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Abstract

Dodecylbenzene-sulfonic acid (DBSA)-doped polyaniline (PANI) was prepared by emulsion polymerization, where DBSA was used as both
an emulsifier and a dopant. The chemical structure and morphology of the DBSA were examined via FT-IR and SEM, respectively. Electrorheo-
logical (ER) properties of DBSA-doped PANI particles dispersed in silicone oil were studied under different operating temperatures and an
applied electric field. Shear stress data as a function of shear rate fitted quite well with the ChoeChoieJhon (CCJ) shear stress model. Both
deduced static and dynamic yield stresses were found to be collapsed into a universal scaling function. Furthermore, the ColeeCole plot
and the dielectric spectra gave relaxation times of the ER systems for different operating temperatures of dielectric measurements, confirming
the correlation of dielectric properties with ER performance.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrorheological (ER) fluids are colloidal suspensions of
polarizable solid particles dispersed in a non-conducting
liquid, exhibiting drastic and reversible change in rheological
properties when an external electric field is applied via order-
ing of the microstructure into particulate columns [1e4]. Fur-
thermore, their rheological characteristics and engineering
performance can be accurately controlled by an external ap-
plied electric field. Due to these controllable and outstanding
characteristics, they are regarded as intelligent and smart ma-
terials. This rapid and reversible response opens up numerous
potential engineering applications in various electrically con-
trolled mechanical devices that transform electrical energy
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to mechanical energy such as dampers, brakes, shock ab-
sorbers, and actuators [5].

The ER phenomenon can be explained by either a polariza-
tion or a conduction model, both of which have been well
established as the basic mechanisms of the ER fluid. The po-
larization model is proposed based on the observation that the
applied external field induces electric polarization within each
particle relative to the suspending medium. The resulting elec-
trostatic interaction between the particles leads to the forma-
tion of aggregates aligned in the direction of the field [6,7].
This aggregation of particles results in an increase of viscosity.
In general, the polarization may arise from various charge
transport mechanisms, such as orientation of atomic/molecular
dipoles or interfacial polarization, with the latter being gener-
ally considered as the main contributor to the ER behavior
under dc or ac fields. This basic model of particle polarization
leading to aggregation and increased flow resistance appears to
have gained general acceptance [2]. On the other hand, with
a decreased gap between the conducting particles in the fluid,

mailto:hjchoi@inha.ac.kr
mailto:ysseo@snu.ac.kr
http://www.elsevier.com/locate/polymer


6623S.G. Kim et al. / Polymer 48 (2007) 6622e6631
the electric response of the fluid becomes nonlinear, i.e., elec-
trical breakdown or particle discharge at high electric field
strength occurs. In this case, the ER effect is caused by
fluid-induced conductivity enhancement among particles that
are nearly in contact. The conductivity mismatch between par-
ticles and liquid media, rather than the dielectric constant mis-
match, is considered to be a dominant factor for dc and low
frequency ac excitation [8]. The conduction model considers
the particle interaction only and does not take into account
the microstructural changes that occur after the application
of an electric field. In addition, it can be also noted that a polar
molecular dominated ER mechanism was recently proposed to
explain reported giant ER fluids [9,10].

Concurrently, considerable emphasis has been placed on the
development of optimal materials for ER fluids, particularly an-
hydrous materials, which have a broad operating temperature
range. Among various polarizable particles for anhydrous ER
materials, semiconducting polymers including polyaniline
(PANI) [11e13], N-substituted copolyaniline [14], sulfonated
poly(styrene-co-divinylbenzene) [15], copolystyrene particles
with a polyaniline coating [16], poly(aniline-co-o-ethoxyani-
line) [17], and poly(acene quinone) radicals [18] have been
investigated. Recently, polymereinorganic nanocomposites
[19e22] and conducting polymers/mesoporous silica hybrids
[23e25] have been adopted as dry-based ER materials. Note
that various inorganic materials have also been reported to
exhibit excellent ER performance [26].

