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Abstract

Elastomer nanocomposites consisting of nitrile butadiene rubber (NBR) latex and layered silicates are prepared by a modified latex shear
blending process aided with ball milling. The mode of dispersion of layered silicates in NBR is partially exfoliated and intercalated when the
concentration of layered silicates is below 7.5 wt%, as evidenced by transmission electron microscopy and X-ray diffraction results. The
tensile and tear mechanical properties are much higher than that of neat NBR. Specifically, the tensile and tear mechanical properties of the
NBR/layered silicates increase by 200 and 60%, respectively. The decomposition temperature of the nanocomposites increases slightly.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Layered silicates/polymer nanocomposites combine the
easy processing of polymers with the strength of nanometer-
sized layered silicates having one dimension about 1 nm.
These nanocomposites can exhibit synergistic properties
from individual components without causing large detri-
mental effect to their original properties by incorporating
only a small percentage of layered silicates, thus providing a
new technological and economic route for the production of
potentially valuable materials. Nylon 6-silicate is the first
example of such a hybrid composite [1]. Other polymer-
layered silicate nanocomposites, involving materials such as
polyimide [2—-4], polyurethane [5-7], polyolefins [8—10],
polyisoprene rubber [11] and silicone elastomer [12], have
also been reported recently.

Only a few cases of elastomer nanocomposites consisting
of various rubbers and layered nano-silicates have ever been
reported [13—15]. Different methods of intercalation of
layered silicates, such as melt intercalation, in-situ polym-
erization and latex shear blending methods, have been
adopted to prepare the elastomer nanocomposite. Specifi-
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cally, some organo-modified silicate reinforced elastomer
nanocomposites, obtained from a melt intercalation method,
have been reported by the high shear force generated in a
plasticorder or a twin-screw extruder [15-22]. For instance,
ethylene propylene diene methylene linkage rubber-clay
hybrid has been prepared successfully by melt mixing of
EPDM and organophilic clay in a plasticorder followed by
vulcanization process [16]. On the other hand, a shear
blending process on elastomer latex produces a poor
intercalation and dispersion morphology of silicate layers
[23-26].

Nitrile butadiene rubber (NBR), in the solid or latex state,
is one of the most widely used, commercialized and mass-
productive elastomers that is manufactured mostly by the
emulsion polymerization method. In the present study,
NBR/silicate nanocomposites are prepared using a modified
latex shear blending method. The source of layered silicate
utilized in this study is Na"-montmorillonite (MMT), which
consists of a lamellar structure that is constructed from an
octahedral alumina sheet sandwiched between two tetra-
hedral alumina sheets. The surfaces of these silicate layers
contain negative charges with strong van der Waals
interaction forces that are balanced by Na™ cations absorbed
on the near- surface to compensate for the net negative
charge. When the inorganic layered silicates are dispersed in
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water, the interlayer spacing largely expand due to hydrogen
bonding, which enables relatively larger-sized molecules,
such as surfactants, to penetrate into their galleries [27—-29].
Then, the enlarged galleries could allow even larger
molecules to diffuse and intercalate into the interlayer
space. NBR/silicate nanocomposites could not be easily
prepared by melt intercalation as a result of the poor
miscibility of NBR with layered silicates. In the present
study, a new intercalation process is used to produce
nanocomposites by shear blending of nitrile latex with
surfactant-treated hydrophilic layered silicates, and the
resulting mechanical properties of these nanocomposites
are investigated.

2. Experimental section
2.1. Materials

Nitrile butadiene rubber latex (NBR latex, Nancar 1052)
containing 31-33% acylonitrile was obtained from Taiwan
Nancar Co. Ltd., with a solid content of about 27%. Clay
Swy-2 (Wyoming Na*-montmorillonite, i.e. Na*-MMT),
having a cationic exchange capacity (CEC) of
76.4 mequiv./100 g, was provided from the Clay Minerals
Depository at the University of Missouri, Columbia, MO.
Aromatic polyglycol ether (Emulvin W), a nonionic
emulsifier acting as a emulsifying, stabilizing and wetting
agent for latexes, was acquired from Mobay Co. Ltd. Other
ingredients, such as the surfactant (sodium salt of
methylene-bis-naphthalene sulphonic acid), dispersing
agent and curing agent were supplied from a local agency
(R.T. Vanderbilt Co. Ltd., Taiwan).

