.26

Compounds with different formulations

It was observed that the DTorque value of 10A3Si5
was comparable with N10330 and N10660. The
DTorque value of compound 10A3 was lower in com-
parison to 10A3Si5 but was higher in comparison to
B1 or B2. This was due to strong reinforcing effect of
the organoclay. It is of interest to point out that the
addition of silane has increased the DTorque value
further. This was due to higher compatibility at the
elastomer–filler interface. The ts2 value of compound
B2 was lower in comparison to B1. Similarly, com-

pound 10A3Si5 exhibited lower ts2 value compared to
10A3. The reason has been explained earlier. How-
ever, the presence of octadecyl amine drastically
reduced the ts2 value in 10A3 or 10A3Si5 in compari-
son to B1, B2, N10330, and N10660. This is expected as
amines are regarded as scorchy accelerator.27

It was observed that the addition of silane
increased the tc90 and thus the CRI value. This was
due to interaction of the silane with sulfonamide ac-
celerator or with octadecyl amine present in the clay
as explained earlier.
The properties are reported in Table V.

Physical property

Compounds with varying dose of silane

Physical property of compounds having different
amount of silane have been reported in Table VI. It
was observed that with increase of silane the modulus
increases. This was due to the silane coupling agent,
which acted as a cross-linking agent also. The silane
increases the cross link density of the compound,
thereby enhancing the modulus of the compounds.
This was supported by the higher hardness and lower
elongation of the compounds. The swelling index and
volume fraction followed the opposite trend. Bound
rubber content also increases with increase of silane
content. Increase in bound rubber content is an indica-
tion of increase of compatibility between rubber and
clay. At a glance, the properties reached to optimum
level at 5% silane content with respect to clay loading.

Compounds with different formulations

Physical properties of different compounds have been
reported in Table VII. The mechanical properties, viz.,
50 and 300% modulus and tensile strength is higher

TABLE VI
Physical Properties of Compound with

Varying Dose of Silane

Parameter 5A3Si2 5A3Si5 5A3Si7 5A3Si10

50%modulus (MPa) 0.9a 1.0 1.0 1.0
300%modulus (MPa) 3.6 3.9 4.1 5.5
Tensile strength (MPa) 6.8 7.5 7.9 6.2
EB (%) 470 423 412 400
Hardness (S) 51.5 53.0 54.0 55.0
Swelling index 4.18 4.15 4.00 3.85
Volume fraction 0.170 0.172 0.183 0.190
Tear strength (N/mm) 19.2 30.4 32.6 25.2
Bound rubber (%) 18.2 20.1 22.0 22.7

a The tensile and tear properties of the compounds are
the mean of five measurements and the rest properties are
the average of the two measurements.

TABLE VII
Physical Properties of Different Compounds

Parameter B1 B2 10A3 10A3Si5 N10330 N10660

50% modulus (Mpa) 0.7 (0.9)a 0.7b (1.0) 1.62 (1.8) 1.7 (1.9) 0.74 (0.78) 1.02 (1.5)
300% modulus (Mpa) 1.8 (2.0) 3.3 (3.5) 4.2 (4.98) 6.3 (6.5) 3.1 (4.1) 3.2 (3.6)
Tensile strength (Mpa) 2.8 (2.4) 3.9 (3.5) 8.2 (10.11) 9.5 (8.2) 8.4 (6.8) 5.8 (4.0)
Elongation at break (%) 341 (311) 384 (350) 544 (500) 394 (350) 525 (394) 405 (280)
Hardness (S) 44 (47) 46 (48) 52 (54) 53 (56) 50 (51) 48 (50)
Swelling index 5.12 4.80 4.61 4.43 4.35 4.35
Volume fraction 0.158 0.169 0.175 0.183 0.188 0.188
Tear strength (N/mm) 13.0 16.0 26.0 30.6 30.6 25.0
Bound rubber (%) 12.3 16.4 22.0 26.7 20.1 18.2
Rebound resilience (%) 68.5 67.2 55.6 60.0 65.9 68.0
Compression set (%) @ 105 C/24 h 35.0 32.0 53.4 31.5 37.8 31.4
Mooney viscosity ML (1 þ 4) @ 100�C 46.2 51.2 59.7 80.2 50.0 48.4
FTFT (Kcys) 7.6 9.1 25.9 50.3 30.1 29.4
Air permeability (m2/Pa-sec) 2.25 2.10 1.50 1.53 2.22 2.11

