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Synthesis and Electrorheological Characterization
of Polyaniline/Barium Titanate Hybrid Suspension
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Summary: As organic/inorganic composites having attracted much attention due to
their heterogeneous physical properties, conducting polyaniline (PANI) and barium
titanate (BaTiO,) which possesses large electronic resistance and excellent dielectric
strength, were utilized to synthesize PANI/BaTiO; hybrid which is applicable for an
electrorheological (ER) material via ‘in-situ’ oxidative polymerization. Physical proper-
ties of the obtained PANI/BaTiO; composites were characterized via Fourier-
transform infrared spectra (FT-IR), thermogravimetry analysis (TGA), and scanning
electron microscopy (SEM). The ER behaviors were investigated via a rotational
rheometer, and their shear stresses were fitted using our previously proposed

rheological equation of state.

Introduction

Electrorheological (ER) fluids, a kind of
fascinating smart and intelligent materials,
are typically composed of colloid particles
dispersed in an insulated liquid. They show
dramatic, rapid and reversible changes of
rheological properties altered by an applied
external electric field. Shear viscosity as well
as shear stress of the ER fluids are increased
abruptly by several orders of magnitude
under an electric field. When the electric
field is turned on in general, a rapid particle
chain formation occurs, by inducing dipoles
of the particles aligned along the direction of
the applied electric field. If the electric
field is maintained, the chains tend to
consolidate slowly into thicker columns.
Columns of monodisperse particles can
eventually organize into a dense phase with
body-centered tetragonal symmetry, 2 of
which the dipoles attract each other in the
head-to-tail direction, consequently forming
the fibrous aggregates leading to a solid-like
state. Thus, in order to make this consoli-
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dated fluid flow, we require a force to break
these aggregates that comes to the yield
stress.?!

Thereby, ER fluids have stimulated
numerous researchers to focus on design-
ing the ER devices such as clutches,
brakes, damper, engine mounts and con-
trol valves. ! Despite various research
and development efforts, these ER devices
are still in the early stages of commercia-
lization due to several unsolved problems
such as colloidal instability and insufficient
amount of yield stress. Researchers have
made many efforts to explore various
promising materials based on ER fluids
which include discussion of inorganic and
semi-conducting polymeric particles such
as zeolite,[(’] carbonaceous particles,m
conducting PANL® and core-shell com-
posite particulates.[9"12]

Recently, conducting PANI/inorganic
composites have attracted much attention
due to their heterogeneous physical
properties, unique structure and combined
merits of the two phases.'>* The ER effect
of the electroresponsive particles could be
enhanced by their modification of the surface
over-layer with highly polarizable semicon-
ducting polymer. Therefore, in this study, we
synthesized PANI/BaTiO; composite via
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in-situ polymerization. With ferroelectric
properties and high dielectric constant as
well as good crystallinity of barium titanate,
we hope that the obtained PANI/BaTiO;
composite could be suitable for the ER fluid
with better ER performance.

Experimental

PANI/BaTiO5; composite was synthesized
by an “in-situ” polymerization in the
presence of hydrophobic BaTiO; (Inframat
Advanced Materials, LLC, USA). First,
BaTiO; nanoparticles with an average size
of 100 nm were dispersed in 450 ml of 1 M
HCI (Deajung, Korea) to get a homogenous
phase by vigorous stirring (200 rpm) at 0 °C,
after that aniline monomer was added to
this dispersion. Pre-chilled ammonium
peroxysulfate (APS) (initiator) which was
dissolved in 350 ml of 1 M HCI in another
beaker at 0 °C was dropped into separately
prepared dispersing phase within 4 h. After
dropping the initiator, the mixture was kept
stirring at 200 rpm at 0°C for 24 h. The
PANI/BaTiO; composites were centri-
fuged, filtered and washed with distilled
water, acetone, and methanol to remove
excess initiator, monomer, and oligomer,
and dried at 65°C in vacuum oven for
2 days“sl.