In this paper, we investigated dodecylbenzene-sulfonic acid
(DBSA)-doped PANI synthesized via emulsion polymerization
as a potential candidate for anhydrous particles in high perfor-
mance dry-base systems [27]. However, after synthesis, most
of the DBSA dopant of PANI will be removed in order to be
used for ER material in a semiconducting regime. PANI has
been mainly synthesized via either chemical oxidative or elec-
trochemical polymerization. While electrochemical oxidation
of aniline in aqueous acidic media lets PANI synthesis on
metal or conducting glass electrodes, its possible synthesis of
the exact emeraldine oxidation state is known to be compli-
cated. Chemical oxidative polymerization is regarded to be
a feasible route for the production of PANI on a large scale.
On the other hand, emulsion polymerization of PANI is known
to be one of the most effective methods to produce its partic-
ulate form. For this process, the concept of dopant engineering
is adopted in the present work and surfactants that can act
as both an emulsifier and a dopant are selected [28]. PANIe
DBSA complexes are reported to be obtained with high molec-
ular weight and high solubility. Rheological properties of these
ER fluids prepared from DBSA-doped PANI are measured
using a rotational rheometer equipped with a high-voltage
generator. Furthermore, the effect of temperature on the ER
performance of the PANI system is also assessed. It was re-
cently reported that in the case of a Ce-doped silica system,
the ER activity was enhanced significantly by increasing the
temperature. Such increment of ER properties with tempera-
ture was caused by increases in the interfacial polarization
and the thermally activated charge carriers, which result
from Ce-doping [29].
2. Experimental

2.1. Synthesis of emulsion polymerized polyaniline

PANI is typically chemically synthesized in an acidic aque-
ous medium, to which an oxidant is added [30,31]. However,
in the present work, DBSA-doped PANI was synthesized using
an emulsion polymerization technique [27]. This polymeriza-
tion is carried out in non-polar or weakly polar solvents in the
presence of a functionalized protonic acid that acts simulta-
neously as a surfactant (or emulsifier) and as a protonating
agent (dopant) for the resulting electrically conducting PANI
[28]. For the emulsion polymerization of DBSA-doped
PANI, a solution composed of 19.52 g (0.2 mol) of aniline,
97.92 g (0.3 mol) of DBSA, and 1 l of xylene was prepared
in a 2 l reactor. The polymerization was initiated by the addi-
tion of 9.36 g (0.04 mol) of ammonium peroxysulfate,
(NH4)2S2O8, in 80 ml distilled water, which was added over
a period of 30 min in order to avoid overheating of the reaction
mixture. The polymerization temperature was kept at 25 �C
for 24 h. The polymerization was terminated by pouring 3 l
of acetone into the emulsion system, leading to precipitation
of the PANIeDBSA complex. A dark green powder of the
synthesized polymer particle was recovered, filtered, and
washed three times with 600 ml acetone, three times with
600 ml distilled water, and three more times with 600 ml ace-
tone, sequentially. After these filtering and washing proce-
dures, the PANI particles were ground using a pearl mill and
passed through a 38 mm sieve to control the particle size and
distribution.

Meanwhile, since the synthesized PANI particles them-
selves have a high conductivity, electrical short due to the
high current density would occur during the ER measurement
if the particles were applied directly as an ER material. There-
fore, it is necessary to decrease the electrical conductivity of
the PANI particles synthesized by decreasing their protonation
level. To lower the conductivity of PANI and make semicon-
ducting PANI for the present ER study, the PANI particles
were dedoped by increasing the pH of the aqueous medium
to 10 using an aqueous NaOH solution [32]. The pH of the
aqueous PANI suspension was kept constant for 1 day. The
pH-controlled particles were again filtered and washed using
distilled water, ethanol, and cyclohexane to remove both oligo-
mer and excess monomer and to render the particle surface
hydrophobic.

Finally, the PANI products were dried in a vacuum oven at
25 �C. The conductivity of the PANI, prepared in a compressed
disk shape, was measured to be 1.78� 10�10 S/cm by the 2-
probe method.

2.2. Preparation of ER fluids

The ER fluids were prepared by dispersing the synthesized
DBSA-doped PANI particles (15 wt%) in silicone oil. The
PANI particles were subsequently dried in a vacuum oven
and stored in molecular sieves prior to use. The density of
the silicone oil with a kinematic viscosity of 30 cS was
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0.95 g/ml at 25 �C. The prepared ER fluids were stored in
a dessicator prior to use. Before each measurement, all ER
fluids were dispersed again by a mechanical stirrer.

2.3. Characterizations

Rheological measurements of a suspension of DBSA-doped
PANI particles in silicone oil with and without an applied elec-
tric field were performed. Experiments were carried out using
a Physica rheometer (MC 120) with a Couette geometry,
a high-voltage generator, and an oil bath for temperature con-
trol. The suspension was placed in the gap between the station-
ary outer measuring cup and the rotating measuring bob. An
electric field was applied for 3 min in order to obtain an equi-
librium chainlike or columnar structure before applying the
shear. All measurements were performed at 25� 0.1 �C. In or-
der to obtain reproducible data, the ER fluid was redispersed
before each experiment and measurements were carried out
at least two or three times. The available shear rate was varied
from 10�4 to 103 s�1. Yield stresses for the prepared ER fluid
were mainly obtained from a flow curve, which was obtained
by a controlled shear rate experiment. The stress of the transi-
tion point at which shear viscosity abruptly decreased was
regarded as the yield stress.