a The result in parenthesis represents the aged property.
b The tensile and tear properties of the compounds are the mean of five measurements and the rest properties are the

average of the two measurements.
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in compound 10A3 in comparison to compound
B1,B2, N10330, and N10660. The more effective interca-
lation and/or exfoliation of the SBR chain in the
organo amine-modified clay is probably responsible
for the increase in tensile properties in compound
10A3 compared to the other compounds. Higher
hardness of compound 10A3 was probably due to
presence of organoclay. Swelling index and volume
fraction followed the same trend. However, it was
observed that the tear strength of compound 10A3
was � 18% lower in comparison to high structure
N330 carbon black. This was due to the weak interac-
tion of the rubber at the edge of the plate like clay
particle. Still, the tear property of 10A3 was respec-
tively � 50% and 38% better in comparison to B1 and
B2.Compound 10A3 exhibited height elongation at
break. Even after ageing, the elongation at break was
considerably higher. This leads to higher tensile
strength after ageing. This was due to slippage of the
rubber chain from the surface of the clay particles.
Other aged property of the compounds followed the
same trend as that of unaged property.

The effect of silane treatment can easily be seen in
compound 10A3Si5. The addition of silane to the
in situ sodium activated organo modified bentonite
clay as in compound 10A3Si5, results in a nominal
increase of 5% in the unaged 50% modulus but a
significant increase of � 50% in the unaged 300%
modulus over compound 10A3. A substantial
increase of � 18% in both the tensile strength and
tear strength over compound 10A3 was observed. A
slight 1 unit increase of Shore A hardness in com-
parison to compound 10A3 was found

Higher bound rubber content of compound 10A3
indicates the better rubber to filler interaction, which
leads to better strength property. Compound N10660,
which contained low structure N660 carbon black,
exhibited lower strength property. This was also
reflected in low bound rubber content of the com-
pound (� 22% lower in comparison to compound
10A3).The rebound resilience of compound 10A3
was lowest among (� 55.6) all the compounds. Com-
pression set was highest in case of compound 10A3
(� 53.4%). These two are the most disadvantageous
property in application point of view such as tyre
tread or tyre inner liner or tube. This was probably
due to irreversible slippage of the rubber chain from
the clay surface. It has been reported that the set
and rebound property decreases in presence of orga-
noclay. Silane treatment as in compound 10A3si5
improved the rebound resilience to an extent of 8%
over the 10A3 compound. But, still it was inferior in
comparison to N10330 and N10660. However, a sub-
stantial improvement of � 40% in compression set
property was observed in case of compound 10A3Si5
over 10A3. As expected the bound rubber content of
the compound 10A3Si5 was highest.

The mooney viscosity of compound B1 was lowest
followed by N10330 and N10660. This was due to
lowest rubber to filler interaction in compound B1 (a
conventional composite). Being a conventional com-
posite, compound B1 exhibited lowest strength prop-
erty. Adding silane in compound B2, increased to
mooney viscosity by 5 unit over compound B1.
Compound 10A3 had mooney viscosity of 59.7 unit
and was probably due to better rubber to filler inter-
action. Compound 10A3Si5 exhibited height mooney
viscosity of 80.2 unit due to strong interaction with
rubber to filler through silane.
Fatigue life of compound B1 was poorest (� 8

Kcys) due to lack of rubber filler interaction as well
as presence of big particles, which were the weak
points under cyclic deformation. Compound B2
exhibited slightly better fatigue life compared to
B1(� 9 Kcys). It was due to relatively better interac-
tion through silane coupling agent. N10330 and
N10660 also showed good fatigue life of � 30 Kcys
due to strong rubber to filler interaction through
physicochemical bonding. Compound 10A3 exhib-
ited � 15% lower fatigue life in comparison to car-
bon black filler compounds. However, compound
10A3Si5 demonstrated substantially higher fatigue
life of � 50.3 Kcys due to silane treatment.
As expected, the air retention property of com-

pound 10A3 was much better in comparison to B1,
B2, N10330, or N10660. This was mainly due to pres-
ence of nano-scale dispersion of the plate like clay
particles in to the matrix. However, silane treatment
of the organoclay did not improve the permeation
property further.

