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ABSTRACT: The styrene butadiene rubber (SBR)–clay nano-
compounds were prepared by the latex compounding method,
and then hexadecyl trimethyl ammonium bromide (C16)
and 3-aminopropyl triethoxy silane (KH550) were added
into these nanocompounds on a two-roll mill to prepare
nanocomposites with strong interfacial interaction. The
structure and properties of SBR–clay nanocomposites were
carefully studied by X-ray diffraction (XRD) studies, trans-
mission electron microscopy (TEM), Rubber Process Ana-
lyzer (RPA), and mechanical testing. Compared with un-

modified nanocomposites, the dispersion structure of modi-
fied SBR–clay nanocomposites is better with part rubber-
intercalated or part modifier-intercalated structure. The ten-
sile strength and the modulus at 300% elongation of modi-
fied SBR–clay nanocomposites are higher than three times
of those of unmodified nanocomposites, respectively. � 2006
Wiley Periodicals, Inc. J Appl Polym Sci 103: 1826–1833, 2007
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INTRODUCTION

In the past decade polymer–clay nanocomposites are
of great interest, both in academic researches and
industrial applications, because they often exhibit re-
markable improvement in materials properties when
compared with virgin polymer or conventional micro-
and macrocomposites.1–6 Clay minerals are composed
of silicate layers about 1 nm thick and several hun-
dreds of nanometers in the lateral dimension.7 In the
aforementioned nanocomposites, the clay was dis-
persed in the polymer matrix at the nanoscale.

As a kind of inorganic fillers, clay is hydrophilic
in nature, and this property makes it very difficult to
disperse into a polymer matrix. Generally, the
hydrophilic pristine-layered silicates would be inter-
calated using organic modifiers via cation exchange
reaction.8,9 This is the most common way to improve
the affinity of inorganic-layered silicates with organic
polymers. The most popular modifiers are organic
quarternized ammonium or phosphonium, prefera-

bly with long alkyl chains, for instance, hexadecyl
trimethyl ammonium bromide (C16), octadecyl tri-
methyl ammonium chloride, dodecyl trimethyl am-
monium bromide, and so forth. Silane coupling agents
such as 3-aminopropyl triethoxy silane (KH550) was
also used to modify clay.10 Currently, melt blending
organically modified clay with plastic polymer to
make clay–polymer nanocomposite mainly with inter-
calated structure has become a popular way since it
well facilitate the polymer processing techniques.
Now the organically modified clay fines are used as
fillers in most polymer–clay nanocomposites.

Clay and clay minerals such as montmorillonite,
saponite, hectorite, etc., have been used as rubber
fillers for many years, to save rubber consumption,
reduce cost, and improve the processing properties
of rubbers.11–13 However, it was reported that the
incorporation of layered silicate to rubber in nano-
scale could bring the significant improvement in the
properties of materials.14,15 Nowadays rubber–clay
nanocomposites have been developed by various
methods, including in situ polymerization intercala-
tion,16 solution intercalation,17 melt intercalation,18

and cocoagulating rubber latex and clay aqueous
suspension (namely LCM).14,15 Among them, the
approach of cocoagulating rubber latex and clay
aqueous suspension, where pristine clay is directly
employed, is promising for industrialization because
of the low cost of pristine clay, simplicity of prepara-
tion process, and superior performance/cost ratio. In
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general, polymer–clay nanocomposites are of two
different types, namely intercalated structure and
exfoliated structure. The structure of rubber–clay
nanocomposites prepared by LCM is different from
intercalated and exfoliated clay nanocomposites, in
which the rubber molecules ‘‘separated’’ the clay
particles into either individual layers or just silicate
layer aggregates of nanometer thickness without the
intercalation of rubber molecules into clay galleries.
Such a structure was found to result from the com-
petition between separation of rubber latex particles
and reaggregation of single silicate layers during the
cocoagulating process.19 It was also reported that
the flocculant cations, for instance Hþ, Ca2þ, and
RNH3

þ, could intercalate into silicate layers. At the
same time, the interfacial compatibility would be
poor without special interfacial modification. In our
previous work,20 N-allyl dimethyl octadecanamine
chloride was introduced into clay aqueous suspen-
sion to in situ organically modify clay before rubber
latex was added in, to improve the interfacial inter-
action. As a result, the tensile strength of styrene bu-
tadiene rubber (SBR)–clay (100/10) nanocomposites
increased from 4.3 to 18.7 MPa. It was also found
that in that way there was a competition of intercala-
tion between the modifier cations and the flocculant
cations, and the amount of rubber-intercalated struc-
ture or modifier-intercalated structure strongly depended
on the result of the above competition.

