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A styrene–butadiene copolymer is filled with mixtures of pyrogenic silica combined with a
silane coupling agent and fibers of organophilic sepiolite. The mechanical properties of the
composites reveal that a mixture of double fillers impart to the elastomeric matrix a higher
degree of reinforcement than that which would result from a simple addition of the two
types of fillers. The swelling ratio of the composite containing the two types of fillers
was found to highly decrease with regard to the pure polymer reflecting strong interactions
with the matrix. The changes in the state of dispersion by adding the second filler were
evaluated by transmission electron microscopy.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In most of their industrial applications, elastomers are
compounded with reinforcing fillers for improvement of
their mechanical properties.

Owing to its strong interactions with hydrocarbon rub-
bers, carbon black has been shown to yield strong rein-
forcement effects but its presence makes rubber
compound black and decreases their processability at high
filler loadings. Silica is the other important reinforcing fil-
ler used in the rubber industry today. But silica particles
are less compatible with hydrocarbon polymers than car-
bon black and tend to form a filler–filler network by hydro-
gen bonding through silanol groups present on their
surface. On the other hand, ingredients of formulation used
in sulfur cure systems can react with filler particles leading
to a reduced state of cure. The use of silane coupling agents
in combination with silica, brings a chemical coupling be-
tween the filler and the polymer that increases modulus
. All rights reserved.

bza).
and tensile strength and shifts the stress–strain curve clo-
ser to that obtained with carbon black [1–3].

The last few years have seen the extensive use of nano-
particles because of the small size of the filler and the cor-
responding increase in the surface area allowing to achieve
the required mechanical properties at low filler loadings.
Nanometer-scale particles including spherical particles
such as silica generated in situ by the sol–gel process
[4–8], layered silicates [9–13], carbon [14] or clay fibers
[15–17] and multiwall or single-wall carbon nanotubes
[18–22], have been used to reinforce rubber matrices.

Another alternative to conventionally filled elastomers
that has not been exploited much in the literature, is the
use of a blend of two fillers of different morphologies.
Wang [23] showed that vulcanizates filled with blended
filler systems (carbon black and silica without coupling
agent, at different filler compositions) display a weaker
Payne effect than that would result from a simple addition
of the two single fillers. That suggests a less developed fil-
ler network in the filler blend compounds due to a weaker
interaction between silica and carbon black aggregates
than between two aggregates of any single filler. One of
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Table 1
Formulations of the rubber compounds.

Ingredients (phr)

Rubber 100
Sulfur 1.1
Diphenyl guanidine (DPG) 1.45
Zinc oxide 1.82
Stearic acid 1.1
Cyclohexyl benzothiazole sulfenamide (CBS) 1.3
SiO2 0, 5, 10
Si69 0, 0.4, 0.8
Sepiolite 0, 1, 3, 4, 5, 10

All the ingredients are in parts per hundred parts of rubber (phr).
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the most important commercial hybrid fillers is carbon–
silica phase dual filler produced by pyrolyzing petroleum
based feedstocks and silicon based feedstocks, a unique
co-fuming technology developed by Cabot Corporation.
This material, which consists of individual composite
aggregates containing carbon and silica phases (a dual
phase aggregate), was shown, when added to hydrocarbon
rubber, to have higher polymer–filler interaction than a
blend of silica and carbon black of equivalent silicon rub-
ber [24]. Low-density polyethylene was filled with carbon
black and carbon fibers in order to move the percolation
threshold to a reduced filler content [25]. The authors re-
ported that the incorporation of carbon fibers into polyeth-
ylene/carbon black composites provides long conductive
pathways to bridge uncontacted carbon black aggregates.
In a previous paper [26], we showed that filling an elasto-
meric matrix with two different types of fillers was a
promising way to achieve a good reinforcement level at
fairly low filler loading since it allows a better use of the
filler capabilities and synergetic effects between both of
them. Results obtained on natural rubber submitted to a
double loading (spherical silica particles generated in situ
via the sol–gel process and nanofibers of sepiolite) were
presented and discussed. Very recently, the reinforcement
of a styrene–butadiene rubber by mixtures of carbon black
and multiwall carbon nanotubes was also investigated
[27]. A better dispersion of the fillers as well as a signifi-
cant improvement in the tensile properties was observed
for the sample containing a dual phase.

