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ABSTRACT: A highly dispersed montmorillonite (MMT)/styrene-butadiene rubber (SBR) nanocomposite is prepared by combining
the latex compounding method and spray-drying process. The MMT layers exhibit a nearly exfoliated structure in the spray-dried
powder. But when subjected to strains higher than 40%, the sprayed powdered nanocomposite goes through an irreversible transfor-
mation of the MMT network, showing a dramatic decrease in the storage modulus. XRD, SEM, and high resolution transmission
electron microscopy results confirm the structure transformation of the MMT/SBR nanocomposite during processing. With intensive
shearing during milling, the MMT layers are oriented, and further aggregations are observed in the vulcanizate. The processing proce-

dures greatly alter the structures of the MMT/SBR nanocomposite. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 113-119, 2013
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INTRODUCTION

Layered silicates naturally have a laminar structure with a thick-
ness of approximately 1 nm. Many efforts have been spent in pre-
paring the layered silicates/polymer nanocomposites. Once a good
dispersion of the layered silicates is achieved, the layered silicates/
polymer nanocomposites exhibit superior mechanical properties,
barrier properties, thermal stability, and flame retardance.'™

The biggest challenge comes from the dispersion of the layered
silicate minerals. There are generally three types of thermody-
namically achievable structures* for hybrid composites: conven-
tional composite, in which the silicate layers appear as tactoids;
intercalated composite, in which the silicate layers exhibit fixed
gallery distance owing to the intercalation of the modifier or
polymer; and exfoliated composite, in which the silicate platelets
are randomly distributed in the polymer matrix and are amor-
phous to X-ray. Among all these structures, the exfoliated
hybrid composites would provide the best performance for the
optimized filler elements.*>

7 solution com-

Various methods, such as melt compounding,®
pounding,®® and in situ polymerization,'®* have been devel-
oped to prepare the layered silicates/polymer nanocomposites.

All these methods are based on the same idea that with a misci-
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ble system built up for the polymer and the organically modi-
fied silicate layers, an intercalated or exfoliated composite can
be obtained. Various modification methods have been applied
to adjust the surface properties of the silicate layers.””™'” But
unfortunately, because of the diverse intrinsic properties of the
polymers, it became rather complex and difficult to build up a
suitable system for each layered silicate/polymer composite, and
only limited success was achieved.

By combining the latex compounding method (LCM) and
spray-drying process, we have developed a novel strategy for the
preparation of highly dispersed layered silicates/polymer nano-
composites. Results showed that the montmorillonite (MMT)
layers were well dispersed in the nanocomposite and a nearly
exfoliated structure was obtained.'® With further investigation,
the structure transformations in the prepared highly dispersed
nanocomposite during processing were observed.

In this work, we reported the network transformations of the
MMT layers in the highly dispersed MMT/styrene-butadiene
rubber (SBR) nanocomposite with the intention to draw more
attention to this topic. Such filler network transformations may
greatly alter the structure in the final product, leaving it
dramatically different from the structure in the nanomaterial.
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Table I. Recipe for Modified MMT/SBR Composite

Ingredients Loading (phr?)
SBR 100
HTAB/MMT 4/20

Zn0O 5

Stearic Acid (SA) 2
Accelerator DP 0.5
Accelerator DM® 0.5
Accelerator TT¢ 0.2
Antioxidant 4010NA® 1

Sulfur 2

?Parts per hundred rubber parts in weight.
®Diphenyl guanideine.
¢2,2'-dibenzothiazole disulfide.
9Tetramethylthiuram disulfide.
®N-isopropyl-N'-phenyl-p-phenylenediamine.