In this article, a novel way to increase the interfa-
cial interaction between pristine clay and rubber was
developed. First SBR–clay nanocomposite was pre-
pared by LCM with diluted sulfuric acid solution

and calcium chloride aqueous solution as flocculat-
ing agents. And then, C16 or KH550 was directly
introduced into the SBR–clay nanocompounds on a
two-roll mill with other ingredients to prepare SBR–
clay nanocomposites. Compared with in situ modifi-
cation in suspension, this method seems to be sim-
pler and more feasible. The results acquired can pro-
vide some reference to the preparation of high-per-
formance rubber–clay nanocomposites with good
interfacial interaction.

EXPERIMENTAL

Materials

SBR latex (St 23%, solid content 22.4%) was from
Jilin Petrochemical Co., China; the clay (Naþ-mont-
morillonite), with a cationic exchange capacity (CEC)
of 78 mequiv./100 g, was supplied by Liufangzi
Clay Factory, Jilin, China. Hexadecyl trimethyl am-
monium bromide (C16) was provided by Beijing
Chemical Reagents Co., Beijing, China. 3-Amino-
propyl triethoxy silane (KH550) was purchased from
Nanjing Shuguang Chemical Group Co., Jiangsu,
China. Other ingredients, such as zinc oxide, stearic
acid, sulfur, and diluted sulfuric acid solution were
of commercial grade.

Preparation of SBR–clay nanocomposites

About 2% aqueous suspension of clay and the SBR
latex were mixed and vigorously stirred for a given
period of time. After that the mixture was cocoagu-
lated in the electrolyte solution (1% calcium chloride
aqueous solution or 2% sulfuric acid solution),
washed in water, and dried in an oven at 508C for
20 h, and then the SBR–clay nanocompound was ob-
tained. Here it must be made clear that the nano-
compounds are referred to as uncured ones, and the
nanocomposites as cured ones in this article.

The modifier (C16 or KH550), the vulcanizing
ingredients, and other additives were mixed into the
nanocompound on a 6-in. two-roll mill, according to
the recipe listed in Table I. Then the compound was
vulcanized in a standard mold with about 15 MPa
pressure at 1508C. The vulcanizates are referred to
as SBR–clay nanocomposites. Table II gives the sam-
ple designations of all the SBR–clay nanocomposites
in this article.

TABLE I
Formulation of the Mixes

Ingredients Contents (phra)

SBR 100
Clay 10
Hexadecyl trimethyl ammonium
bromide (or 3-aminopropyl triethoxy silane)

5 (or 4)

Zinc oxide 5.0
Stearic acid 2.0
Diphenyl guanidine 0.5
Dibenzothiazode disulfide 0.5
Tetramethyl thiuram disulfide 0.2
N-Isopropyl-N0-phenyl-p-phenylene diamine 1.0
Sulfur 2.0

a phr is the abbreviation of weight parts per 100 weight
parts rubber.

TABLE II
Designation of the SBR–Clay (100/10) Nanocomposites

Flocculant ions Hþ Ca2þ Hþ Hþ Ca2þ Ca2þ

Modifier No modifier No modifier C16 KH550 C16 KH550
Nanocomposites designation H Ca HC16 HKH550 CaC16 CaKH550
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Characterization

Transmission electron microscopy (TEM) images
were taken with an H-800 TEM (Hitachi, Japan) at
an accelerator voltage of 200 kV.

X-ray diffraction (XRD) measurements were car-
ried out using a diffractometer (D/Max- C, Rigaku,
Japan) with CuKa radiation operating at 40 kV and
200 mA, at a scan rate of 18 per minute. Space
changing of silicate layers in organically modified
SBR–clay nanocomposites was observed in the 2y
range of 0.58 to 108.