The present work reports investigations performed on a
styrene–butadiene copolymer filled with mixtures of an
organophilic sepiolite and fumed silica used with a cou-
pling agent. Mixtures of fumed silica and sepiolite have
been already used by Martínez-Ruiz et al. [28] as fillers
of solvent-based polyurethane, especially for the low cost
of sepiolite with regard to that of fumed silica. The purpose
of the authors was to obtain, with sepiolite + fumed silica
mixtures, rheological, mechanical and adhesion properties
of polyurethane adhesives, similar to those obtained by
using fumed silica alone but without specific treatment
of sepiolite to separate the fiber aggregates.

The main objective in our work is to analyze, by trans-
mission electron microscopy, how mutual effects between
the two types of fillers can modify the arrangement of par-
ticles within the matrix. Stress–strain measurements and
swelling behavior of the composites are used to assess
the extent of reinforcement.

2. Experimental section

2.1. Materials

The styrene–butadiene rubber contains 25 wt% of sty-
rene units. The microstructure of the butadiene phase is
the following: 10% cis, 17% trans, 73% 1,2. The formulations
used in this work are shown in Table 1.

Silica (Aerosil 300 from Degussa) is a hydrophilic
fumed silica with silanol groups on the surface and with
a specific area of 300 m2/g. The silane coupling agent,
the bis-(3-triethoxysilylpropyl) tetrasulfide (also sup-
plied by Degussa), commonly abbreviated ‘Si69’, is a
bifunctional sulfur-containing organosilane used in the
rubber industry in combination with fillers that carry
silanol groups.

Sepiolite (Pangel B20 from Tolsa) was kindly offered
by le Comptoir des Minéraux et Matières Premières
(France). Sepiolite, which belongs to phyllosilicate group,
is a hydrous magnesium silicate, with a crystal structure
formed by two sheets of tetrahedral silica units bonded
to a central sheet of magnesium atoms. Internal channels
run along the entire length of the structure. The microfi-
bres of sepiolite stick together and form bundles. The
Pangel B20 is an organophilic sepiolite, obtained from
pristine sepiolite by means of specific physico-chemical
purification, micronization and chemical modification
processes developed and patented by Tolsa. The micron-
ization leads essentially to a disagglomeration of the
bundles of microfibres thus favoring interactions be-
tween sepiolite particles and polymer chains. On the
other hand, the hydrophilic surface of sepiolite was mod-
ified with surfactants (unspecified quaternary ammo-
nium salt) in order to make it more compatible with
low polarity polymers. The infrared spectrum of sepiolite
(Pangel B20) displays bands located at 2927 and
2856 cm�1 associated with the C–H stretching vibrations
of methylene groups that proves that the clay particles
have been organically modified.

2.2. Preparation of the composites

In this study, the fillers (single filler or mixtures of dou-
ble fillers) were incorporated into the polymer before the
cross-linking process by the usual technique of blending.
The mixing sequence was the following:

– One single filler (silica or sepiolite) was dispersed in
toluene with a magnetic stirrer for half an hour. Disper-
sion of silica is followed by addition of the silane coupling
agent, ‘Si69’ (8% by weight of silica as recommended by
the supplier [1]), incorporated in order to increase the
interaction between filler and rubber. In the case of
double filling, sepiolite is added to the toluene solution
about 30 mn after the introduction of the coupling agent
and the mixture is further stirred for a homogeneous
dispersion.
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– The gum containing the styrene–butadiene copolymer
and all the ingredients of formulation was dissolved sepa-
rately in toluene under magnetic stirring for about 12 h
then mixed with the filler dispersion. The solvent was then
carefully evaporated at room temperature then under vac-
uum at 50 �C.
The unfilled and filled samples were cured into plaques at
170 �C during 10 mn under a pressure of 150 bar in a stan-
dard hot press. The resulting films were around 200 lm thick.
Fig. 1. Typical TEM micrographs of: (a) pure SBR, (b) SBR + 5 phr SiO2, (c) SBR +
SBR + 5 phr SiO2 + 5 phr sepiolite.
2.3. Analysis and characterization