Two types of shear tests were used to characterize the
steady shear behavior of the ER fluid. Primarily, for the con-
trolled shear stress (CSS) mode, the shear stress was deter-
mined by presetting the shear stress and recording the shear
rate. In this measurement method, the torque, and thus the
shear stress, was preset, and the resulting speed, and thus
the shear rate, was measured. Second, the speed of the rotating
bob, and thus the shear rate, was preset. The flow resistance
was then measured as a torque, which could be converted
into the shear stress (controlled shear rate (CSR) mode). On
the other hand, in dynamic experiments, a sinusoidal strain
was applied to the ER fluid by driving the cylindrical bob.
The viscoelastic parameter of the storage modulus (G0) was
then automatically measured. Using the Physica universal
measuring system described above and US200 software, two
different experiments were performed. First, strain amplitude
was swept from 0.001 to 100 at a fixed driving frequency.
Second, the driving frequency was swept from 0.1 to 100 Hz
at fixed strain amplitude.

For the conductivity measurement, the top and bottom sides
of a pellet of each sample of dried PANI were coated with alu-
minum and the pellet was then placed between two electrodes.
Voltage was applied and the current was then measured. The
conductivity (s) was calculated using the surface area (A),
thickness (d ), and resistance (R) of each pellet according to
the following relationship: s¼ (1/R)(d/A).

Dielectric relaxation of the prepared ER fluid was observed
using an HP 4284A Precision LCR meter with an HP 16452A
Liquid Test Fixture at room temperature. Frequency of the ac
electric fields varied from 20 to 1 MHz. The relative dielectric
constant indicates the energy value of a material in an electric
field. The HP 16452A and HP impedance analyzer/LCR meter
use the ‘‘capacitive method’’ for obtaining relative permittivity
by measuring the capacitance of a material that is sandwiched
between parallel electrodes.

3. Results and discussion

Successful emulsion polymerization of PANI was con-
firmed by a Fourier transform infrared spectral (FT-IR) analy-
sis. Fig. 1 shows the FT-IR spectrum of the DBSA-doped
PANI, determined using KBr pellets. The peak at 825 cm�1

originates from the out-of-plane H deformation of aromatic
rings in PANI unit sequences, whereas the peaks at 1145
and 1310 cm�1 are due to aromatic amine stretching, and
those at 1490 and 1590 cm�1 are the CeC stretching modes.
The FT-IR spectrum shows that the DBSA-doped PANI syn-
thesized for this study is similar to that of an emeraldine base.

Particle size and shape of the DBSA-doped PANI produced
were observed via SEM. Fig. 2 indicates that PANI particles
have an irregular and plate-like structure with a particle size
distribution. The size range of the particles is approximately
1e15 mm. This type of structure originates from the rigid
molecular structure of the PANI.

Fig. 3 presents flow curves measured from the controlled
shear rate mode, i.e., shear stress as a function of shear rate
for the DBSA-doped PANI based ER fluid (particle concentra-
tion of 15 wt%) for different applied electric fields up to
3.5 kV/mm. The shear stresses simply increased with applied
electric field strength. However, the shear stresses of the ER
fluid as a function of the shear rate range initially decrease
and then increase again, while a broad plateau region over
the entire shear rate range is observed for 0.5 kV/mm. In the
low shear rate ( _g) region, the electrostatic interactions among
particles induced by external electric fields are regarded to be
dominant compared to the hydrodynamic interactions induced
by the external flow field. The aligned particular structures be-
gin to break apart with shear deformation. The broken struc-
tures tend to then reform in chains by the applied electric
field, depending on the magnitude of the applied shear rate
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Fig. 1. FT-IR curve of the DBSA-doped PANI particles.
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and particleeparticle interaction in the fibrils. However, the
decrease in shear stress (t) is observed when the reformed
structures of the dispersed ER particles at a higher _g are not
as complete as those before applying shear flow [33,34]. The
finding of a decrease of t with increasing _g up to a critical
shear rate ( _gcrit) has been reported for various ER materials
[35e38].