The mechanical behavior of the nanocomposites
was characterized by means of tensile tests according
to ASTM D412 using a CMT4104 electrical tensile
tester (SANS, ShenZhen, China). XY-1 rubber hard-
ness apparatus (4th Chemical Industry Machine Fac-
tory, Shanghai) was used to measure the Shore A
hardness of the vulcanizates.

Strain sweep experiments were performed using
the RPA 2000 Rubber Process Analyzer of Alpha
Technologies Co., at a fixed frequency and 608C. The
strain was varied from 1% to 42% at the frequency
of 10 Hz for cured compounds (i.e., nanocompo-
sites), and 608C from 1% to 400% at 1 Hz for the
uncured compounds.

RESULTS AND DISCUSSION

XRD analysis

The XRD patterns of SBR–clay nanocomposites pre-
pared by different flocculants and organic modifiers
are shown in Figure 1. To investigate the effect of
heat and pressure on the structure of clay in the rub-
ber matrix, the uncured and cured modified SBR–
clay nanocomposites were carefully studied by XRD.

Figure 1(a) gives the XRD patterns for the Hþ-floc-
culated SBR–clay nanocomposites. On the curve of
H-cured nanocomposite, there is one peak at 2y
¼ 6.298, corresponding to a basal spacing of 1.43 nm,
a little bigger than that of Naþ-MMT, which results
from the intercalation of flocculant ions into the clay
galleries during the flocculating process. However,
on the basis of the experience of studying rubber–
clay nanocomposites prepared by LCM for these
years, this Hþ-intercalated structure is a ‘‘separated’’
structure.19 Although there is no rubber macromole-
cules intercalation, it is still a nanostructure, which
can be proved by the TEM photos in the next part.
For the uncured SBR–clay nanocomposite with C16
added on the two-roll mill, there are three peaks,
corresponding to basal spacing of 1.43, 2.08, and
4.37 nm, respectively. Obviously the adding of C16
intensively changes the structure of clay in the SBR
matrix. Although the Hþ-intercalated structure remains,
two new structures of C16-intercalated and SBR-inter-
calated emerge which indicates that C16 can intercalate

into part of silicate layers during general mechanical
processing through ion exchange between Hþ and
C16. And this C16-intercalation can further induce
the intercalation of SBR macromolecules to clay gal-
leries because of the strong shearing force. After vul-
canization, similar peaks but with stronger intensity
appear for the HC16-cured nanocomposite possibly
because of the orientation and reaggregation of clay
layers by hot pressure during vulcanization.21 Com-
pared with C16, KH550 can completely intercalate
into the clay galleries during the compounding pro-
cess, representing a single peak with a 1.82 nm layer
spacing on the XRD patterns. Here the XRD peak of
Hþ-intercalated structure almost disappears. After
vulcanization, this singe peak disappears, and as a

Figure 1 X-ray diffraction spectrum of SBR–clay nano-
composites flocculated by different flocculating agents.
(a) Hþ-flocculated system; and (b) Ca2þ-flocculated system.
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result, two new peaks emerge corresponding to layer
spacing of 4.41 and 1.45 nm. It can be explained that
because of the strong intercalation between Hþ and
amine group of KH550, KH550 easily intercalates
into the Hþ clay layers. However, on one hand the
layer space of KH550 intercalated clay is small, and
on the other hand the physical compatibility
between KH550 and SBR rubber chains is not good
enough, so the rubber intercalation does not evi-
dently happen during mixing. During the curing
process, the KH550 with amine group and ethyl
hydroxyl group participates in vulcanization and
connects with rubber macromolecules by chemical
bonding, so the SBR macromolecules are drawn into
some clay galleries and result in the small peak of
4.41 nm on the XRD patterns. Because of the same
reason, part of KH550 is drawn out from the clay
galleries. Thus a new peak with 1.45 nm layer spac-
ing is observed.