EXPERIMENTAL

Materials

Sodium MMT mineral (Siping Liufangzi Aska Bentonite,
China), with a cationic exchange capacity of 78 mequiv./100 g,
was used. The organic modifier for MMT used in this research
was hexadecyl trimethyl ammonium bromide (HTAB, Beijing
Yili Chemical, China), and it was used as received. SBR latex
(SBR-1502, styrene content 23 wt %, Jilin petrochemical, China)
was used as received. The curing additives (listed in Table I) for
the rubber compound were reagent-grade commercial products
and were used as received without further purification.

Preparation Procedures

Pristine MMT mineral was dispersed in deionized water under
vigorous stirring; the sediment was removed after the slurry was
settled for 24 h. A stable MMT aqueous colloid suspension with
a solid content of 1.6 wt % was obtained by further centrifuging
(4000 rounds per minute) the slurry. Surface modification to
the MMT layers was carried out in the aqueous suspension by
adding HTAB water solution under stirring. The organically
modified MMT aqueous suspension was then compounded with
the SBR latex by means of LCM. The composition ratio of
HTAB, MMT, and SBR was kept at 4 g/20 g/100 g.

The mixture of MMT suspension and SBR latex was fed to an
air-atomizing spray-drier (Laboratory Spray Drier, B-290,
BUCHI, Switzerland). The mixture was dispersed into fine
droplets by compressed air through a 2-mm diameter two-fluid
nozzle. Hot air was used as the drying medium. The inlet and
outlet temperatures were 220 and 100°C, respectively, and the
feeding rate was 200 mL/h. The spray-dried powder was col-
lected, and the HTAB-modified MMT/SBR powdered com-
pound (HTAB(4)/MMT(20)/SBR) was obtained.

Milled bulk compound was obtained by kneading the obtained
powdered compound into a mass on a 6-in. two-roll miller. The
milled bulk compound was further mixed with the curing addi-
tives (Table I) on the miller. After curing at 150°C for a period
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Figure 1. Die configuration of RPA 2000." [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

of 5 min (Ty, the optimum curing time) under the pressure of
15 MPa, the vulcanizate was obtained.

A hot-pressed sample was prepared to investigate the effect of
curing conditions on the aggregation of MMT layers. The sam-
ple was obtained from the milled bulk compound by further
pressing under the curing conditions of 150°C, 15 MPa, and 5
min, with no curing agents added. The differences between the
hot-pressed compound and the vulcanizate were that the vul-
canizate sample underwent more intensive shearing during the
mixing process and the vulcanization reactions took place only
in the vulcanizate sample.

Characterization

Dynamical mechanical rheology measurements were performed
with an RPA 2000 rheometer (Alpha Technologies, Akron,
Ohio) at the temperature of 60°C and the frequency of 1 Hz.
Approximately 4-5 g of powdered or bulk compound was
loaded into the test cavity with two biconical dies (shown in
Figure 1). When the upper die was closed by the compressed air
(0.6 MPa), the preprogrammed rheological measurements were
performed on the test specimen. Strain was applied by varying
the oscillation angle. The torque was transmitted via the sample
from the oscillating lower die to the highly sensitive torque
transducer positioned in the upper die, and selected sample
properties (torque and modulus) were measured at the preprog-
rammed frequency and temperature. There was an interval of
10 s between consecutive tests for sample conditioning.

69 —m— HTAB(4)/MMT(20)/SBR sprayed compound in powder
—e— HTAB(4)/MMT(20)/SBR sprayed compound milled bulk
54
44
a
= 34
o Testing Conditions
24 Temperature 60 °C
Frequency 1Hz
14
0 LA L]
1 10 100
Strain / %

Figure 2. Strain amplitude dependence of storage modulus (G) of the
HTAB(4)/MMT(20)/SBR sprayed powdered compound and milled bulk
compound. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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The morphologies of the freeze- and tensile-fractured surfaces
of the spray-dried MMT/SBR composites were obtained on a
Hitachi S-4700 scanning electron microscope (Hitachi, Japan)
operated at 20 kV acceleration voltage. The samples for high re-
solution transmission electron microscopy (HR-TEM) were pre-
pared by microtomy and then investigated with a JEM-3010
high resolution transmission electron microscope (JEOL, Japan)
operated at 300 kV accelerating voltage. X-ray diffraction meas-
urements were conducted on a D/Max2500 VB2+/PC X-ray dif-
fractometer (Rigaku, Japan) with Cu/Kol radiation (4 =
0.154056 nm), and the diffraction patterns were recorded at 40
kV and 200 mA.

