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A dry-base electrorheological (ER) fluid was prepared by dispersing synthesized
semiconducting polyaniline (PANI) particles into silicone oil, and its viscoelastic properties
were investigated under applied electric fields using a rotational rheometer. Within the
linear viscoelastic region, the ER fluid was observed to be elastic, due to columnar structure
of PANI particles sustaining the deformation. Its rheological functions (G’ and G”) were
interpreted based on the dimensional analysis, and they showed roughly linear
electric-field dependence of the dimensional collapse of the viscoelastic behavior with
frequency suggesting that the interactions between highly irregular particles are saturating
even at these relatively low values of the dielectric mismatch. Furthermore, the recovery
percentage obtained from the creep and recovery experiments increased with applied
electric fields. © 2004 Kluwer Academic Publishers

1. Introduction

It is well known that electrorheolgical (ER) fluid, a sus-
pension of polarizable particles in non-conducting oil,
shows dramatic changes in its rheological properties
including shear viscosity, yield stress and viscoelastic-
ity when an electric field is imposed to the fluid. This
is due to the migration and chainlike structure forma-
tion of particles, which is oriented along the electric
field direction over the gap between electrodes [1], in-
duced by the mismatch of the dielectric constant be-
tween suspended particles and non-conducting oil [2—
4]. Thereby, the typical characteristics of ER fluids, in-
cluding reversible and swift transition between liquid
and solid states, potentially provide the most efficient
approach to controlling mechanical response by simply
adjusting the electric field strength, thereby possessing
many industrial application potentials.

Meanwhile, adopting an ER fluid for a particular ap-
plication requires an accurate knowledge of its dynamic
mechanical behavior. In addition to its steady shear
characteristics, the viscoelastic properties of an ER
fluid are also important especially in vibration damp-
ing [5] applications. Most devices using ER fluids oper-
ate generally under dynamic conditions, and measure-
ment of small amplitude oscillation is appropriate from
a practical point of view [6, 7].

The viscoelastic properties of ER fluids under an
electric field are related to the induced particle struc-
tures, and these can be obtained through a dynamic test
[8—13], in which the viscoelasticity is a material char-
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acteristic responding to an applied force by exhibiting
both elastic and viscous properties, depending upon the
time scale of the measurement. Thereby, viscoelastic
materials are capable of balancing strong part of the
input energy and dissipating the rest of this energy as
heat under a constant deformation. Meanwhile, Gamota
and Filisko [9] suggested that not only the nonlinear-
ity and viscoelastic behavior of ER fluid are dependent
on the parameters such as strain amplitude and applied
electric field strength, but also its rheological properties
are different according to the measuring range such as
pre-yield, yield and post-yield region. Since the ER flu-
ids dominantly exhibit elasticity in the pre-yield region,
a linear viscoelasticity can be adopted. Meanwhile, a
nonlinear viscoelasticity and a plasticity were reported
to be observed in the yield region and in post yield re-
gion, respectively. The plateau region was observed to
increase with the number of particles in ER suspen-
sion, and be independent of the number of particles
near the frequency 10~ Hz [11]. Even though most of
viscoelastic measurments on the ER fluids have been
performed using a rotational geometries, other types
of the measurements such as a thin rectangular tubular
channel [12] and a vertical oscillation rheometer [13]
were also adopted.

Contrast to hydrous ER systems having either hy-
drophilic particles in which particle structures under
a field are caused by the migration of ion in the ad-
sorbed water [14] or particles [15] with activators such
as surfactant [16] and glycerin [17], the anhydrous ER

1377



systems with anhydrous particles such as zeolite [8,
18] and semiconducting polymers [19-22] allow to ob-
tain ER properties in a wide temperature range because
the polarizing species are not ions in water but elec-
trons in this case. These include PANI [19, 23] and
its copolymers [24, 25], poly(p-phenylene) [26, 27],
polypyrrole [28, 29], poly(acene quinone) radicals [19,
30], carbonaceous particles [31, 32] and phosphate cel-
lulose [33, 34]. Hybrid particles, i.e. PANI coated silica
particle [35], PANI coated poly(methylmetha acrylate)
[36], encapsulated PANI [37], SAN/clay nanocompos-
ite [38], PANI/clay nanocomposite [39], and polypyr-
role/clay nanocomposite [40] were recently reported to
be applied for the ER fluids.