In the case of Ca2þ as flocculant, similar results
can be gained except that the clay layer spacings of
all kinds of intercalated structures are different.
With bigger size of Ca2þ, the layer spacing of Ca2þ-
intercalated structure is 1.51 nm. But for the uncured
and cured CaC16 nanocomposites, the layer spacing
of SBR-intercalated structure changes from about
4.40 to 3.83 nm, possibly on account of the strong
layer–layer intercalation led by Ca2þ. In comparison
with Figure 1(a), the biggest difference in Figure 1(b)
is the curve of CaKH550-cured nanocomposite, in
which only a single peak is observed, weak but very
broad, corresponding to the KH550-intercalated struc-
ture of 1.9 nm layer spacing. That is still because
that the strong layer–layer interaction of clay led by
Ca2þ makes it very difficult for KH550 to intercalate
into clay galleries during the vulcanization process.

TEM characterization

To investigate the effect of modifiers and flocculating
agents on the dispersion of clay and interfacial inter-
action between clay and SBR matrix, the morpholo-
gies of a series of SBR–clay nanocomposites were
observed with TEM, as shown in Figure 2. The dark
lines in the photographs are the intersections of the
dispersed silicate layers or layer aggregates. It is
worthwhile to note that the dispersion of clay in
each photo is good. For unmodified SBR–clay nano-
composite, seen in Figure 2(a,b), the dimensions of
the dispersed clay layers are quite fine and their spa-
tial distributions are homogeneous. All the clay
layers exist in aggregate form with 10–20 nm thick-
ness. In Figure 2(b), some cavities are observed near
the interface between clay layers and rubber matrix,
which is caused by the poor interfacial interaction
between the pristine clay and SBR. Compared with
that of nanocomposite of Ca, the clay layers of nano-

composite of H disperse finer and the interfacial
strength seems a little better. When KH550 or C16 is
used to modify SBR–clay nanocomposites, the dimen-
sion of most dispersed clay layers and the amount of

Figure 2 TEM photos of SBR–clay nanocomposite. (a) H;
(b) Ca; (c) HKH550; and (d) KC16.
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clay aggregates are larger. However, no cavity is
found on the interface, and dispersion is homoge-
nous. That not only means that the modifier improves
the compatibility of nanodispersed clay and rubber,
but also implies that organic modifier assemble some
layers or aggregates to form layer aggregates assisted
by pressure during vulcanization.21,22 This implies
KH550 and C16 are efficient compatibilizers of clay
and SBR. With KH550 modification, in Figure 2(c),
the dispersion of clay is more homogeneous. Compar-
ison of these photos initially demonstrates that KH550
is more efficient. All these results are consistent with
that from XRD.

Rheology and dynamic properties

The effect of the amplitude-dependence of the dynamic
viscoelastic properties of filled rubbers was performed

using RPA2000, which can carry out strain and fre-
quency scanning in a board range, showing informa-
tion on the dispersion of filler particles in the rubber
matrix. Figure 3 shows the dependency of the stor-
age modulus (G0) of the uncured modified rubber
nanocompounds on the strain amplitude, and a
highly nonlinear behavior is observed for each one.
It is found that the modulus decreases dramatically
with increasing the strain amplitude for all the SBR–
clay nanocompounds. This can be explained by the
Payne effect.23 The severe decrease in the modulus
with increasing deformation ratio is due to the dis-
entanglement of uncured rubber macromolecules,
and the breakdown of filler–rubber network con-
structed by filler–filler interaction and filler–rubber
interaction. Another observation is that compared
with KH550-modified SBR–clay nanocompounds,
C16-modified SBR–clay nanocompounds possess higher
moduli. At the same time, the moduli of C16-modi-
fied SBR–clay nanocompounds decrease faster when
the strain is over 40%. This is probably because that
the longer alkyl chains of C16 provide strong entan-
glements with SBR chains or by themselves, which
can be described by the sketch in Figure 4. However,
compared with C16, KH550 has lower compatibility
with SBR, and thus its effect on helping constructing
network is relatively weak. Different from the modi-
fied SBR–clay nanocompounds, the reason why the
unmodified nanocompounds possess high moduli is
that in those nanocompounds, although both the clay–
rubber interaction and the compatibility between clay
and SBR are weak, filler–filler interaction is very strong
because of filler-aggregation.

