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ABSTRACT: A novel silicon-aluminum oxides (Si-Al) nano-
tubes with length ranging from 500 to 1000 nm were intro-
duced to fabricate the styrene-butadiene rubber (SBR)/Si-Al
nanotube binary nanocomposites. Scanning electron micro-
scope observation showed the Si-Al nanotubes up to 20 parts
per hundred parts of rubber (phr) loading level were dispersed
well in SBR matrix. Mechanical properties tests, thermog-
ravimetry analysis and dynamic mechanical thermal analysis
revealed that the Si-Al nanotubes have the effects on improv-

ing shore A hardness, tensile strength, tear strength, initial
decomposition temperature, and storage modulus while lower
the maximum loss factor (tan d) of the SBR/Si-Al nanotube bi-
nary nanocomposites. FTIR spectra analysis showed that new
SiAO bond was generated between the hydroxyl group of
Si-Al nanotube and the coupling reagent Si69.VC 2011 Wiley Peri-
odicals, Inc. J Appl Polym Sci 120: 3196–3203, 2011
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INTRODUCTION

Rubber nanocomposites, rubbers modified with
nanoscale inorganic fillers, have attracted a great
deal of interest because of their superior proper-
ties.1–6 The extent of property improvement depends
on the size, the aspect ratio, the degree of dispersion,
and orientation of the fillers in the rubber matrix, as
well as the degree of adhesion of the fillers to the
polymer chains.7,8 Recently, nanoparticles with vari-
ous morphologies, including platelets such as lay-
ered silicates,4,9–16 spherical particles such as
silica,5,17–19 carbon nanotubes,3,20–23 etc.,6,24–28 have
been used as reinforcing fillers in rubbers. Notewor-
thy, the carbon nanotubes, including the multiwall

and the singlewall carbon nanotubes, have attracted
enormous attention because of their unique nano-
tube structural characteristics and their electrical and
mechanical properties.29–31

In this article, we introduced a novel kind of
nanoscale inorganic filler (see Fig. 1), silicon-alumi-
num oxides (Si-Al) nanotubes with length ranging
from 500 to 1000 nm, inner diameter ranging from
10 to 20 nm, and outer diameter ranging from 40 to
60 nm. Containing silicon oxides (58.15%), alumi-
num oxides (22.21%), water (17.11%), etc., the Si-Al
nanotubes having similar tubal structure to above-
mentioned carbon nanotubes have good thermal sta-
bility and high modulus.32,33 Using the novel Si-Al
nanotubes, we prepared the styrene-butadiene rub-
ber (SBR)/Si-Al nanotube binary composites and
investigated the dispersion of Si-Al nanotubes in
SBR matrix. At the same time, we also studied the
effects of Si-Al nanotubes on reinforcement, thermal
stability and dynamic mechanical thermal properties
of the SBR/Si-Al nanotube binary nanocomposites.

EXPERIMENTAL

Materials

Styrene butadiene rubber (SBR-1502, the Mn is about
100,000, and the molecular weight distribution is
about 4–6) manufactured by Qilu rubber Co. Ltd.
were used in this study, in which the styrene frac-
tion is 23.5%, the trans 1,4-structure and the cis 1,4-
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structure contents of butadiene are 55% and 9.5%,
respectively, the 1,2-structure content of butadiene is
12%. Si-Al nanotubes were kindly provided by
Zhengzhou Jinyangguang ceramic Co. Ltd. Bis(tri-
ethoxysilylpropyl)tetrasulfide (Si69), coupling re-
agents, was made by Changzhou Oushi rubber aids
corp. in China. Zinc oxide (ZnO) with purity of 99.7%
was prepared by Zhucheng Xiangtai zinc oxide com-
pany in China. Sulfur, vulcanizing accelerate reagent
(CZ, N-cyclohexyl-2-benzothiazolesulphenamide) and
stearic acid (Hst) were purchased from chemical sup-
pliers located in China.

Experimental instruments

The oscillating disc rheometer, GT-M2000-A, was
manufactured by Taiwan Gotech Testing Machine
Inc. The FTIR spectra were recorded in the 4000–650
cm�1 range on a FTIR instrument (VERTEX70, made
by Bruker Co. Ltd.); resolution 4 cm�1; interval 0.2.
The environmental SEM, JSM-6700, was made by
JEOL Corp. of Japan. The thermogravimetry, TGA
209/cell, was made by NETZCH Corp. in Germany.
The DMTA, NETZSCH DMA 242, was manufac-
tured by NETZSCH Corp. in Germany. The two-roll
mill, SK-160B type, was produced by Shanghai
Shuangyi Rubber-Plastics machine Inc. of China. The
plate vulcanizing press, XL-40 type, was produced
by Shanghai rubber machine Inc. of China.

