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ABSTRACT: Barium titanate (BaTiO3) inorganic particles
which possess large electronic resistance and excellent
dielectric properties were employed to synthesize conduct-
ing polyaniline (PANI)/BaTiO3 composites via an in situ oxi-
dative polymerization, since conducting PANI/inorganic
composites have been considered as a superior candidate
of electrorheological (ER) fluids because of their physical
properties, unique structure, and the combined merits of
the two phases. The influence of the fraction of BaTiO3

particles in the as-synthesized composites on the physical
properties (morphology and crystal structure) and the ER
behaviors were examined. Yield stress data obtained were
analyzed based on the universal yield stress equation as a

function of applied electric field and it was found that the
universal yield stress equation collapses these data onto a
single curve independent of BaTiO3 particle concentration.
Their shear stresses under an applied electric field were
also found to be fitted well with the Cho–Choi–Jhon
model. In addition, the investigated dielectric spectra were
found to be useful to interpret the differences in the ER
performances for the PANI/BaTiO3 composite based ER
fluids. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105:
1853–1860, 2007

Key words: electrorheological fluid; dielectric; cole–cole
plot; yield stress

INTRODUCTION

Electrorheological (ER) fluids, typically composed of
polarizable particles dispersed in insulating liquid,
are a kind of fascinating smart and intelligent material
that can change the state reversibly within millisec-
onds with the aid of electric field.1 Both structure and
rheological properties (yield stress, shear viscosity,
shear modulus, etc.) of the fluids are also changed dra-
matically.2 Because of this unique variation of the
rheological properties, the ER fluids have great poten-
tial applications in designing torque transducer,
damper, actuator, and other control systems.3,4 How-
ever, compared with the magnetorheological (MR) flu-
ids which have achieved much commercial success in
the industries,5,6 the ER fluids still lack of obtaining
widespread applications because of the low yield
stress. Therefore, many researchers are focusing on
developing novel ER materials possessing excellent
ER behaviors. It is well known that all ER materials
can be divided into both hydrous and anhydrous sys-
tems. For the former category, the modified starch or

silica gel are typical instances, which generate better
ER effect because of the enhanced polarizability from
the water or some other polar molecule as an additive
or promoter.7–9 However, these hydrous ER particles
have severe limitations in engineering application
because of the poor thermal instability, ease of water
evaporation as well as the corrosion of devices and so
on. The latter type, also named as intrinsic ER sys-
tems, usually consists of semiconducting polymers or
inorganic materials which overcome the above prob-
lem and represent excellent ER performances.10–15

Furthermore, hybrid organic–inorganic composite
based ER materials have gained increasing attentions
because they can possess synergistic characteristics.
They include polymer/clay nanocomposites, core/
shell structured materials, polymer/mesoporous
materials, and polymer/inorganic particles. We have
explored many novel anhydrous ER systems and
investigated the ER behaviors based on these semicon-
ducting polymers, demonstrating a valuable scaling
function for yield stress as a function of electric field
strength which incorporates both the polarization and
conduction models.16 When mentioned to the yield
stress, it is worthy to note that a novel ‘‘giant electro-
rheological effect’’ system with extremely high yield
stress which was attributed to the proposed saturation
surface polarization in the contact region of the neigh-
boring spheres has been recently reported.17
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Meanwhile the interfacial polarization takes domi-
nant role in determining the ER performances.18,19

Thus, it is necessary to study the dielectric behaviors
of the ER materials when analyzing the ER activity
using this interfacial polarization theory. Many
researches on the dielectric properties (dielectric con-
stant and dielectric loss factor) have been reported.20–23

Wang et al.24 demonstrated that higher dielectric con-
stant of the spheres lead to a stronger interaction force
which was associated with the ER effect. Nevertheless,
Hao et al.25 proposed that a large dielectric loss factor
which can give a large interfacial polarization was
required for an ideal ER system.

Among various conducting polymers, the PANI is
known to be one of the most attractive one because of
several advantages such as high conductivity, stabil-
ity, and easy synthesis in large quantities. In addition,
inorganic nanoparticles can be introduced into the
matrix of a host-conducting polymer, either by chemi-
cal methods or by electrochemical synthesis. Consid-
ering that ER effect of the electro-responsive particles
could be enhanced by modifying the surface with
highly polarizable semiconducting polymer, we syn-
thesized conducting PANI/inorganic BaTiO3 compo-
sites and examined the ER performances for PANI/
BaTiO3 composite with different fraction of BaTiO3

(10 and 25 wt %) as a continuation of our previous
work on the same system.26,27 Even though this sys-
tem has been recently investigated, its better under-
standing on ER performance still requires further
investigation.28,29 Here, we focused on investigating
rheological and dielectric properties for the two ER
fluids prepared using universal yield stress equation
and rheological equation of state of Cho–Choi–Jhon
(CCJ) model, and successfully interpreted the influ-
ence of the amount of inorganic BaTiO3 particles on
the ER behaviors using Cole–Cole plot.