FT-IR spectroscopy (Perkin Elmer Sys-
tem 2000) was used to identify the chemical
structure of the composite prepared by
grinding with KBr. Thermal stability of
both PANI and PANI/BaTiO3 composite
were examined by using a thermogravi-
metric analyzer (TGA, TA instrument Q50,
USA). XRD spectra was performed via a
Rigaku DMAX 2500 (A =1.54 A) diffract-
ometer. Scanning electron microscopy
(SEM, S-4300, Hitachi) was utilized to
observe the morphology of the obtained
samples. Electrical conductivity was mea-
sured by a standard 2-probe method using a
picoameter at room temperature.

In order to apply the composite for an ER
fluid, we have to control the conductivity of
the obtained PANI/BaTiO; composite by a
dedoping process. We dispersed the compo-
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site in 1 M NaOH solution and monitored
the pH at 9 by dropping either 1 M NaOH or
IM HCI solution."® The dedoped sample
was then filtered, dried, and sieved. The
conductivity was found to be decreased from
2.41 x 107" t0 1.67 x 10~'? S/cm. Finally the
PANI/BaTiO; composite was dispersed in
silicone oil (kinematic viscosity: 50cS, den-
sity: 0.96 g/ml) to prepare a 10 vol% ER
fluid. ER behaviors were investigated by a
rotational rheometer (Physica MC 120,
Stuttgart) equipped with a DC high voltage
generator. In order to get a valid experi-
mental result, we repeated every experiment
at 25°C for 3 times.

Results and Discussion

In order to confirm the chemical structures,
FT-IR spectra of synthesized PANI,
BaTiO;, and PANI/BaTiO; composite
were taken, and it was found that the
characteristic peaks of the PANI appeared
at about 1593 cm ™', 1498 cm ™', 1308 cm ™'
and 832 cm™! were attributed to quinone
ring deformation, benzene ring deforma-
tion, C-N stretch of aromatic amine and
aromatic C-H out of plane, respectively.
Distinctive peak of BaTiO; detected at
about 568 cm™' and 438 cm™! were
appointed to Ti-O band and Ti—O bending
vibrations. [!7]

TGA curves given in Fig. 1 demonstrate
not only the content of BaTiO; in the
composite but also the change in thermal
stability between pure PANI and PANI/
BaTiO; composite. TGA test was carried out
under air with a heating rate of 20 °C/min.
The onset decomposition temperature of
PANI/BaTiO; composite was higher than
that of pure PANI. This behavior confirmed
the enhanced thermal stability due to the
retardation effect of inorganic material on
the decomposition of the composite. Resi-
dual weight of the PANI/BaTiO5 composite
was also found to be dependent on the
content of BaTiO; nanoparticles. In this
composite, BaTiO; content was approxi-
mately 25 wt%.
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Figure 1.

TGA curves of pure PANI (solid line) and PANI/BaTiO; composite (dashed line).

X-ray diffraction patterns of the PANI,
BaTiO; nanoparticles and PANI/BaTiO;
composite were indicated in Figure 2.
Figure 2(a) shows a typically wide amor-
phous peak for pure PANI at low 26 region.
Figure 2(c) represents that BaTiO; pos-

sessed good crystallinity. When BaTiO;
nanoparticles were embedded into the
polymer matrix, the interaction between
PANI and BaTiOj restricted the growth of
PANI chains around BaTiO3 nanoparticles
and influenced the crystallinity of the
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Figure 2.

XRD spectra of (a) PANI, (b) PANI/BaTiO; composite, and (c) BaTiO;.
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Figure 3.
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SEM images of BaTiO, nanoparticles (a) and PANI/BaTiO, composite (b).

inorganic BaTiO; leading to a decreased
peak density as shown in Fig. 2(b). In
addition, the broad peak attributed to
polymer appeared in Fig. 2(b) showed the
successful deposit of PANI on the surface
of BaTiO; nanoparticles.

By comparing the SEM images of
Figs. 3(a) and 3(b), we found that the size
of the spherical particles was increased
distinctively which may be interpreted by

1000

the embedding of inorganic BaTiO; parti-
cles into the PANI polymeric matrix.
BaTiO; possessed a nearly spherical
morphology with an average size around
100 nm, while the PANI had a planar
appearance due to its intrinsic rigid mole-
cular structure.!®!

Figure 4 shows that the PANI/BaTiO3
composite based ER fluid implies very
typical ER performance. It behaved like a
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Figure 4.