The morphology, structure and state of dispersion of the
filler particles within the elastomeric matrix were ob-
served on a FEI Tecnai F20 and on a JEOL 2000EX Transmis-
sion Electron Microscopes, operating at 200 kV. Ultra-thin
sections (50–60 nm) were prepared using a Leica Ultracut
UCT ultramicrotome fitted with a 35� diamond knife. Dur-
ing the preparation, the samples were cooled at �80 �C by
liquid nitrogen and put onto copper grids.
10 phr SiO2, (d) SBR + 5 phr sepiolite, (e) SBR + 10 phr sepiolite, (f) and (g)
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Fig. 2. Stress–strain curves for pure SBR and SBR composites. The filler
content is expressed in phr (phr = parts per hundred parts of rubber).
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The strain–stress measurements were carried out at
room temperature on strips of 50 � 5 � 0.2 mm3 between
two clamps by means of a sequence of increasing weights
attached to the lower clamp. The distance between two
marks on the sample was measured with a cathetometer
after allowing sufficient time (10 min after adding a
weight) for equilibration.

For swelling experiments, strips of dimensions
20 � 10 � 0.2 mm were immersed in toluene at room tem-
perature for three days and the lengths and the widths
changes were measured in the immersed state by means
of a Digimatic Caliper from Mitutoyo, with an accuracy of
0.01 mm. The swelling ratio Q, defined as the ratio of the
volume of the swollen to unswollen composite, were ex-
pressed as:

Q ¼ ½Lswollen=Lunswollen�3 or ½lswollen=lunswollen�3;

L and l being related to the length and width of the sample.

3. Results and discussion

3.1. Transmission electron microscopy

Fig. 1 represents typical TEM micrographs for the differ-
ent samples observed. On pure SBR, the presence of large
particles arising from the ingredients of formulation can
be noted.

Typical TEM images of composite filled with silica
aggregates are shown in Fig. 1b and c. The silica particles
have a spherical shape with a diameter of about 10 nm.
They are arranged in larger structures (agglomerates) of
approximately 50–100 nm connected to each other and
forming a continuous network. The space is not completely
filled with the SiO2 particles leaving some parts of the sam-
ple free of filler.

Fig. 1d and e shows the typical TEM images of compos-
ite filled with 5 and 10 phr of sepiolite. The particles are
relatively well dispersed in the sample and exhibit their
characteristic needle shape despite the occurrence of some
bundles of microfibers. On the other hand, an orientation
of the fibers along a given direction is clearly revealed.
When the concentration of sepiolite increases, larger bun-
Table 2
Mechanical properties of SBR and SBR composites.

Sample Stress at 200% (MPa) Ten

Pure SBR 0.75 0.82
SBR + 5 phr silicaa 1.08 1.45
SBR + 10 phr silicaa 1.38 1.61
SBR + 5 phr sepiolite 0.93 1.41
SBR + 10 phr sepiolite 1.12 1.53
SBR + 5 phr silicaa + 1 phr sepiolite 1.01 1.40
SBR + 5 phr silicaa + 3 phr sepiolite 1.86 3.35
SBR + 5 phr silicaa + 4 phr sepiolite 2.25 3.22
SBR + 5phr silicaa + 5 phr sepiolite 2.76 3.73

a Used in combination with the coupling agent ‘Si69’.
b Qrubber represents the equilibrium swelling ratio of the rubber phase in toluen

the equilibrium swelling ratio of the composite and / is the volume fraction of
c Determined with an experimental error of ±0.2.
d Not determined.
dles are observed together with a tendancy to form an
orthogonal network of fibers (Fig. 1e).

For the sample filled with a mixture of sepiolite and sil-
ica (Fig. 1f and g), the dispersion of both particles is totally
different: the sepiolite fibers, still oriented, seem more sep-
arated and the space between them is filled with silica par-
ticles (Fig. 1f). A synergy between the two types of the filler
phase is clearly evidenced.

3.2. Mechanical properties

Fig. 2 displays stress–strain curves for the pure styrene–
butadiene rubber (SBR) and for SBR composites and the
mechanical properties are summarized in Table 2. Each sin-
gle filler (silica + Si69 or sepiolite) incorporated in the
matrix, imparts almost the same extent of stiffness which
increases with the filler content. The results differ from
those already published on the reinforcement of natural
rubber provided by nanofillers such as in situ generated
silicas and nanofibres of sepiolite [15]. It was shown that
sepiolite fibers impart to natural rubber (NR) a higher
degree of reinforcement than the spherical silica particles
on account of their high aspect ratio. In styrene–butadiene
sile strength (MPa) Elongation at break (%) (Qrubber)b,c

222 6.7
274 5.5
236 4.7
353 5.8
327 5.2
272 d

353 d

291 d

301 2.8

e. It is calculated from the expression: Qrubber = (Q � /)/(1 � /), where Q is
filler.