_gcrit is a transition point of _g at which the fluid begins to
exhibit pseudo-Newtonian behavior (t increases with _g).
The ER fluid under five different applied electric fields
exhibited similar behavior around _g ¼ 10 s�1, as shown in
Fig. 3. In this _g range, the particle chains appear to be broken
by the shear. Furthermore, there might be insufficient time for
the particles to realign along the electric field direction [39]. In
other words, as _g increases, the destruction rate of the fibrils
becomes faster than the reformation rate. Finally, in the high
shear rate range, the ER fluid shows liquid-like behavior, be-
cause the ER chains are fully broken. This phenomenon is re-
lated to the rate of polarization under the shear by an applied
electric field and is discussed in conjunction with the dielectric
spectral results given below.

Fig. 2. SEM photograph of DBSA-doped PANI particles.
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Fig. 3. Flow curve of shear stress vs. shear rate measured from the CSR mode
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On the other hand, the ER fluid shows solid-like behavior at
high electric field strength with a residual shear stress, because
the chain of ER particles resists the shear. As a result of this
aggregated structure, ER fluids under an applied electric field
are considered to exhibit Bingham fluid behavior possessing
a yield stress (ty), which is defined as the stress extrapolated
from the low shear rate region. The relationship between t

and _g for Bingham model is as follows [34]:

t¼ hpl _gþ ty

�
t> ty

�
_g ¼ 0

�
t < ty

�
ð1Þ

where hpl is the plastic viscosity [40]. However, it is well
known that the flow curves of many ER fluids deviate from
Eq. (1). Complex shear stress behaviors such as a plateau re-
gion over a broad shear rate range, the existence of minimum
shear stress at a relatively low shear rate region [41], and a co-
existence region of a liquidesolid-like system [42], are often
observed.

While there have been extensive studies involving quantita-
tive analyses of both yield stress and shear stress behaviors
[43,44], surprisingly, only a few reports on the constitutive
equation can be found [44,45]. In order to examine this com-
plex flow curve, a model constitutive rheological equation of
state was suggested to more comprehensively analyze the
ER fluids under an applied electric field in place of a quantita-
tive interpretation [18].

The suggested ChoeChoieJhon (CCJ) model is given as
follows:

t¼ ty

1þ ðt1 _gÞaþ hpl

 
1þ 1

ðt2 _gÞb

!
_g ð2Þ

This six-parameter model can cover the stress decrease phe-
nomena at the low shear rate region and provide an accurate
value of the real yield stress for various ER fluids. Here,
a is related to the decrease in the stress, t1 and t2 are time con-
stants, in which t1 is considered to be the inverse of the shear
rate at which the shear stress shows a minimum at a low shear
rate region and t2 is related to the inverse of the shear rate at
which a pseudo-Newtonian behavior starts, and hN is the vis-
cosity at a high shear rate and is interpreted as the viscosity in
the absence of an electric field. The exponent b falls in the
range 0< b� 1, since dt=d _g � 0 above the critical shear
rate at which the shear stress becomes a minimum. The first
term in Eq. (2) implies the shear stress behavior at a low shear
rate region, especially in the case of a decrease of shear rate
and the second term describes the shear stress behavior at
a high shear rate region. The fitting of the model equation to
the flow curve for DBSA-doped PANI based ER fluids is given
in Fig. 3. The yield stresses and the optimal parameters for
both Bingham and CCJ models are summarized in Table 1.
The lines originated from the suggested constitutive equation
model fit the flow curve data very accurately through the entire
shear range, particularly the data investigated at a relatively
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Table 1

The optical parameters in each model equation obtained from the flow curve of 15 wt% DBSA-doped PANI based ER fluids at various electric field strengths

Model Parameter 0.5 kV/mm 1.0 kV/mm 1.5 kV/mm 2.5 kV/mm 3.5 kV/mm

Bingham ty 13 30 60 100 150

hpl 0.158 0.14 0.15 0.17 0.19

CCJ ty 20 120 250 170 190

t1 0.02 8 15 1.2 0.33

a 0.1 0.34 0.5 0.8 1.2

hpl 0.09 0.1 0.09 0.18 0.2

t2 0.006 0.002 0.001 0.002 0.0017

b 0.4 0.6 0.8 1.02 1.04
low shear rate. In contrast, Bingham model could not describe
the data comprehensively but only provided a general outline.

Furthermore, a very important value for the ER fluid is the
yield stress. The CSS method is known to be the best method
to measure the yield stress, as this parameter is measured di-
rectly. From the flow curve t ¼ f ð _gÞ of the CSR method,
the yield stress is obtained from an intercept on the y-axis in
the limit of _g/0. Yield stress determined from the CSR
method typically deviates from that obtained via the CSS
method. This indicates that with a pseudo-plastic substance,
very strong distortion in the flow curve appears, especially at
very low shear rate.