Preparation of SBR/Si-Al nanotube binary
nanocomposites

Table I lists the formulations of the SBR/Si-Al nano-
tube binary nanocomposites studied in this article. To

prepare the nanocomposites, the two rolls of a two-
roll mill were adjusted to an adaptive distance at
which bulk SBR became fluidic at 60�C. Si-Al nano-
tubes, Si69, mixture of ZnO, CZ, and Hst were added
into the fluidic bulk SBR step by step and mixed for
10 min. Sulfur was then added to the mixture of SBR,
Si-Al nanotubos, Si69, ZnO, CZ, and Hst. The final
mixture was mixed for approximately 3 min until the
sulfur was dispersed well in the SBR matrix. Finally,
the SBR compound were sliced into sheets (the thick-
ness is about 2 mm) from the two-roll mill, the fol-
lowing vulcanizing process was performed on a plate
vulcanizing press with 25 ton pressure at 150�C to
obtain the 120 � 85 � 2 mm3 rectangular sheets. The
cure time for each SBR compound was measured
using an oscillating disk rheometer.

Measurement and characterization

Tensile test, tear strength, and shore A hardness of
the SBR/Si-Al nanotube binary nanocomposites
were measured according to GB/T528-1998, GB/
T529-1999, and GB/T531-1999, respectively. The
speed of tensile and tear tests was 500 mm/min at
room temperature. The curing characteristics of neat
SBR and SBR/Si-Al nanotube binary nanocomposites
were assessed at 150�C using an oscillating disc
rheometer.
The fracture surfaces of SBR/Si-Al nanotube binary

nanocomposites prepared for the SEM image obser-
vation were obtained at the liquid nitrogen tempera-
ture and were sputter-coated with a thin gold layer
before observation. TGA of neat SBR and SBR/Si-Al
nanotube binary nanocomposites samples (about 10
mg) were performed in N2 atmosphere (flow rate: 50
mL/min) at temperatures ranging from 30 to 650�C
with a heat rising rate of 10�C/min. The dynamic me-
chanical thermal analyzer (DMTA) was performed on
the dual cantilever bend mode with the frequency of
10 Hz in the temperature range from �80 to 100�C
with an elevation rate of 3�C/min.

Figure 1 TEM image of the Si-Al nanotubes. (Photo pro-
vided by Chinese Zhengzhou Jinyangguang ceramic Co.
Ltd)

TABLE I
Formulations of Various SBR/Si-Al Nanotube Binary

Nanocomposites

SBR
(phr)

Si-Al
nanotube
(phr)

Si69
(phr)

S
(phr)

ZnO
(phr)

CZa

(phr)
Hstb

(phr)

100 0 0 1.75 3 1 1
100 1 0.1 1.75 3 1 1
100 3 0.3 1.75 3 1 1
100 5 0.5 1.75 3 1 1
100 10 1.0 1.75 3 1 1
100 20 2.0 1.75 3 1 1

All the ingredients are in parts per hundred parts of
rubber (phr).

a N-cyclohexyl-2-benzothiazolesulphenamide.
b Stearic acid.
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RESULTS AND DISCUSSION

Morphology of SBR/Si-Al nanotube
binary nanocomposites

Figure 2 illustrates the SEM images of fracture surfa-
ces of SBR/Si-Al nanotube binary nanocomposites
comprising 3, 5, 10, and 20 phr Si-Al nanotube load-
ings, respectively. It can be seen that the Si-Al nano-
tubes up to 20 phr loading level were dispersed well
in the SBR matrix without obvious agglomerates,
and the SEM images with 30,000 magnification level
demonstrated distinct tubal shape of the nanotubes.
As we expected, with the Si-Al nanotube loading
level increasing, the distances between the Si-Al
nanotubes in SBR matrix became shorter.