Among various ER fluids, the PANI, an air-stable or-
ganic conducting polymer, has advantages with respect
to density, conductivity control, and thermal stability. It
is also easy to be polymerized by an oxidation polymer-
ization [41]. Its conjugated structure with alternating
single and double bonds has been widely regarded as a
prerequisite for polymers to become electronically con-
ducting because it provides a path, through overlapping
m-orbitals, necessary for charge carriors to move along
the polymer backbone. Since most organic polymers do
not possess intrinsic charge carriers, the charge carriers
are normally generated by partial charge-transfer with
either electron-acceptors or electron donors, a process
that has been widely known as doping. The PANI can
be changed from an insulator to metal depending upon
the degree of doping (107'°-10° S/m) by controlling
both an oxidation state and pH which are accompanied
with the changes of its color (violet-green) [42]. This al-
lows for a change in the particle dielectric constant and
conductivity, while all other particle properties and sus-
pension characteristics remain identical for the study
[43].

In this study, we examined viscoelastic behavior of
the ER suspension with semiconducting PANI particles
synthesized from a chemical oxidation polymerization,
and then effect of the electric field on its viscoelasticity
was carried out via both dynamic and creep tests. The
experimental results were then compared with those
obtained from a simulation reported by Parthsarathy
et al. [6].

2. Experiments

The PANI as a dispersed phase in ER fluids, was syn-
thesized following the previously reported modified
method [44]. A prechilled ammonium peroxysulfate so-
Iution in 1 M HCI was added dropwisely to a reaction
system containing aniline in 1 M HCI, with continu-
ously stirring for 1 h. After the dropping, the reaction
condition was maintained for 2 h in order to complete
the reaction at polymerization temperature of —5°C.
After the reaction, the size of PANI particles was con-
trolled using a ball mill and 38 pum sieve. The PANI was
dedoped by controlling pH of aqueous suspension con-
taining PANI particles to be 9.0. The particles were then
filtered and washed sequentially by using distilled wa-
ter, ethanol and cyclohexane in order to not only remove
oligomer and excess of monomer, but also make the
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particle surface hydrophobic. Finally, the product was
dried in a vacuum oven for 48 h at room temperature.
Chemical structure of the synthesized PANI was
identified using an FT-IR (Fig. 1) and its thermal stabil-
ity was determined by using TGA (Fig. 2). The PANI
particles were irregular granules having laminar struc-
tures observed from SEM micrograph and the average
particle size was 1.8 um measured by FSSS (Fisher
Sub-Sieve Sizer) (Fig. 3). Conductivity was obtained
using two probe method to be 5 x 107! S/cm and
dielectric constant was measured with an impedance
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Figure 1 FT-IR spectrum of polyaniline.
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Figure 2 TGA thermodiagram of polyaniline.
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analyzer (HP4284A) to be 5.79 at 1 kHz. Density of
PANI was 1.27 g/ml measured by using a pycnometer
at 25°C.

The ER fluid was prepared by dispersing the syn-
thesized PANI particles in silicone oil by 20 vol%, in
which the silicone oil was dried in a vacuum oven and
stored with molecular sieve before using. The prepared
ER fluids were kept in a desiccator prior to use.

Rheological properties were obtained by a rotational
rheometer (Physica, MC120) with a high voltage gen-
erator using cocylindrical geometries (Z3-DIN and Z4-
DIN). The ER suspension was placed between a sta-
tionary outer measuring cup and a rotating measuring
bob. An electric field was then applied for five minutes
in order to obtain its equilibrium state of chainlike or
columnar structure before the oscillatory test. All mea-
surements were performed at 25°C. A dynamic test was
performed in a wide range of both amplitude and fre-
quency. At first, a strain amplitude sweep test with an
applied strain from 0.001 to 0.1 at two fixed frequen-
cies (0.16 and 15.9 Hz) was carried out to determine
the linear viscoelastic region. Rheological parameters
such as storage and loss moduli were then measured by
frequency sweep (from 0.01 to 100 Hz) at a fixed strain
which was determined to be in the linear viscoelastic
condition.

Furthermore, both creep and recovery experiments
were also conducted to confirm the viscoelastic prop-
erties of the ER fluid. Shear stress was applied on the
ER fluid for 700 s, and immediately removed. A strain
recovery was then observed for 500 s. The initial strain
y; was acquired just before removing the applied stress.
The recovered strain y; was determined from the aver-
age value of strains where they were remained constant.
Recovery percentage was measured from the following
Equation 1.

Vi— "t

i

Recovery percentage (%) =

x 100 (1)

The applied shear stresses were varied from 50 to 400 Pa
in the controlled shear stress mode.