M
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Fig. 4. Swelling behavior of the vulcanizates in toluene at room
temperature.
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rubber, a comparable reinforcement is obtained for both sil-
ica and sepiolite filled composites. One reason may be that
sepiolite has less interaction with SBR than with NR which
causes a poor dispersion and consequently reduced interac-
tion between the polymer and the filler. The presence of sev-
eral agglomerates is revealed by transmission electron
microscopy. On the other hand, silica used with Si69 pro-
duces a more significant reinforcement effect than that
obtained with in situ generated particles which were grow-
ing within the preformed elastomeric network after hydroly-
sis of tetraethoxysilane used to swell the polymer. Moreover,
the use of the coupling agent in this study, is expected to
induce polymer–filler bonding that increases the modulus.

In recent papers of Bhattacharya et al. [16,17] dealing
with rubber nanocomposites filled with a wide range of
nanofillers, similar observations are reported concerning
the effect of sepiolite on the two different hydrocarbon
rubbers. The authors attribute the high extent of interac-
tion between sepiolite and natural rubber to the fact that
the linear chains of the polymer can get easily accommo-
dated in the narrow channels of the sepiolite’s structure.
The lower interaction in the case of the styrene–butadiene
copolymer can be ascribed to a reduced penetration of the
macromolecular chains into the sepiolite’s channels on ac-
count of the bulky styrenic side-chain substitutions with
regard to the linear NR chains.

The most striking feature of the data presented in Fig. 2
and Table 2 is the strong reinforcement effect provided by
the mixture of double fillers. The sample filled with a mix-
ture of 5 phr of silanized-silica and 5 phr of sepiolite has a
tensile strength of 3.73 MPa which is increased approxi-
mately 350% compared to pure SBR.

Adding increasing amounts of sepiolite to composites
containing a constant silica content (5 phr) leads to larger
increases in stress than adding increasing amounts of the
same filler (Fig. 3 and Table 2). The increase in the modulus
imparted by incorporation of sepiolite to silica, would re-
flect an increase in the cross-linking density created by
polymer–fillers interactions. The obtained results lead to
the belief that the mixture of fillers yields a better disper-
sion of sepiolite and thus a larger polymer–filler interface
on account of the high aspect ratio of the clay fibers. This
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Fig. 3. Stress–strain curves of SBR filled with a constant silica content (5
phr) and different amounts of sepiolite.
interpretation is confirmed by the examination of the equi-
librium swelling ratios in toluene, listed in Table 2. The de-
gree of adhesion between polymer chains and filler
particles can be evaluated from equilibrium swelling of
the composites in good solvents. The extent of swelling
at equilibrium is reduced in the case of adsorption of poly-
mer chains on particle surfaces and may be enhanced with
non-adhering fillers due to a dewetting of the particles and
vacuole formation [29]. Although swelling of the rubber
phase decreases significantly with both single fillers, silica
(used in combination with ‘Si69’) restricts a bit more than
sepiolite as a result of improved interfacial properties and
adhesion via the silane coupling agent. The mixture of fill-
ers decreases strongly the swelling of the rubber, indicat-
ing enhanced polymer–filler interactions.

Fig. 4 displays the swelling behavior of the vulcanizates,
obtained by plotting the equilibrium swelling ratio of the
rubber phase in toluene at room temperature. The sorption
curves exhibit differences in the initial rates of diffusion. In
the unfilled sample, there is no restriction for penetration
of solvent molecules, the solvent uptake is the highest at
small times. The samples filled with sepiolite shows, at
the beginning of the sorption curve, a lower rate of diffu-
sion than that filled with silica only. The reason may be
due to the orientation of the clay particles that strongly re-
stricts the solvent penetration in the direction perpendicu-
lar to the particle alignment. Finally, the lowest solvent
uptake is observed for the sample filled with the mixture
of double fillers.

4. Conclusion

It has been demonstrated that composites filled with
mixtures of double fillers (pyrogenic silica + sepiolite fi-
bers) exhibit improved characteristics with regard to single
filler materials. The morphologies, mechanical and swell-
ing properties reveal synergistic effects arising between
the two types of fillers.
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