To investigate the dynamic properties of cured
modified SBR–clay nanocomposites, the dynamic
storage modulus (G0) and mechanical loss factor (tan d)
were also studied. Two zones are found in Figure 5(a).
Zone 1 is the modulus–strain pattern under the

Figure 3 RPA analysis of uncured SBR–clay nanocom-
pounds.

Figure 4 Sketch of physical entanglement between C16 and SBR. (a) Entanglement of SBR with C16 and (b) entanglement
of C16 with C16.
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100% strain, in which the dynamic shear storage
modulus remain constant. When the strain is over
100%, zone 2 is formed, in which the modulus
decreases dramatically, similar with what in Figure 3
because of the same reason. On the other hand, it
can be found that the order of G0 of all the modified
SBR–clay nanocomposites is HKH550 > CaKH550
> HC16 > CaC16 and the difference between them
is very big, different from that observed in Figure 3.
One must pay attention to that compared with Fig-
ure 5(a), the order of tan d of all the modified SBR–
clay nanocomposites is reversed in Figure 5(b). Tan d
is dependent on the elasticity of the filled rubber
nanocomposites. It is well known that the lower tan d,
the higher the elasticity. High elasticity implies that
the material has excellent interface. To understand

this, the interfacial interaction among these nanocom-
posites must be analyzed. At first, we must realize
that the layer surface interaction is more important
compared with edge interaction since the former is
much bigger than the latter in area. C16 physically
absorbed on the clay layers, and its long alkyl chains
only physically interact with rubber molecules chains
even after vulcanization. So the interfacial strength of
C16-modified SBR–clay nanocomposites is not strong,
which will result in interface sliding during tensile and
high hysteresis during dynamic deformation. How-
ever, the ��NH2 and ��OC2H5 of KH550 can chemically
bond with rubber molecules through participating
complex curing reaction. Consequently, clay layers
will act as the chemical crosslinking points, which
further markedly increase the modulus of nano-
composites and remarkably reduce the interfacial
hysteresis.

To test this, the effect of modification on curing
characteristics is given in Figure 6. Vulcanization is a
vital step for rubber product, and the rubber modu-
lus increases dramatically during curing; thus it is
used as a monitor to investigate the progress of cur-
ing. In Figure 6, for unmodified SBR–clay nanocom-
posites, the occurrence of vulcanization is delayed.
This is caused by the combination of the curing
agents with fillers by hydrogen bonding. The com-
bined agents will not crosslink SBR until the combi-
nation begins to vanish at the curing temperature.
The existence of C16 and KH550 can evidently accel-
erate the occurrence of vulcanization, as shown in
curves for modified nanocomposites. For C16-modi-
fied SBR–clay nanocomposites, the maximum torque
is reached soon, and remains constant. Different
from this, KH550 can obviously shorten the scorch
time at first. But as curing progresses, the curing
speed becomes slow, and the cure time is protracted.
Simultaneously, the torque keeps increasing all the

Figure 5 RPA analysis of cured SBR–clay nanocomposites.

Figure 6 Curing curves of all the SBR–clay (100/10)
nanocomposites.
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time. Thus it can be concluded that the existing of
KH550 participates in the curing reaction and signifi-
cantly influences the intercrosslinking structure of
SBR–clay nanocomposites.

Mechanical properties of rubber nanocomposites

Table III shows the mechanical properties of pure
SBR and unmodified and modified SBR–clay nano-
composites, and the corresponding stress–strain curves
are presented in Figure 7. While the tensile strength
of pure SBR is measured 2.3 MPa, without organic
modification, it is only improved to 4.3 and 4.4 MPa
with the addition of 10 phr nanoclay by using Hþ or
Ca2þ as the flocculating agent, respectively. This
improvement is big but not enough to the applica-
tion requirement. Compared with that of unmodified
SBR–clay nanocomposite, no obvious improvement
on the tear strength, the stress at 100% or 300% elon-
gation is found, but the tensile strength is improved
to about 9.0 MPa for the C16-modified nanocompo-
sites, over 100% improvement, in both systems of
Hþ and Ca2þ as flocculating agent. With almost the
same amount of KH550, the tear strength and the
modulus at 100% and 300% of the modified nano-
composites are improved more than 30%, and the
tensile strength is also improved to 2.5 times of that
of unmodified nanocomposites.