EXPERIMENTAL

The PANI/BaTiO3 hybrid composite was synthesized
by an in situ chemical oxidation polymerization of ani-
line in the presence of BaTiO3 nanoparticles (Inframat
Advanced Materials, LLC, USA). At first, BaTiO3

nanoparticles were dispersed in 450 mL of 1M HCl to
get a homogeneous phase of solution by vigorous stir-
ring at 08C. After that, aniline monomer was added to
this dispersion of BaTiO3. Prechilled ammonium per-
oxysulfate (initiator) which was dissolved in 350 mL
of 1M HCl in another beaker at 08C was dropped into
the above prepared dispersing phase within 4 h. After
dropping the initiator, the mixture was kept stirring at
200 rpm at 08C for 24 h. Then, the synthesized PANI/
BaTiO3 composites were centrifuged and filtered with
distilled water, acetone, and methanol to remove
excess initiator, monomer, and oligomers, and dried
at 658C in vacuum oven for 2 days. Two different frac-

tion of BaTiO3 nanoparticles (10 and 25 wt %) in the
PANI/BaTiO3 composites were prepared.

Since the above synthesized PANI/BaTiO3 compo-
sites have so high conductivity, its direct ER test can
not be carried out. Therefore, to apply for the ER test,
we have to adjust the conductivity of the composite to
an appropriate value via a dedoping process. We dis-
persed the synthesized PANI/BaTiO3 composites in
1M NaOH solution and controlled the pH value to be
9 by adding either 1M NaOH or 1M HCl solution.30

The product was then filtered, dried, and sieved. The
conductivity was found to decrease from 2.41 � 10�1

to 1.67 � 10�12 S/cm and 8.13 � 10�12 S/cm for 10 and
25 wt % of PANI/BaTiO3 composites separately.

FTIR spectroscopy (Perkin–Elmer System 2000) was
used to examine the chemical structure of the compos-
ite prepared by grinding it with KBr. Thermal proper-
ties of PANI/BaTiO3 composite were examined by
using a thermogravimetric analyzer (TGA, TA instru-
ment Q50, USA). XRD pattern was performed using
Rigaku DMAX 2500 (l ¼ 1.54 Å) diffractometer. The
surface morphology was observed using a scanning
electron microscopy (SEM, S-4300, Hitachi). Electrical
conductivity of the composite pellets was measured
via a 4-pin probes resistivity meter (LORESTA-GP).

Finally the obtained PANI/BaTiO3 composite parti-
cle was dispersed in silicone oil (kinematic viscosity:
50 cS, density: 0.96 g/mL) by using a sonicator for 1 h
to prepare ER fluids with 10 vol % particle volume
concentration. ER behaviors were measured by a Cou-
ette geometry (Z3-DIN) of a rotational rheometer
(Physica MC 120, Stuttgart) equipped with a DC high
voltage generator (HVG 5000), and an oil bath (VIS-
THERM VT 100) for temperature control. The gap size
of the Z3-DIN was 1.06 mm and its maximum mea-
sured stress was 1141 Pa. An electric field was applied
for 3 min to obtain an equilibrium chain-like or colum-

Figure 1 FTIR spectra of PANI, BaTiO3 and PANI/BaTiO3

composite.
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nar structure, before applying the shear. All measure-
ments were performed at (25 6 0.1)8C. To get repro-
ducible and reliable data, the ER fluids were redis-
persed prior to each experiment, and each measure-
ment was repeatedly carried out at least three times.

Dielectric relaxations of all prepared ER fluids were
investigated using the HP 4284A Precision LCR meter
with HP 16452A Liquid Test Fixture at room tempera-
ture. Frequency of the AC electric fields varied from
20 Hz to 1 MHz, in which the HP 16452A and HP im-
pedance analyzer/LCR meter use the ‘‘capacitive
method’’ for obtaining relative permittivity by meas-
uring the capacitance of amaterial sandwiched between
parallel electrodes.

RESULTS ANDDISCUSSION

Figure 1 represents the FTIR spectra of all three different
samples of PANI, BaTiO3, and PANI/BaTiO3 composite.