Mechanism of silane treatment on in situ sodium
activated and organo-modification bentonite clay

The reaction mechanism of silica–silane–rubber has
been reported by Gorl et al.28 The reaction proceeds
through the silanol group of the silica surface and
the tri-etoxy group of the silane. However, amount
of silanol group in the clay is relatively small and is
situated at the edge of the clay particles.23 The silane
can react with these silanol groups as well as the
amines situated at the surface of the clay.2 The inter-
action of the rubber with the organoclay generates
from the weak van der Walls force of interaction,
where as that of carbon black generates from strong
physicochemical interaction. Due to absence of
strong chemical interaction with the organoclay,
there is a chance of slippage of rubber chain from
the surface of the clay particles. This leads to higher
elongation of the organoclay compounds (like 10A3).
According to Mousa and Karger–Kocsis,13 the unex-
pected elongation of the nanocomposites is likely
due to the encapsulation of the individual clay
layers and tactoids in a more cross link rubber
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fraction than the bulk itself. As a consequence, the
overall elongation corresponds to that of a less cross
linked rubber. The same factor is responsible for low
resilience and higher compression set property of
the organoclay filled compounds (10A3). However,
in case of compound B1 and B2, such type of mor-
phological change is not possible. Thus compound
B1 and B2 exhibited lower elongation.

During silane treatment, a strong chemical interac-
tion occurs through silanol–silane reaction. This
leads to prevention of rubber chain slippage from
the clay surface and thus lower elongation at break
(like 10A3Si5). The coupling of the clay particle with
the rubber chain through silane improves the resil-
ience and the compression set property. The
improvement of the resilience and the compression
set property in 10A3Si5 was due to low slippage of
the rubber chain from clay surface. It was found that
the fatigue life of compound 10A3 was much better
than B1 or B2 but was inferior in comparison to the
N10330 or N10660. The better fatigue life of com-
pound 10A3 over B1 or B2 can be explained based
on the relatively better rubber to filler interaction.
However, the carbon black is nano particles with
more or less spherical nature having strong interac-
tion with rubber. On the contrary, the interaction at
the edge of the clay particles rubber is weakest As a
result, during the cyclic deformation the stress con-
centration is highest at the edge of the clay particles.
Thus, the flaws can generate easily at these points in
comparison to the strongly attached nearly spherical
carbon black particles. Thus, the organoclay contain-
ing compounds exhibited low fatigue life compared
to black filled compound. Addition of silane in the
organoclay improves the interaction at the edge of
the clay particle through chemical cross linking with
rubber. This type of interaction reduces the chance
of flaw generation at the edge of the clay particles
and thus improves the fatigue life. A pictorial pre-

sentation of the above mechanism is represented in
Figure 10.

Conclusion

The study represents an effective way to tailor make
the property of the conventional in situ sodium acti-
vated organoclay nanocomposites. Besides strength
property, some times it is required that the com-
pound should have higher viscous component (like
racing tyre tread component), which is reflected by
lower rebound and higher compression set. Some
times these properties are unwanted (like tube com-
pound). Treatment of silane has improved the
rebound resilience and compression set property
over the conventional in situ sodium activated
organo modified bentonite clay nanocomposites.
Moreover, silane treatment has drastically improved
the fatigue life. This is one of the most critical
requirements for rubber compound as in tyre tread,
side wall, or tube. Silane treated compound has also
shown higher modulus, tensile, and tear property.

The authors thank HASETRI and JK Tyre management for
kind permission to publish this work.
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