On the other hand, the yield stress (ty) can be generally
expressed as a non-analytic power law form of E as:

ty ¼ Em
0 ð3Þ

The obtained yield stresses of the PANI increase with applied
electric field strength (E ). The values of m in Eq. (3) for both
static and dynamic yield stresses given in Fig. 4 range from 1.6
to 2.0. Fig. 4 presents the static and dynamic yield stresses
vs. electric field strength for 15 wt% DBSA-doped PANI,
obtained from the CSS mode and CSR mode measurements,
respectively. These exponent m values are different from that
obtained from the polarization model (i.e., 2.0) by falling in
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Fig. 4. Static and dynamic yield stresses vs. electric field strength in the CSS

mode for 15 wt% DBSA-doped PANI based ER fluids bounded by two slopes

of 1.5 and 2.0.
the region between m¼ 1.5 and m¼ 2.0, because the morpho-
logy of PANI is non-spherical and it has a broad particle size
distribution, as can be seen in the SEM image (Fig. 2).

Note that the yield stress of ER fluid originates from the
attractive forces between particles, by fully taking into account
both the polarization and the conduction models. The polariza-
tion model, in general, relates the material parameters of ER
fluids, such as the dielectric response of both liquid and solid
particles and the electric field strength, to the rheological prop-
erties. Using an idealized ER system, in which uniform hard
dielectric spheres are dispersed in a Newtonian fluid medium,
the derived electrostatic force was found to be dependent
on the dielectric constant mismatch between the particles
and the continuous media [46,47]. Under these assumptions,
the yield stress (ty) from the polarization model is found to
be proportional to the square of the applied electric field
strength. On the other hand, as the gap between the conducting
particles in the fluid decreases, the electric response of the
fluid becomes nonlinear, i.e., electrical breakdown or particle
discharge at high electric field strength occurs. In this case,
the ER effect is caused by the fluid-induced conductivity en-
hancement among nearly contacting particles. The conductiv-
ity mismatch between particles and liquid media, rather than
the dielectric constant mismatch, is considered to be the domi-
nant factor for the dc and low frequency ac excitation [48].
The conduction model considers the particle interaction only
and does not take into account the microstructural changes
that occur after application of an electric field, showing that
the power law index ‘‘m’’ approaches 1.5 at high electric field
strengths.

Recently, in order to represent the yield stress data for
a broad range of electric field strengths, Choi et al. [49] intro-
duced the critical electric field strength, Ec, into their simple
hybrid yield stress formula to describe the deviation of the
yield stress from the polarization model. Their proposed yield
stress equation is written below.

A simple combined equation presents the yield stress data
for a broad electric field strength range as follows:

ty

�
Eo

�
¼ aE2

o

 
tanh

ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
!

ð4Þ

where a depends on the dielectric constant of the fluid, the
particle volume fraction, and the dielectric constant mismatch
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parameter. Ec is influenced by the conductivity mismatch be-
tween the particle and the liquid medium and is weakly depen-
dent on the volume fraction. Generally, the correlation of ty

with Eo is represented by the polarization model. Ec represents
the critical electric field originating from the nonlinear con-
ductivity model and is descriptive for crossover behavior and
defines (or links) the two regimes in Eo vs. ty. The nonlinear
conductivity effect is considered in a bulk conducting particle
model, and the yield stress model fitting the power law index
approaches 3/2 at high E. From this result, Ec indicates the
different slope of correlation of Eo vs. ty [48]. Choi et al.
[49] introduced the following universal yield stress
equation to correlate yield stress with a broad range of electric
field strength. Eq. (4) clearly possesses the following two
asymptotic behaviors at low and high electric field
strengths as compared to Ec with the following detailed
derivations [50]:

ty ¼ aE2
o fE2

o Eo� Ec ð5Þ

Eo� Ec; tanh
ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
¼
�

Eo

Ec

�1=2

�1

3

�
Eo

Ec

�3=2

þ/y

�
Eo

Ec

�1=2

ð5� 1Þ

rty

�
Eo

�
¼ kE2

o

 ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
!

f E2
o ð5� 2Þ

ty ¼ a
ffiffiffiffiffi
Ec

p
E3=2

o fE3=2
o Eo[Ec ð6Þ

Eo[Ec; tanh
ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
¼
�

Eo

Ec

�1=2

�1

3

�
Eo

Ec

�3=2

þ/y

�
Eo

Ec

�1=2

rty

�
Eo

�
¼ kE2

o

ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p  
e
ffiffiffiffiffiffiffiffiffi
Eo=Ec

p
� e�

ffiffiffiffiffiffiffiffiffi
Eo=Ec

p

e
ffiffiffiffiffiffiffiffiffi
Eo=Ec

p
þ e�

ffiffiffiffiffiffiffiffiffi
Eo=Ec

p
!