Generally, untreated nanoscale inorganic fillers are
not easily dispersed well in polymer matrix because
of their smaller particle sizes and stronger adsorp-
tion.1,9,34,35 Our study, however, showed that Si-Al
nanotubes up to 20 phr loading were dispersed well
in the SBR matrix. It can be explained as the tubal
Si-Al nanoparticles (length: 500–1000 nm; inner di-
ameter: 10–20 nm; outer diameter: 40–60 nm) had
lower tendency of agglomerating because of their
relatively smaller interface and weaker interactions
among the Si-Al nanotubes. On the other hand, the
adding of coupling reagent Si69 also is beneficial to
the compatibility between the Si-Al nanotubes and
the SBR, leading to good dispersion of Si-Al nano-
tubes in the SBR matrix. The good dispersion of the
Si-Al nanotubes in the SBR matrix may endow the
SBR/Si-Al nanotube binary nanocomposites with
enhanced mechanical properties, thermal stability,
and dynamic thermal mechanical properties.

Mechanical properties of SBR/Si-Al nanotube
binary nanocomposites

Figure 3 illustrates the mechanical properties of neat
SBR and SBR/Si-Al nanotube binary nanocompo-
sites. As shown in Figure 3(A), with the Si-Al nano-
tube loading level increasing, the elongation at break
and the tensile strength of the SBR/Si-Al nanotube
binary nanocomposites increased. Compared with
neat SBR, 1 phr Si-Al nanotubes loading in SBR ma-
trix leads to a 42% increase in elongation at break
and a 10% increase in tensile strength, while 3 phr
Si-Al nanotubes loading leading to 68% increase in
elongation at break and 36% increase in tensile
strength. These results clearly showed that the Si-Al
nanotubes have good effects on improving the
mechanical properties of SBR composites.

Figure 3(B) shows the stresses of SBR/Si-Al nano-
tube binary nanocomposites in 100 and 300% strains,
respectively. Figure 3(C) shows the tear strength and
hardness of SBR/Si-Al nanotube binary nanocompo-
sites. It is observed that the stresses in 100 and 300%

strains, tear strength, and shore A hardness of the
SBR binary nanocomposites increased along with the
Si-Al nanotubes loading increasing, and the hard-
ness of SBR binary nanocomposites has the similar
changing tendency with its tensile strength along
with the Si-Al nanotube loading increasing.
Based on above results, we speculate there are

some interaction existed between the SBR matrix
and the Si-Al nanotube, and the Si-Al nanotube
loading facilitates the formation of interaction, thus
leading to the mechanical properties of SBR/Si-Al
nanotuble composites increasing. Generally, there
are two kinds of interaction between polymer matrix
and filler surface, the physical absorption and the
chemical interaction. When the Si-Al nanotubes were
dispersed well in SBR matrix, there are much inter-
face between the filler and the rubber matrix. The
Si-Al nanotubes acted as the physical links in poly-
mer matrix and induce the formation of ‘‘entangled
structure’’ that hinder the mobility of rubber
chains.36 With the Si-Al nanotubes increasing, both
the amount of physical links and interface between
SBR matrix and Si-Al nanotubes increased, indicat-
ing greater interaction between the SBR matrix and
the Si-Al nanotubes. Therefore, the tensile strength
and tear strength of the SBR/Si-Al nanotube binary
nanocomposites improved during stretching process,
while the increased stiffness of the SBR/Si-Al nano-
tube binary nanocomposites may be explained as
that the Si-Al nanotubes have the effect on restrict-
ing the motion of SBR macromolecules.
As well known, the coupling reagent Si69 can react

with the hydroxyl group of silica while the Si69 reacts
with the rubber chains with the sulfur bridge, thus
improving the chemical interaction between the rub-
ber matrix and silica.37 In this article, some chemical
interactions maybe happen between the Si-Al nano-
tube and rubber matrix. To explain the effect of the
reagent Si69 on the chemical interaction formation
between SBR macromolecules and Si-Al nanotubes,
we also fabricated the comparable SBR/Si-Al nano-
tube binary composites containing 20 phr Si-Al nano-
tube loading without the Si69. Experimental results
showed that the tensile strength and tear strength of
the SBR/Si-Al nanotube binary composites without
Si69 is 3.3 MPa and 12.2 kN/m respectively, which
are inferior to those of the SBR/Si-Al nanotube binary
composites with Si69, explaining that the reagent Si69
has reacted in the SBR/Si-Al composites and plays an
important role in the reinforcement of the SBR/Si-Al
binary nonocomposites.