As can be seen from Figure 7, the obvious differ-
ence appears even at very small elongation with a
value around 40%, and with the increase of elonga-
tion, the difference among all the curves becomes
more and more distinct. It can be concluded that in
the range of median to large strain (e.g., 300% elon-
gation), the stress of Hþ-flocculated nanocomposites
are higher than that of Ca2þ-flocculated nanocompo-
sites for each similar system in which the flocculat-
ing agent is the only difference; likewise, the stress
at 300% elongation of the modified nanocomposites
are much higher than that of unmodified counter-
parts; moreover, the stress at 300% elongation of KH550-
modified nanocomposites are higher than that of C16-
modified ones in each system using either Hþ or Ca2þ.

In the following part, the mechanism of reinforce-
ment will be discussed from the point of the inter-
face sliding and the interfacial interaction during the
tensile process. It is well known that modulus at very
small strain provides very important information.24 Here
the modulus mainly lies on the strength of network,
and indicates the filler dispersion and hardness of
the vulcanizate. Within 100% elongation, the order
of stress of cured nanocomposites is HC16 > CaC16
> CaKH550 > HKH550, which is consistent with the
RPA result of uncured SBR–clay nanocompounds
and the Shore A hardness of cured SBR–clay nano-
composites. For nanocomposites of H and Ca, the
moduli of their uncured nanocompounds are higher
than that of modified nanocompounds because of
higher filler–filler interaction; however, the stress of
their cured nanocomposites are the lowest among all
of the SBR–clay nanocomposites because of the
worst clay dispersion in the SBR matrix. With the
increase of strain, the interface interaction between
filler and matrix dominates the increase of stress. In
general, when the interfacial interaction between

TABLE III
Mechanical Properties of SBR–Clay Nanocomposites

Nanocomposite

Mechanical properties

Shore A
hardness

Modulus at
100% strain

(MPa)

Modulus at
300% strain

(MPa)

Tensile
strength
(MPa)

Elongation
at break

(%)
Permanent
set (%)

Tear
strength
(kN/m)

Pure SBR 47 0.9 1.1 2.3 632 8 9
H 58 1.4 2.6 4.3 592 24 21
Ca 60 1.2 1.7 4.4 751 36 21
HC16 64 1.9 2.9 9.0 516 28 21
CaC16 62 1.7 2.3 9.4 598 40 20
HKH550 55 1.8 6.8 12.4 504 16 27
CaKH550 57 1.9 5.2 10.1 513 28 26

Figure 7 Stress–strain curve of cured SBR–clay nanocom-
posites.
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clay and rubber is chemical linking, the stress at cer-
tain strain will be dramatically improved. That is
why the curve of KH550-modified SBR–clay nano-
composites is in the highest position when the strain
level is over 200% and takes on a steep rise. For
C16-modified SBR–clay nanocomposites, the interac-
tion between clay and SBR matrix is physical interac-
tion, i.e., weak Van der Waals forces. However, the
interfacial compatibility between clay and SBR is
improved because of the existence of C16. During
the tensile process, interface sliding between clay
layers and SBR matrix occurs, and the rubber macro-
molecule chains can gradually make an orientation.
At the moment, C16 acts as a bridge, which can
delay the detachment between clay and rubber mole-
cules. Thus C16 improves the interfacial compatibil-
ity and promotes the rise of stress. For the same
modifier modified system, the stress at same strain
level of Hþ-flocculated nanocomposite is always
higher than that of the Ca2þ-flocculated nanocompo-
site. The difference of stress–stain curves might at-
tribute to more influence of Hþ on the crosslinking
degree of nanocomposites than Ca2þ.

CONCLUSIONS

C16 and KH550 were introduced during mixing on a
two-roll mill to modify the SBR–clay nanocomposites
prepared by the LCM method. With the modification
of C16 and KH550, there is part rubber-intercalated
structure or part modifier-intercalated structure emerg-
ing in the dispersed clay layers, and the dynamic pro-
perties of the nanocomposites are remarkably impro-
ved. The tensile strength and the modulus at 300%
elongation of modified SBR–clay nanocomposites are
higher than three times of that of unmodified nano-
composites, respectively.
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