The characteristic peak of PANI at 824 cm�1 indicates
the out of plane of aromatic C��H. Those other three
peaks appeared at 1595, 1496, and 1302 cm�1 also attrib-
uted to the quinoid unit, benzoid unit, C��Nstrech of ar-
omatic amine of the PANI, respectively. Distinctive
peaks of BaTiO3 appear both in 568 and 438 cm�1. On
the basis of these FTIR spectra we can confirm that our
organic–inorganic hybrid has been prepared.

On the other hand, it can be noted that previously
reported TGA curves for pure PANI, BaTiO3, and
PANI/BaTiO3 composite confirmed the composite
formation as well as the weight percent of BaTiO3

nanoparticles in the composites.27

By observing the SEM images, we find that the inor-
ganic nanoparticles possess a nearly spherical morphol-
ogy compared with rather big cluster of pure polyani-
line (Fig. 2). For the SEM images of the composites, it is
apparent that the size of the particles gets bigger than
that of the pristine BaTiO3 nanoparticles whose original

Figure 2 SEM images of pure polyaniline (a), pristine BaTiO3 inorganic nanoparticles (b),PANI/BaTiO3 composite 10 wt %
(c) and 25 wt % (d).
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average size is about 150 nm. This may be interpreted
by the successful embedding of inorganic BaTiO3 par-
ticles into the PANI polymeric matrix.31 However, add-
ing much amount of BaTiO3 nanoparticles does not
cause much difference in the surface morphology as
can be detected from Figure 1(c,d).

Furthermore, examining from the X-ray diffraction
patterns represented in Figure 3, we find that pure
PANI shows a typical wide amorphous peak at low 2y
region,32 whereas the pristine BaTiO3 nanoparticles
have many distinctive characteristic peaks. As for the
PANI/BaTiO3 composites, the intensity of the main
peaks characterizing the inorganic structure becomes
weakened. This can be attributed to the grown poly-
mer chains which may influence the crystallinity of
inorganic BaTiO3 particles as shown in curve (b) and
(c) of Figure 3.

The ER behaviors of shear stress versus shear rate of
the two types of PANI/BaTiO3 composite (wt % of
BaTiO3 to PANI is 10 and 25%) based ER fluids are
shown in Figure 4.

The enhancement of shear stress (t) becomes slightly
larger with 25 wt % of BaTiO3 particle within a broad
range of shear rate (_g). The typical trends for ER flu-
ids,33 a decrease of t with increasing _g up to a critical
shear rate ( _gcrit), is found. The _gcrit is a transition point
of _g of which the fluid begins to exhibit pseudo-New-
tonian behavior (t increases with _g). In this _g range,
the particle chains appear to be broken by the shear
and, further, the particles might have insufficient time
to realign themselves along the electric field direction.
In a low _g region, the electrostatic interactions among
particles induced by external electric fields are domi-
nant compared to the hydrodynamic interactions
induced by the external flow field. The aligned partic-
ular structures begin to break with shear deformation,
and the broken structures tend to reform the chains by

the applied electric field, depending on the magnitude
of the applied shear and particle–particle interaction
in the fibrils. The decrease in t is observed when
increase in the reformed structures with _g is not as
complete as those before applying shear flow.34 In
other words, as the _g increases, the destruction rate of
the fibrils becomes faster than the reformation rate. It
is related to the rate of polarization under the shear by
an applied electric field, and will be discussed in con-
junction with the dielectric spectra results given
below.

Meanwhile, to fit the shear stress curves perfectly, a
previously reported De Kee-Turcotte model as well as
the CCJ model was adopted. The De Kee-Turcotte
model assumes tð_gÞ to be independent of _g _g (i.e., tð_gÞ
¼ t0constant) and adopts various expressions for Zð_gÞ.
The common form is:35

t ¼ to þ Z1 _ge
�t1 _g ðDe Kee�Turcotte modelÞ (1)

where t1 is a time constant having a unit of second. In
fitting our data, we adopted the De Kee-Turcotte
model.

A suggested model, given below, provides a better
fitting of the PANI/BaTiO3 based ER fluids as follow-
ing:36

t ¼ to
1þ ðt2 _gÞa þ Z1 1þ 1

ðt3 _gÞb
 !

_g: (2)

Here, to is the yield stress defined as the extrapo-
lated stress from low shear rate region, a is related to
the decrease in the shear stress, t2 and t3 are time con-
stants, and Z1 is the viscosity at a high shear rate and

Figure 3 XRD diffraction patterns for pristine BaTiO3

nanoparticles (a), PANI/BaTiO3 composite 25 wt % (b) and
10 wt % (c), pure polyaniline (d).