FTIR analysis of the coupling mechanism
in SBR/Si-Al nanotube nanocomposites

Figure 4 is the FTIR spectra of Si-Al nanotube, neat
SBR, and various SBR/Si-Al nanotube composites.
The peak areas at 3696 and 3623 cm�1 are associated
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with the stretching vibration of AOH group of Si-Al
nanotube, which make it possible that the new SiAO
bond is generated between Si69 and AOH group of
Si-Al nanotube.37

In this article, we elected the spectra band of
methyl (2840 cm�1), methylene (2920 cm�1), and
trans-1,4-butadiene (964 cm�1) as the comparable in-
ternal standards. Though the concentration of

Figure 2 SEM images of fracture surfaces of SBR/Si-Al nanotube binary nanocomposites filled with different Si-Al nano-
tube loadings. A: 3 phr Si-Al nanotubes; (B) 5 phr Si-Al nanotubes; (C) 10 phr Si-Al nanotubes; (D) 20 phr Si-Al nano-
tubes. Subscript 1 represents the magnification of 5000 and subscript 2 represents the magnification of 30,000.
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methyl, methylene, and trans-1,4-butadiene of SBR/
Si-Al nanotube composites decrease with the Si-Al
nanotube loading level increasing, the corresponding
decrease degrees are in agreement with their absorp-
tion intensity changing in general.

Compared with the FTIR spectrum of Si-Al nano-
tube, the FTIR spectra of SBR/Si-Al nanotube com-
posites have a new absorption band at 1083 cm�1,
which can be assigned to stretch vibration of the

SiAO bond38 generated between Si-Al nanotube and
coupling reagents Si69. At the same time, the cou-
pling reagent Si69 also reacted with the rubber
chains by forming mono-, di-, and polysulfidic cova-
lent bonds.37 With the Si-Al nanotube loading level
increasing, the absorption intensity at 1083 cm�1

increases, indicating more SiAO bond was generated
in the SBR/Si-Al nanotube composites, which leads
to higher interaction between the Si-Al nanotubes
and SBR matrix and higher reinforcement of the
SBR/Si-Al nanotube binary nanocomposites.

Thermal stability of SBR/Si-Al nanotube
binary nanocomposites

Figure 5 illustrates the thermogravimetry analysis of
neat SBR and SBR/Si-Al nanotube binary nanocom-
posites decomposed in N2. Figure 5(A) shows two
decomposition stages in temperature range from 150
to 550�C for both neat SBR and SBR/Si-Al nanotube
binary nanocomposites. The weight loss rates
(decomposition rate) of neat SBR and SBR/Si-Al
nanotube binary nanocomposites during the first
decomposition stage (temperature ranging from 150
to 300�C) appeared to be slower than those in the
second decomposition stage [temperature ranging
from 300 to 550�C, see Fig. 5(B)]. Compared with
neat SBR, the SBR/Si-Al nanotube binary nanocom-
posites, however, showed slightly faster weight loss
rates at the first decomposition stage and the weight
loss rate of the SBR binary nanocomposites contain-
ing 20 phr Si-Al nanotubes loading was slightly
faster than that of the SBR binary nanocomposites
containing 10 phr Si-Al nanotubes. The maximum
weight loss rate (corresponding to the peak of DTG

Figure 3 Mechanical properties of SBR/Si-Al nanotube
binary nanocomposites versus Si-Al nanotube loadings.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4 FTIR spectra of Si-Al nanotube, neat SBR and
various SBR/Si-Al nanotube binary nanocomposites.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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curve) of neat SBR at the first decomposition stage
happened in the mass change of 5.16% (corresponding
to the temperature of 274.3�C) whereas those of two
SBR/Si-Al nanotube binary nanocomposites hap-
pened in the mass changes of 5.29% and 6.16% (cor-
responding to the temperatures of 273.5�C and
256.9�C), respectively. As Grieco et al.39 reported that
the first decomposition stage corresponds to the
decomposition of some compounds added to the
SBR, and the temperature corresponding to the be-
ginning of SBR weight loss is higher than 350�C,
which was observed in the second decomposition
stage in our study. Although the differences among
the decomposition rates of neat SBR and SBR/Si-Al
nanotube binary nanocomposites with different Si-Al
nanotubes loadings are minimal, the results seem to
indicate that the Si-Al nanotubes were able to accel-
erate the decomposition rate of the SBR composites
in the first decomposition stage.