Fit of model equations to flow curves for PANI/BaTiO; composite based ER fluids with three different electric
field strengths. Dashed line is for Bingham model (Eq. (1)), solid line for our suggested model (Eq. (2)).
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Newtonian fluid without an external elec-
tric field, in which the shear stress increases
linearly with a shear rate. Meanwhile under
an electric field, the ER fluid showed a
Bingham-like behavior because the parti-
cles got polarized and formed chain-like
structures. The plateau region of shear
stress for a wide range of shear rates under
an applied electric field could be explained
by the reformation of the broken chain like
structure. By increasing the electric field
strength, the shear stress abruptly increased
over the entire shear rate range. This
behavior has also been observed for various
semiconducting polymer-based ER
fluids.!"*!) We obtained relatively high
shear stress tested at 2.5 kV/mm compared
with that from the previous study.[22]

On the other hand, it is well known that
the yield stress is one of the critical design
parameters in the ER phenomenon and
has attracted considerable attention both
experimentally and theoretically. Among
those discoveries, the Bingham equation has
been frequently quoted to describe the shear
stress behavior with a non-vanishing yield
stress (7y), which is defined as a stress where
the suspension changes from solid-like to
fluid-like at a zero shear rate limit [**!. This
simplest model with two parameters is given
below:

T=1Ty+ 10y
y=0

T>Ty
T< Ty

1)

Here, 7y is a function of an electric field,
y is the shear rate, and m is the shear
viscosity. However, after more and more
ER fluids were developed, the Bingham
model was found to be not enough to give
an all-side information about the shear
stress behavior because the shear stress
often gives complicated behaviors.[**!
Thereby, extensive researches on quantita-
tive analysis to describe both yield stress
and shear stress behaviors became prevail-
ing,>?7l but only a few reports on the
constitutive equation were found because
many reported constitutive equations are
too complicated to be used. Therefore, a
model constitutive rheological equation of
state was suggested (2829 to analyze the ER
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fluids under an applied electric field more
comprehensively instead of their quantita-
tive interpretation as follows;

B Ty 1 .
TR (1 - (t3y)f‘)y @

The first term of the right-hand sides in
Eq. (2) implies the shear stress behavior at a
low shear rate region especially in the case
of the decrease of shear stress and the
second term describes well the shear stress
behavior at a high shear rate region. Here,
is related to the decrease in the shear
stress, t, and t3 are time constants, and m. is
the shear viscosity at a high shear rate and is
interpreted as the shear viscosity in the
absence of an electric field. The exponent
has the range 0 < g < 1, since dr/dy > 0.
The fitting of the model equation to flow
curve for PANI/BaTiO3 composite based
ER fluids were shown in Fig. 4. It is clear
that the solid lines originated from the
suggested constitutive equation model of
Eq. (2) fitted the flow curve data very
accurately through the whole shear range,
especially the data investigated at relative
low shear rate region. Compared with our
model, the Bingham model given in Eq. (1)
was not enough to describe the data
comprehensively. Furthermore, it was
found that the yield stresses obtained from
the Bingham fluid model are much lower
than that from our model. This can be
explained from the fact that our proposed
model accurately fits the decrease in the
shear stress for the region of shear rate from
0 to 100 (1/s), while Bingham model does
not fit the data accurately. The large
deviation between two models is observed
especially at the low shear rate.

Conclusion

PANI/BaTiO3; composite was synthesized
via an in-situ oxidative polymerization.
Both FT-IR spectra and SEM images
helped to give some informations on the
chemical formation and the morphology of
the obtained PANI/BaTiO; composite
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separately. The thermal stability of the
PANI/BaTiO; composite was increased
compared with that of the PANI due to
the embedding of the inorganic particles in
the polymer matrix. PANI/BaTiO3 compo-
site based ER fluid gave typical ER
behaviors, showing higher shear stress than
that of pure PANI which was attributed to
the influence of BaTiO5; nanoparticles on
the conducting PANI due to its high
dielectric performance. We also employed
a suggested constitutive equation to fit the
shear stress and it was found to be more
accurate compared with the traditional
Bingham equation.
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