Figure 4 ER curves (shear stress versus shear rate) for
PANI/BaTiO3 composites based ER fluids. (!: 0 kV/mm,
&: 0.5 kV/mm, *: 1.5 kV/mm, ~: 2.5 kV/mm. Closed for
10 wt %, open for 25 wt %). The dotted line is from eq. (1).
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is interpreted as the viscosity in the absence of an elec-
tric field. The exponent b has the range 0 < b � 1,
since dt=d_g � 0. The yield stresses and the optimal pa-
rameters used for these two models in this study are
summarized in Table I. We can clearly see that the
above six-parameter equation of the CCJ model can
cover the stress decrease phenomena at low shear rate
region and provide an accurate value for the real yield
stress in the case of PANI/BaTiO3 based ER fluids.

For the ER behavior, we can observe that, without
an electric field, both the two curves behave like New-
tonian behavior with a slope close to 1.0 when
exposed to an electric field. The plateau region gets
longer when increasing the electric field, which sug-
gests that the electrostatic force gets gradually stron-
ger to resist the hydrodynamic force. Here, the PANI/
BaTiO3 composites based ER fluids exhibit better ER
effect than that of the pure PANI which may due to
the unique ferroelectric properties as well as the high
dielectric constant of BaTiO3 nanoparticles.

28 In another
work,29 a BaTiO3 coated-PANI ER system was reported
to possesses much polarizable charge in the surface of
the coated particles under an external electric field

because of the interaction of PANI and BaTiO3, impli-
cating an enhanced polarization strength, consequently
lead to a stronger ER behavior.

The ER curves also indicate that the PANI/BaTiO3

(25 wt %) composite based ER fluid shows higher
shear stress which may result from much fraction of
inorganic BaTiO3 nanoparticles in the composites. To
study different behaviors for the two kinds of ER flu-
ids affected by the electric field, we reanalyzed the
flow curves. Here, we estimated the dynamic yield
stress from a controlled shear rate measurement (CSR)
by extrapolating the shear stress at shear rate ¼ 1
s�1.37 We then plotted the dynamic yield stress as a
function of various electric fields. It is well known that
in general, the correlation of the dynamic yield stress
and electric field was presented as follows:

Ty / Em (3)

The dependency of the dynamic yield stress on the
electric field strength differs from the E2 dependency
suggested by the polarization model depending on
the particle concentration,38,39 particle shape and

TABLE I
The Optimal Parameters in Each Model Equation Obtained from the Flow Curve of PANI/BaTiO3 Based ER Fluids

Model Parameters

PANI/BaTiO3 �10wt % PANI/BaTiO3 �25wt %

0.5
(kV/mm)

1.5
(kV/mm)

2.5
(kV/mm)

0.5
(kV/mm)

1.5
(kV/mm)

2.5
(kV/mm)

De Kee-Turcotte t0 9 110 260 16 125 280
h1 0.18 0.21 0.58 0.19 0.18 0.33
t1 0.00015 0.0004 0.00059 0.00023 0.00049 0.00065

CCJ model t0 10 120 260 16 150 290
t2 0.45 0.9 0.1 0.8 1.2 0.9
a 0.4 0.2 0.09 0.5 0.3 0.2
Z1 0.17 0.25 0.45 0.182 0.217 0.33
t3 0.6 0.1 1 10 6 3
b 0.7 1 2 1 5 1.2

Figure 5 Replotted yield stress versus electric field
strengths for PANI/BaTiO3 composites based ER fluids.

Figure 6 t̂ versus Ê for PANI/BaTiO3 composites based ER
fluids. The solid line is drawn with eq. (5).
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applied electric field strength. The applied electric
field induces electrostatic polarized interactions
among the particles and also between the particles
and the electrodes. However, the polarization model
does not describe the flow effect accurately; in that
case, the ER response is influenced by the conductivity
mismatch and the interaction between particles and
medium. Various ER fluids show different exponents
in eq. (3). A correlation between yield stress and the
electric field strength is represented in Figures 5 and 6.
To correlate the dynamic yield stress with the broad
range of electric field strengths, Choi et al.16 introduced
the universal yield stress equation

tyðEoÞ ¼ aEo
2 tanh

ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
 !

: (4)

Here, the parameter a depends on the dielectric
property of the fluid, the particle volume fraction, and
the critical electric field, Ec originated from nonlinear
conductivity effect can be obtained by the crossover
point of the slopes for all ranges of the electric field
strengths corresponding to the polarization model
(slope ¼ 2) and conductivity model (slope ¼ 1.5),
respectively.40 As shown in Figure 5, the estimated Ec

was found to be 1.61 and 1.11 kV/mm for 10 and 25
wt % of PANI/BaTiO3 composites based on ER fluids.