As shown in Figure 5(B), the influence of Si-Al
nanotubes to the decomposition rate of the SBR at
the second decomposition stage was totally different
from that of the first decomposition stage. At the

second decomposition stage, the decomposition rate
of neat SBR was faster than those of SBR binary
nanocomposites, and the weight loss rate of the SBR
binary nanocomposite containing 10 phr Si-Al nano-
tubes was higher than that of the SBR binary nano-
composite containing 20 phr Si-Al nanotubes. This
result indicates that the Si-Al nanotubes might be
able to slightly slow down the decomposition rate
and improve the thermal stability of SBR composites
at higher temperatures.
As we explained earlier, with the Si-Al nanotubes

loadings increasing, more Si-Al nanotubes, which
have better thermal stability than SBR does at high
temperatures, were adhered to the SBR macromole-
cules, leading to larger interface between SBR mac-
romolecules and the Si-Al nanotubes. Therefore, in
SBR/Si-Al nanotube binary nanocomposites, the Si-
Al nanotubes may have played an important role in
retarding the decomposition of SBR macromolecules
by acting as insulators and mass transport barriers
against the heat transition and the volatility of pyrol-
ysis products. And this may be the reason why the
SBR/Si-Al nanotube binary nanocomposites showed
slightly better thermal stability (higher initial tem-
perature of SBR macromolecular decomposition)
than neat SBR did in our study, while the SBR/Si-Al
nanotube binary nanocomposites containing 20 phr
Si-Al nanotubes has better thermal stability than those
containing 10 phr Si-Al nanotubes. However, further
studies are needed to obtain an affirmative conclusion.

Dynamic mechanical thermal analysis of SBR/Si-Al
nanotube binary nanocomposites

Figure 6(A) shows the temperature dependence of
loss factor (tan d) and storage modulus (E0) of the
samples. The maximum tan d values of various SBR
composites were different. With the Si-Al nanotube
loading increasing, the maximum tan ds of the corre-
sponding SBR/Si-Al nanocomposites decreases. The
maximum tan d of neat SBR was 1.53 whereas those
of the SBR/Si-Al nanotube binary nanocomposites
containing 10 phr and 20 phr Si-Al nanotube were
1.48 and 1.40, respectively. With the Si-Al nanotubes
loading increasing, the mobility of the SBR macro-
molecules became more difficult because of the
restraint induced by the Si-Al nanotubes, thus lower
tan d values of the SBR/Si-Al nanotube binary nano-
composites were obtained.
It is widely accepted that the temperature corre-

sponding to the peak of tan d curve is considered as
the glass transition temperature (Tg) of the polymer,
and the Tg value of polymer nanocomposites con-
taining nanoscale inorganic filler increases with the
inorganic fillers increasing.40,41 In our study, the
neat SBR and the SBR/Si-Al nanotube binary nano-
composites, however, demonstrated the comparable
Tg (about �19�C) values.

Figure 5 Thermogravimetry analysis curves of neat SBR
and SBR/Si-Al nanotube binary nanocomposites. A: weight
residue curves of SBR composites versus temperature; (B)
DTG curves of SBR composites versus temperature. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 6(B) shows the storage modulus (E0) of
SBR/Si-Al nanotube binary composites increases
with the Si-Al nanotubes loading increasing. The
higher E0 value of the SBR/Si-Al composites was
probably induced by both of the Si-Al nanotubes’
high modulus and the Si-Al nanotubes’ restricting
on the motion of segments of SBR macromolecular
chains. With the loading of Si-Al nanotubes increas-
ing, the motion of SBR macromolecules chains
became more difficult, and that’s why the corre-
sponding storage modulus of the SBR nanocompo-
sites containing higher Si-Al nanotubes were higher
than those of the SBR nanocomposites containing
less Si-Al nanotubes.

In our study, although the Si-Al nanotubes were
well dispersed in SBR matrix, the mechanical proper-
ties, thermal stability, and dynamic thermomechani-
cal properties of the SBR/Si-Al nanotube binary
nanocomposites were not improved dramatically as
we expected. One possible reason is that the tubal
shape and lengths of the Si-Al nanotubes were
changed during the mixing process, which weakens

its capability of improving the SBR nanocomposites’s
properties. The other possible reason is that there
was not enough interaction generated between the
Si-Al nanotubes and the SBR matrix.

CONCLUSIONS

Using the novel Si-Al oxide nanotubes, we have fab-
ricated some SBR/Si-Al nanotube binary nanocom-
posites. Experiment showed that the Si-Al nanotubes
up to 20 phr loading can be dispersed well in SBR
matrix and can moderately improve the hardness,
tensile strength, tear strength, initial decomposition
temperature, and storage modulus of the SBR/Si-Al
nanotube binary nanocomposites, in which a new
SiAO bond was generated between the Si-Al nano-
tube and the coupling reagent Si69.
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