ð6� 1Þ

¼ kE2
o

ffiffiffiffiffiffiffiffiffiffiffiffi
Eo=Ec

p
¼ k

ffiffiffiffiffi
Ec

p
E3=2

o f E3=2
o ð6� 2Þ

Eq. (4) shows that ty is proportional to E2
o (Regime I) for low

Eo and ty changes abruptly to E
3=2
o , transferring to Regime II

for high Eo. Ec stems from the nonlinear conductivity model
and represents the crossover behavior. Ec appears to be propor-
tional to the particle conductivity and is influenced by the con-
ductivity mismatch between the particle and the liquid
medium and is weakly dependent on the volume fraction.

The response of the ER fluid becomes nonlinear through
electrical breakdown at high electric field strengths. The polari-
zation forces between particles increase with both increasing
electric field strength and particle concentration. The conduc-
tivity among the stationary adjacent particles affects the ER
response resulting from the conduction model [46].

Therefore, the slope in Fig. 4 can be decomposed into two
parts, as replotted in Fig. 5. The change of the slope of the
yield stress shows the critical electric field (Ec) at 0.6 kV/
mm for the static mode and at 0.7 kV/mm for the dynamic
mode. The yield stress depends on the Eo range, showing
a value of 2 until reaching the critical electric field strength
(Ec), and generally becomes smaller than 2 as Eo> Ec [15].
The interfacial polarization is reported such that fibril struc-
tures are formed by the particle’s rotation under an external
electric field [47]. From the nonlinear conductivity model
for ER fluids, good agreement of universal scaling is found be-
tween the predicted and the measured ER behaviors for vari-
ous ER systems. The slope of the electric field Eo vs. ty (on
log scale) is 3/2 at larger Ec, while the slope approaches 2
for smaller than Ec.

A single universal curve in Eq. (4) with Ec and ty(Ec) is
normalized to collapse the data.

ty

�
Ec

�
¼ aE2

c tanh
�
1
�
¼ 0:762aE2

c :

t̂ ¼ 1:313Ê3=2 tanh
ffiffiffî
E

p
ð7Þ

where ÊhEo=Ec and t̂htyðEoÞ=tyðEcÞ. Ec shows different
behavior at low and high electric field strengths by the normal-
ized scaling function. Even though the proposed correlations
of Eqs. (4) and (7) are not derived from first principles, they
are important for representing data by experimentalists. The
beauty of these correlations is the fact that most of the ER ex-
perimental data can be collapsed with a parameter Ec which is
qualitatively related to particle properties and conductivity
mismatch.

Fig. 6 shows the universal scaling curve of the DBSA-
doped PANI based ER fluids with different yield stress modes.
The universal curves collapse to a single line regardless of the
yield stress modes.

Fig. 7 presents flow curves measured from the CSR mode
for 15 wt% DBSA-doped PANI based ER fluids at an electric
field strength of 1.0 kV/mm and various operating tempera-
tures. Fig. 8 gives the static yield stress vs. operating temper-
ature from the controlled shear stress mode.

In the practical application of ER fluids, sustained ER
activity over a range of temperature is definitively needed.
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Fig. 5. Replotted static and dynamic yield stresses vs. electric field strength in

the CSS mode for 15 wt% DBSA-doped PANI based ER fluids.
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In the case of a water-activated ER suspension, temperature
elevation causes the evaporation of adsorbed water and
consequently the ER effect decreases as the suspension tem-
perature increases. However, although the zero-field viscosity
of our dry-base DBSA-doped PANI based ER suspension
clearly decreased with increasing temperature, given that the
silicone oil viscosities were measured to be 30.6, 20.9, 14.8
and 11 mPa S for 20, 40, 60 and 80 �C, respectively, the dy-
namic yield stresses of the ER fluid increased somewhat
with temperature. This is because the ER activity of the sus-
pension arises mainly from the bulk property of DBSA-doped
PANI particles. Namely, enhancement of conductivity due to
temperature increment is caused by increasing the polarization
force of the chain structure. However, for the present system of
DBSA-doped PANI dispersed in silicone oil of 30 cS, an upper
limit for the temperature is imposed by the current overload
due to a conductivity enhancement with a rise in temperature.
In this regard, the experimental data presented in Figs. 7 and 8
were obtained until the temperature reached a value at which
current overload occurred.
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Fig. 7. Shear stress vs. shear rate measured from the CSS mode for 15 wt%

DBSA-doped PANI based ER fluids at various operating temperatures and

an electric field strength of 1 kV/mm.
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Fig. 6. Universal curve for t̂ vs. Ê for yield and dynamic yield stress of 15 wt%