To collapse the data into a single curve, we normal-
ized eq. (4) using Ec and tyðEcÞ ¼ 0:762aEc

2

t̂ ¼ 1:313Ê3=2 tanh
ffiffiffî
E

p
: (5)

Here, Ê � Eo=Ec and t̂ � tyðEoÞ=tyðEcÞ: We found
that the data obtained from Figure 5 collapsed onto to
a single curve via normalized universal yield stress
equation [eq. (5)] as shown in Figure 6.

To better fit experimental data, a modified universal
correlation introducing an additional parameter b was

suggested for the systems that are partly discord with
eq. (5) whereas the plots seem to follow an alternative
curve.41 We rescaled t̂ with ^̂t ¼ t̂Ê4band Ê with
^̂
E ¼ Ê1þ2b for the data, and derived a new equation as

^̂t ¼ 1:313
^̂
E
3=2

tanh

ffiffiffî̂
E

q
(6)

for a universal curve. From Figure 7 we were able to
confirm that the points (̂̂t,^̂E), which were recalculated
with b ¼ 0.38, were located along the curve of eq. (6)
with smaller deviations than the points (̂t,Ê) along the
curve of eq. (5) in Figure 6. Therefore, eq. (6) is
believed to be very useful in constructing the master
curve for ER fluids. In addition, note that the devia-
tion of the Ec do not change the scaled universal yield
stress equation itself but the point moves following
the universal yield stress equation, moving up for the
higher Ec and moving down for the lower Ec.

41

Furthermore, to investigate the ER performances for
the two ER fluids in detail, we examined the dielectric
properties which may do a favor to interpret the dif-
ference in ER effect for the two ER fluids.

Many researchers now prefer to consider the inter-
facial polymerization as the origin of ER effect. It is
well known that the dielectric constant (e0) and loss
factor (e00) are typical results for the interfacial polar-
ization of suspensions including ER fluids which con-
sist of polarizable phases dispersed in insulating
media. Lines in Figures 8 and 9 are fitted from the fa-
mous Cole–Cole formula eq. (7).42

e� ¼ e0 þ ie00 ¼ e1 þ eo � e1
1þ ðiolÞ1�a (7)

where the exponent (1 � a) characterizes the broad-
ness of the relaxation time distribution. When a ¼ 0,

Figure 7 Plot of t̂ versus Ê for PANI/BaTiO3 composites
based ER fluids. The solid line is drawn with eq. (6).

Figure 8 Dielectric spectra of PANI/BaTiO3 composites
(closed symbol and solid line for 10 wt %, open symbol and
dash line for 25 wt %) based ER fluids.
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eq. (7) reduces to Debye’s well-known single relaxa-
tion time model. Here, l is the relaxation time. Param-
eters in eq. (7) for the two ER fluids are summarized
in Table II.

When analyzing the dielectric spectra, we can see
that the relaxation times (l) are 9.3 and 10 ms for the
two ER fluids separately. In general, short relaxation
time is known to be related with higher shear stress.
Ikazaki et al.43 has declared that the polarization P re-
sponsible for the ER effect can be estimated as follow
equation: P ¼ F (e0brf � e00arf) ¼ F (De0), where F is a
function independent of De0 and e0brf and e00arf are
respectively, the dielectric constant below and above
the relaxation frequency. On knowing that large polar-
ization will lead to large ER effect, therefore, the value
De0 also has some positive effect on good ER perform-
ance. Hence, in the above table, we can see that the De
(De0) of PANI/BaTiO3 �10 wt % is a little lower than
that of the 25 wt % suggesting a weak ER behavior. In
addition, the relaxation times (l) of PANI/BaTiO3

�10 wt % is also relative longer which corresponds to
a low relaxation frequency. Obviously, the above anal-
ysis on the dielectric spectra coincide with the results
obtained from comparing the shear stress.

CONCLUSIONS

A conducting PANI/BaTiO3 composite was synthe-
sized via oxidation polymerization. The physical
properties were characterized by FTIR, TGA, SEM,
and XRD respectively. A suggested CCJ model was
found to describe the ER behaviors more accurately
than other reported fitting equations. In addition, to
study the different behaviors for the two kinds of ER
fluids affected by the electric field, we reanalyzed the
flow curves by adopting a universal. At last, an inves-
tigated dielectric spectra well interpreted the differ-
ence in ER performances caused by the different
amount of inorganic BaTiO3 nanoparticles.
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