RESULTS AND DISCUSSION

MMT Network Detected by Dynamic Strain Sweeps

The Payne effect’* is widely used to characterize the filler net-
work in filled rubber compounds. The Payne effect describes the
dependence of the storage modulus (G') of the filled rubber
compound on the applied strain amplitude: the storage modu-
lus decreases rapidly with increasing dynamic strain amplitude.
Many studies”® showed that the Payne effect is attributed to the
formation of filler network by both fillerfiller interactions and
filler—rubber interactions and the subsequent deconstruction of
the filler network by increasing strain.

Our experiments showed that the spray-dried HTAB-modified
MMT/SBR nanocomposite exhibited an extraordinarily high
modulus at small strain amplitudes, an indication that the
MMT layers were highly dispersed in the SBR matrix to form a
strong MMT network. However, after milling, a significant
decrease in the storage modulus of the filled compound was
observed, as shown in Figure 2, indicating a dramatic change in
the filler network of the HTAB-modified MMT/SBR compound.
Yang et al. observed a similar phenomenon in expanded graph-
ite/rubber nanocomposite.”” They also found that the electrical
conductivity of the expanded graphite/rubber compound pre-
pared by the LCM decreased significantly right after the com-
pound was mechanically mixed. Such phenomena led us to fur-
ther investigate the role the processing procedures played in
determining the MMT network in the highly dispersed MMT/
SBR nanocomposite.

Figure 3 shows the strain amplitude and time dependence of
storage modulus (G') of the HTAB-modified MMT/SBR pow-
dered compound under repeated strain sweeps. Results showed
that the MMT network was greatly damaged after just one
strain sweep at strain amplitudes up to 400%, and the network
varied little during further repeated measurements. At 60°C
for 1 h, the MMT network recovered to some extent, but it
was far weaker than the original network in the powdered
compound.

To explore in further detail the changes in the MMT network
during the first strain sweep, we divided the strain sweep with
strain amplitudes up to 400% into six cyclic strain sweep proce-
dures with step changes in strain amplitude from 0.28-2% to
0.28-400%. The results are shown in Figure 4. The Payne effect
is observed at every strain step. At strain amplitudes below
10%, the spray-dried HTAB-modified MMT(20)/SBR powdered
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compound shows an elastic behavior: the dynamic storage mod-
ulus fully recovers to its original value after the small-amplitude
strain sweeps [Figure 4(a—c)]. However, when the strain ampli-
tude increases to 40%, an irreversible damage to the MMT net-
work is observed: the storage modulus cannot recover to the
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Figure 3. Strain amplitude and time dependence of storage modulus (G)
of the HTAB(4)/MMT(20)/SBR sprayed powdered compound under
repeated strain sweeps [(a) displays the initial strain sweep measurements
for the spray-dried powdered compound, (b) displays a one-hour recovery
process right after the initial strain sweeps, and (c) shows the three
times strain sweep measurements following the recovery process].
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4. Strain amplitude dependence of storage modulus (G') of the HTAB(4)/MMT(20)/SBR sprayed powdered compound under cyclic strain sweeps

with increasing strain amplitudes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

original value after the large-amplitude strain sweep. Such an ir-
reversible damage goes further with the strain amplitude
increasing up to 100 and 400%, as shown in Figure 4(d-f).