2.2. Latex blending and sample preparation

The last number behind the sample notation, NX-, stands
for different content of layered silicates, which was added to
NBR latex. For example, NX-0 is neat NBR, and NX-10
contains 10 wt% layered silicates in NBR. Typical indus-
trial formulations were used in this study. A mixture of Na™-
MMT, dispersing agent, emulsifier, potassium hydroxide
(electrolyte) and deionized water was placed in a ball-mill
tank to produce a homogeneous, swelled and intercalated
layered silicate solution. The cure agents, including 0.5 phr
(parts per hundred rubber) sulfur and proper amounts of
accelerator, zinc oxide, oleic acid, dispersing agent,
emulsifier, and potassium hydroxide, were also mixed and
prepared as a slurry at the same time. Subsequently, each
clay solution was individually added to the nitrile butadiene
rubber latex and blended for 48 h to form a homogeneous
latex composite. Then, each batch of curing slurry was
added to the latex composite and blended an additional 48 h.
Afterward, each batch of latex composite was poured
directly into a flat plate vessel, dried for 24 h in a 50 °C hot
air oven, washed with water and cured for 4 h at 110 °C to

obtain a rubber slab. Each slab was controlled to an
approximate thickness of 1 mm.

In the present study, a well-dispersed layered silicate
water slurry was prepared by mechanical ball milling of an
emulsified solution with an adjustment of its pH value.
Then, it was blended with the prepared nitrile latex, using
normal stirring for a proper period of aging time. It was
found that most of the homogeneous nanocomposite latexes
were stable even after one month when stored at room
temperature.

2.3. Characterization

Wide-angle X-ray diffraction (XRD) measurements were
carried out with a Mac Science M18 X-ray diffractometer.
The X-ray beam was produced by nickel-filtered Cu Ko
radiation with wavelength A = 0.154 nm operated at 30 kV
and 25 mA. The diffraction curves were obtained within the
range of scattering angles (26) of 2—10° at a scan rate of
1°/min. The TEM used is a JEOL JEM 2000FX electron
microscope operating with an acceleration voltage of
100 kV. Ultrathin sections of the cured samples were
microtomed using Leica Ultracut Uct into about 100-nm
thick slices with a diamond knife; subsequently, a layer of
carbon was deposited onto these slices and placed on 400
mesh copper nets. Thermogravimetric analysis (TGA) of
each sample was carried out under nitrogen purge in a
Perkin—Elmer TGA-7. About 10 mg of cured sample was
heated from 50 to 700 °C at 10 °C/min. Both the tensile and
tear strength of the cured rubber slab were tested on a MTS
tensile tester, Sintech 1-D, according to the ASTM standard
D412-97 method, die C and D624-95 method, die B,
respectively.

3. Result and discussion

Fig. 1 shows the X-ray diffraction curves for the cured
NBR/silicate nanocomposites. The X-ray diffraction peaks
at 260 = 6.84, 2.73, 2.63 and 2.65° represent the diffraction
of the (001) crystal surface of layered silicates in the
nanocomposites, corresponding to d-spacings of 1.29, 3.23,
3.36 and 3.33 nm, respectively. This indicates that a
relatively large gallery expansion in layered silicates has
been obtained in the case of NX-3, NX-5 and NX-7.5. For
the NX-5 sample, the major peak appears around 2.63°, and
a blurred peak appears at about 3.33° (2.65 nm), which
might be caused by non-uniform expansion of layered
silicates. For the NX-7.5 sample, other than the diffraction
of X-ray by the (001) plane at about 26 = 2.65°, another
strong diffraction peak can be observed at about 5.36°
(1.65 nm). This probably indicates that there has a bimodal
structure for layered silicates in NBR when the amount of
layered silicates is over 5 wt%. Fig. 2 presents TEM
micrographs of the dispersion of nanometer-sized layered
silicates in the NBR film. Single silicate layer in the rubber
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Fig. 1. X-ray diffraction patterns for layered silicate (Na"-MMT) and for
NBR/silicate nanocomposites.

matrix and a few multi-layer bundles in the case of NBR
containing 3 and 5 wt% layered silicates can be found in
Fig. 2(a) and (b). In both cases, the exfoliated layered
silicates, where the interlayer d-spacing was larger than
3.2nm, can be observed; whereas, in Fig. 2(c), the
dispersion of silicates in NBR can be found to actually
adopt a bimodal structure, consisting of both intercalated
and exfoliated states. This reveals that a higher silicate
loading would lead to poorer dispersion and more
aggregated bundles in the rubber film. A critical concen-
tration of 7.5 wt% layered silicate in NBR/silicate nano-
composites can be utilized to exert the exfoliated
nanocomposite using the modified latex shear blending
method. The results of the TEM analysis correspond to
those of the X-ray analysis quite well. Hence, based upon
the results of XRD and TEM, it is likely that in the
nanocomposites of NBR with silicate concentrations
between 3 and 7.5 wt%, exfoliated and partially intercalated
layered silicates coexist.