DBSA-doped PANI based ER fluids.
It should also be noted that several factors are associated
with the temperature effect on the ER performance. First, in-
creased temperature tends to increase the current density and
the increased dielectric constant or conductivity then enhances
the particle’s polarization, resulting in increased ER perfor-
mance. On the other hand, increased temperature intensifies
the thermal motion of the dispersed ER particles, which leads
to lower stability and accordingly degrades the ER perfor-
mance. Meanwhile, increased temperature also decreases the
viscosity of the silicone oil. In general, high medium viscosity
and higher ER fluid concentration cause a large frictional
force, which makes it difficult for the dispersed particles to
turn along the direction of the applied electric field and to
form fibrillar chains. Therefore, decreased medium viscosity
due to temperature increase makes chain formation relatively
easy and thus leads to improved ER fluid strength. The ulti-
mate ER effect comes from the balance attained among these
factors, ultimately increasing the ER performance [51e55].

On the other hand, it has been reported that the stress re-
sponse of an ER fluid subjected to a sinusoidal strain of small
amplitude and an intermediate electric field shows a linear vis-
coelastic behavior. The amplitude and phase angle of the stress
are dependent upon the applied electric field strength [56]. The
response, however, becomes nonlinear with increasing strain
amplitude due to breaking of the chain structure induced by
the electric field. To sum up, the viscoelastic parameters of
ER fluid with electric field strongly depend upon the strain
amplitude.

Fig. 9 shows a plot of G0 for the 15 wt% DBSA-doped
PANI particle based ER fluid as a function of frequency at
a very small strain (g¼ 0.00125) in a linear viscoelastic re-
gion under various electric fields. It is shown that the storage
modulus is almost constant as the deformation frequency is
increased to 100 Hz. This resembles the typical behavior of
cross-linked rubbers [57] with solid-like high elasticity. Since
the relaxation time for deformation was sufficiently long, it is
expected that the interfacial polarized attractive chain
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structures of the ER fluids were not destroyed by deformation
under the given conditions. The increase in G0 with the applied
electric field indicates that the ER fluid becomes more elastic
with the applied electric fields under the linear viscoelastic
conditions with an exponent of 1.25 as a function of applied
electric field [12].

In Fig. 10, G0 for the 15 wt% DBSA-doped PANI particles
based ER fluids is plotted as a function of frequency at a strain
of 0.00125 for various operating temperatures at an applied
electric field of 1 kV/mm in order to elucidate the effect of
temperature on elasticity. It is observed that the elastic moduli
(G0) are slightly changed with different operating tempera-
tures. However, not much difference was observed for the
loss moduli (G00).

Several investigators [58,59] suggested that the interfacial
polarization in a suspension of conducting particles in
a non-conducting oil can be affected by the flow field and
thus the ER phenomenon is the result of the interaction be-
tween the flow field and the polarization induced by an exter-
nal electric field [60]. In order to study the mechanism of
electrostatic interaction and the polarization properties of the
present samples, we measured the dielectric spectra of the
ER fluids in a frequency range from 20 to 106 Hz using an
impedance analyzer.

Fig. 11(a) and (b) shows the dielectric properties (30 and 300)
as a function of the electrical frequency for a 15 wt% DBSA-
doped PANI based ER system at different operating tempera-
tures. As expected, the magnitude of both 30 and 300 increases
and polarization of the ER fluid moves toward higher electrical
frequency with increasing operating temperature. In particular,
the dielectric constant of the ER suspension (30) is consider-
ably enhanced at low frequency due to the interfacial
polarization.

Generally, the electrical conductivity of the ER fluid in-
creases with increasing temperature. When the electrical con-
ductivity of the particle is increased, 30, particularly at low
frequency, is greatly enhanced, showing a maximum value.
This is caused by facilitated interfacial polarization as a result
of the increased mismatch in conductivity between the two
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Fig. 9. G0 as a function of frequency for 15 wt% DBSA-doped PANI based ER

fluids at different electric field strengths and a strain of 0.00125.
phases. In the figures, dielectric relaxation is observed at
80 �C, as evidenced from the shape of 30 in Fig. 11(a) and
the broad peak of 300 in Fig. 11(b). The dielectric relaxation
time, l, of the polarization for the ER fluid can be obtained
from the relation l¼ 1/(2pfmax) [ 4� 10�2 s, where
fmax [ 4 Hz is the frequency when 300 is maximal. 30 and 300

for the ER fluid measured at 80 �C are significantly larger
than those of the remaining ER fluid at low frequency. How-
ever, at a frequency much higher than the inverse relaxation
time of the ER system, the dipole moment of the ER fluid
can no longer follow the external electric field. Hence, it is
observed that 30 and 300 measured at different temperatures
approach the same value at the high frequency limit. This
relation between relaxation time and shear rate affects flow
curve rather than yield stress of ER fluids reported here under
an applied electric field, e.g., decreases in the low _g region
(Fig. 3). In general, suspended particles rotate around the ap-
plied shear field and the angular velocity (u) is related to _g as
uw _g=2 [41]. Therefore, even under a dc electric field, parti-
cles or clusters that behave as if they were in an ac electric