Simultaneously, a stress-softening effect, also known as the Mul-
lins effect, is observed in the cyclic strain sweeps with stepped
strain amplitudes, as revealed in Figure 5. During the test, three
rounds of cyclic strain sweeps were conducted at each step
change in strain amplitude. The Mullins effect agrees well with
the Payne effect observed in the stepped cyclic strain sweeps. At
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strain amplitudes below 10%, the compound exhibits an elastic
behavior, but at strain amplitudes above 40%, the compound
shows a dramatic stress-softening effect (the stress decreases
dramatically between the first cycle and subsequent cycles).

MMT Dispersion Transformation During Processing

By comparing the XRD patterns of the highly dispersed MMT/
SBR nanocomposites at various processing stages, as displayed
in Figure 6, we can also see the structure transformations. The
patterns shown in Figure 6 are normalized by the diffraction
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Figure 5. Strain amplitude dependence of complex torque (S*) of the
HTAB(4)/MMT(20)/SBR sprayed powdered compound under stepped

cyclic strain sweeps. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

peak of the SBR matrix at about 20°. The sprayed powdered
MMT/SBR compound is nearly amorphous to X-rays, demon-
strating the highly dispersed structure in the powdered com-
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Figure 6. XRD patterns of HTAB(4)/MMT(20)/SBR nanocomposites at
different processing stages. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

pound. But after the processing procedures, the MMT/SBR
compounds and vulcanizate show distinct diffraction peaks at
about 6.5°, corresponding to the stacked MMT structures.

Further electron microscope observations reveal details in the
MMT dispersion transformations during processing. As can be

N
S4700 20.0kV 13.7mm x5.00k

Figure 7. SEM images of fractured surfaces of the HTAB(4)/MMT(20)/SBR composites at different processing stages [(a) is the freeze-fractured surface
of the sprayed powdered compound, (b) is the freeze-fractured surface of the milled bulk compound, and (c) is the tensile-fractured surface of the

vulcanizate].
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Figure 8. HR-TEM images of HTAB(4)/MMT(20)/SBR composites at different processing stages [(a), (b), (c), and (d) are the image sets for the spray-
dried powdered compound, milled bulk compound, milled and hot pressed compound, and vulcanizate, respectively].

seen in Figure 7, the MMT layers in the sprayed powdered com-
pound exhibit a roughly disordered structure; however, during
processing, the MMT layers show orientations. The high-resolu-
tion TEM images shown in Figure 8 confirm this transforma-
tion. After milling and hot pressing, the MMT layers are ori-

ented; with constant intensive shearing during mixing and high
temperature and pressure during curing, the MMT layers ex-
hibit dramatic aggregation in the MMT/SBR vulcanizate, show-
ing a remarkably changed structure far different from that in
the powdered compound.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39119 WILEYONLINELIBRARY.COM/APP @W]LEY ‘Tﬁ ONLINE LIBRARY


http://onlinelibrary.wiley.com/

ARTICLE -

Applied Polymer

CIENCE

constant intensive
shearing during mixing

I

shear force

—

high temperature and

Milled Bulk  Pressure during curing

Compound
with weakened clay layer network

O Polymer Matrix

Direction of Temperature and Pressure
Shear Force during Vulcanization

Spraé/ed Powdered
ompound
with strong ciay layer network

Vulcanizate
with clay layer aggregates

-___/
/ \ Clay Layers

Figure 9. Schematic illustration of network transformations during processing. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9 schematically illustrates the MMT network transforma-
tions during processing. We believe it is the shear-induced ori-
entations of the MMT layers that greatly change the network
structures of the spray-dried MMT/SBR nanocomposite. The
disordered MMT layers in the spray-dried powdered compound
lead to extraordinarily strong network. However, after intensive
shearing, the MMT network is damaged, and the oriented
MMT layers form a weak network. The orientation of the MMT
layers is also the first step to further aggregations. By the con-
stant intensive shearing during mixing and high temperature
and pressure during curing, the oriented MMT layers are more
likely to aggregate and form face-to-face restacked structures.
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