The stress—strain curves of these crosslinked NBR/sili-
cate nanocomposites are shown in Fig. 3. At low strains,
these materials behave similarly, but the tensile modulus of
NX-7.5 increases dramatically at high strains, which is
different from that of neat NBR (NX-0). The low strain
behavior results from somewhat low sulfur content (low
crosslink density). The addition of nano-silicate can
enhance the tensile modulus of NBR. It can also be
reasonably assumed that the dramatic increase in stress
of NX-7.5 in the high strain region results from the effect of
molecular chain orientation and the resultant orientation of
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Fig. 2. TEM micrographs of NBR/silicate nanocomposites containing 1, 3,
5 and 7.5 wt% layered silicates.
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Fig. 3. Typical stress—strain behavior of various NBR/silicate
nanocomposites.

layered silicates brought about by the rubber molecular
orientation.

The effects of layered silicates content on the tensile and
tear mechanical properties of the crosslinked NBR/silicate
nanocomposites are illustrated in Figs. 4 and 5. The tensile
strength increases by more than 100%, with a slight effect
on the elongation, and the tear strength also increases
considerably for these NBR/silicate nanocomposites, com-
pared to neat NBR. The tear properties of these crosslinked
NBR/silicate nanocomposites display the similar trend to
that of their tensile mechanical properties. Additionally, the
tensile strengths at 500% elongation (M500, engineering
modulus) of the NBR/silicate nanocomposites are also
much higher than that of neat NBR. The engineering
modulus is an indicator of the stiffness of the rubber
compounds. The tensile and tear strengths of the NBR/
silicate nanocomposites increase with the amount of layered
silicates up to 7.5 wt%, but decrease at 10 wt% concen-
tration. The maximum increases in the tensile and tear
strength are about 200 and 60%, respectively. It can
therefore, be concluded that tensile and tear properties of
NBR can increase dramatically with a layered silicates
content up to 7.5 wt% using a modified shear blending
system, where the molecular chain motion of NBR into the
galleries of largely exfoliated nano-silicate platelets pre-
pared by a ball milling process. Second, exfoliated layered
silicates with finer dispersion can be established with the
assistance of small molecular, non-ionic and ionic surfac-
tants and through the use of high shear forces in the ball
milling process.

Schematic drawings of the ball milling and latex
blending mechanism are provided in Schemes 1 and 2,
respectively. In Scheme 1, the intergallery space of layered
silicates in water is largely expanded since the appearance
of the silicate solution is homogeneous and transparent.
Then, the ball milling process generates a proper shear force
to delaminate the layered silicate and allow the surfactant
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Fig. 4. Curves of tensile properties versus layered silicate content (wt%) of
NBR/silicate nanocomposites. (a) Tensile strength (b) M500 (engineer
modulus).
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Fig. 5. Curves of tear strength versus layered silicate content (wt%) of
NBR/silicate nanocomposites.
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Scheme 1. Formation of exfoliated layered silicates.

molecules to move into the interspace of layered silicate. In
Scheme 2, after mixing with the rubber latex, the emulsified
and well-expanded layered silicates can allow the elastomer
molecular chains to diffuse and intercalate into the silicate
galleries. After coagulating, nearly exfoliated and partly
intercalated elastomer nanocomposite can form.

Thermal degradation temperatures (at 5% weight loss) of
NBR/silicate nanocomposites also increase with the content
of layered silicates. Fig. 6 gives a detailed thermal
gravimetric analysis of neat NBR and two nanocomposites.
In addition to improving the initial decomposition tempera-
ture, the weight loss due to the thermal pyrolysis of NBR is
nearly constant, until a temperature of about 450 °C is
reached. At higher temperature, the layered silicates inhibit
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weight loss in NBR. This is possibly due to the presence of
layered silicates dispersed homogeneously in the NBR
matrix that could extend the total immigration out-paths of
small molecules, as well as inner volatiles, and would
reduce the permeability of oxygen into the bulk of the
nanocomposite. Therefore, it could inhibit the occurrence of
NBR chain scission and improve the thermal stability.

4. Conclusion
NBR/silicate nanocomposites, with a mostly exfoliated

and partially intercalated coexisting structure, were success-
fully prepared by ball milling of surfactant-treated layered

022
Shear blending }) f?cfciC\ci\
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Scheme 2. Latex blending process.
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Fig. 6. Comparative TGA results (5% weight loss decomposition
temperature, 7, °C) of NBR/silicate nanocomposites with neat NBR.

silicates in emulsified solution, followed by latex shear
blending. The tensile mechanical properties and tear
strengths of these nanocomposites increase with the amount
of layered silicates, as compared to that of neat NBR.
Additionally, these nanocomposites display higher thermal
stabilities than neat rubber.
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