100 101

105
(a)

(b)

20 °C
40 °C
60 °C 

20 °C
40 °C
60 °C 

St
or

ag
e 

m
od

ul
us

, G
' [

Pa
]

Frequency [Hz]

100 101

Frequency [Hz]

103

104

Lo
ss

 m
od

ul
us

, G
'' [

Pa
]

Fig. 10. G0 (a) and G00 (b) as a function of frequency for 15 wt% DBSA-doped

PANI based ER fluids with an electric field strength of 1 kV/mm at three

different temperatures.
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field during flow. Thus, the ER fluids in this study could not be
fully polarized during flow and the structures developed under
dc electric field in the absence of flow could not be maintained
when the deformation starts, so that initially decreases with _g.
In addition, some minor electrophoresis was also reported to
be a potential source of this decrease in the case of PANI
coated PMMA microsphere systems [41].

For different operating temperatures (20, 40, 60, and 80 �C)
of a DBSA-doped polyaniline ER system, the dielectric spec-
tra of Fig. 11(a) and (b) are fitted with the ColeeCole formula
[60] as given in Fig. 12:

3	 ¼ 30 þ i300 ¼ 30Nþ
300� 30N

1þ ðiulÞ1�a
ð0� a< 1Þ ð8Þ

where 300 is 30 as u/0ð300¼ lim
u/0

3	ðuÞÞ and 30N is 30 as u/Nð3000
¼ lim

u/N
3	ðuÞÞ. l is the relaxation time for the interfacial polari-

zation, and the exponent (1� a) determines the broadness of
the relaxation time distribution. If a¼ 0, this equation repre-
sents Debye dielectrics, which have a single relaxation time.
It is thought that the difference in the dielectric spectra of our
samples is due to varying degrees of polarization. The relaxation

10-2 10-1 100 101 102 103 104 105 106 107
2

3

4

5

6

7

8

9
(a)

(b)

20 °C
40 °C 
60 °C 
80 °C 

20 °C
40 °C 
60 °C 
80 °C 

D
ie

le
ct

ric
 c

on
st

an
t, 

ε'

Frequency [Hz]

10-2 10-1 100 101 102 103 104 105 106 107

Frequency [Hz]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Lo
ss

 fa
ct

or
, ε

"

Fig. 11. 30 (a) and 300 (b) as a function of electrical frequency for 15 wt%

DBSA-doped PANI based ER fluids at various operating temperatures.
time of interfacial polarization (l) and achievable polarizability
(D3¼ 30� 3N) are related with the yield stress and stress en-
hancement under an applied electric field. t reflects the rate of
interfacial polarization when an external electric field is applied,
and thus is mainly related to the stress increase during deforma-
tion under a shear field. D3, meanwhile, shows the degree of po-
larization of interfacial, dipole-orientation, ionic, and electronic
polarization. The polarization rate is inversely proportional to
the relaxation frequency. As expected, the magnitude of 30 and
300 increases with the thermal energy of each particle interaction
at different operating temperatures.

The dielectric spectra in Figs. 11 and 12 can also be used to
explain the shear stress difference beyond the critical shear
rate and yield stress under the electric field, as given in Figs.
5 and 8. The static yield stresses of these ER fluids obtained
from Figs. 5 and 8 are proportional to fmax, and are consistent
with the results of Block et al. [61].

4. Conclusion

DBSA-doped PANI was synthesized as for a suspended
particle for ER fluids by emulsion polymerization. The effects
of operating temperature on the ER properties of the DBSA-
doped PANI suspensions were examined via both rheological
and dielectric measurements. The static and dynamic yield
stresses were found to increase with both operating tempera-
ture and increment of external electric field strength. The yield
stress as a function of applied electric field strength showed
slopes of 2 and 1.5 from different critical electric field
strengths; however, all data points collapse into a universal
scaling function. In addition, the dielectric spectra showed
the relaxation time with different operating temperatures,
confirming the ER performance of DBSA-doped PANI.
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