3. Results and discussion

Dynamic tests by an applied oscillatory shear were con-
ducted and adopted to study the viscoelastic proper-
ties of the solidified ER fluid under applied electric
fields using semiconducting PANI based ER suspen-
sions. Results of the strain amplitude sweep, which is
a measurement of moduli as a function of sinusoidal
strains at a constant frequency, are shown in Figs 4
and 5. These represent storage (G') and loss (G”") mod-
uli of the ER fluid as a function of strain at fixed fre-
quency of 0.16 and 15.9 Hz with different electric fields.
The storage modulus of an ER fluid has previouly been
found to increase with an elevation in the applied elec-
tric field strength or frequency [6]. G’s are independent
or slightly dependent on a low strain, and then, de-
creased rapidly as the strain increases. In general, the
stain range in which the G’ is independent of the ap-
plied strain, is defined by a linear viscoelastic region.
Although this is affected by both strain and deforma-
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Figure 4 G' (a) and G” (b) as a function of oscillartory strain in three
different electric fields with a frequency of 0.16 Hz.

tional frequency, the strain is a more critical condition
than the frequency.

As we apply an electric field, the ER fluid becomes
more elastic. Furthermore, with increasing the electric
field, a linear viscoelastic region and the magnitude of
G’ increased, more distinguishably at 15.9 Hz than that
at 0.16 Hz. These were also found in ER fluid with
another PANI [45]. On the other hand, ER fluids using
inorganic particle such as alumina and zeolite, showed
the decrease of linear viscoelastic region with applied
electric fields [8, 46]. In addition, G’ is more sensitive
to the electric field than G” during the strain amplitude
sweep test, and the linear viscoelastic range, therefore,
was determined based on the G’ measured by increasing
strain at a fixed constant frequency.

From the Fig. 6 of G’ and G”, we found that, as
we increase the applied strain, G” becomes larger than
G’, and these moduli sharply decrease together. This
can be explained in terms of the elasticity of ER fluid,
generated by particle chain structures in an imposed
electric field. When the fibril structures of the PANI
particles sustained the applied strain, the elasticity was
dominant and G’ being larger than G”. However, as
the strain increased, the deformation initiated to distort
the structure, and the structure broke down beyond a
certain degree of deformation, and finally the elasticity
of ER fluid could not be dominant any more.
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Figure 5 G’ (a) and G” (b) as a function of oscillartory strain in various
electric fields with frequency of 15.9 Hz.
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Figure 6 G’ and G” as a function of oscillartory strain in 2 kV/mm with
frequency of 15.9 Hz.

Fig. 7a and b show G’ and tan § as a function of fre-
quency for the ER fluid at a fixed strain in the linear
viscoelastic region, indicating that G’s are either con-
stant or slightly increased as the deformation frequency
approaches to 100 Hz. Based on this fact that G’ shows
a plateau over a broad range of the frequency, we can
predict that an ER fluid behaves like a viscoelastic solid
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Figure 7 G' (a) and tan § (b) as a function of frequency in three different
electric fields with 0.002 of strain.

in the linear viscoelastic region due to the formation of
particle chain structures, similar to a typical behavior
of crosslinked rubbers, which do not relax at a given
range of frequency of the strain. Since the relaxation
time for a deformation is quite long, it is expected that
the internal chain structures of ER fluids aren’t destruc-
tible under the given condition of deformation. One can
also find that G’ increased with applied electric fields,
whereas tan § slightly increased with the electric field,
indicating that the energy storage was somewhat domi-
nant rather than the energy dissipation during the sinu-
soidal deformations. However, since there is not much
difference in tan és for each applied electric field, this
explanation seems to be not confident. To confirm this
analysis, we conducted creep recovery experiments for
the ER fluid in various electric fields.

Fig. 8a shows the creep and recovery behavior of the
PANI based ER fluid as a function of time at a stress of
200 Pa and 2 kV/mm. A recoverable strain, which is a
reduced strain just after an applied stress is removed, is
a measure of the elasticity of viscoelastic materials. We
compared the elasticity of ER fluid at different electric
fields based on the recovery percentage calculated by
Equation 1 containing the recoverable strain (Fig. 8b).
As the electric field increases, the strain recovery per-
centage increases at a fixed applied stress. Thereby, it
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Figure 8 (a) Strain measured during a creep and recovery experiment
as a function of time at a stress of 200 Pa and 2 kV/mm. The applied
stress was removed at 700 s. (b) The strain recovery percent calculated by
Equation 1 as a function of applied stresses with various electric fields.

can be confirmed that the elasticity of a solidified ER
fluid with PANI, becomes superior to their viscosity as
the electric field increases.

Furthermore, we applied a dimensional analysis des-
ignated for ER fluids by Parthasarathy et al. [6] to our
dynamic moduli results of polyaniline based ER fluid.
The dimensional analysis makes dimensionless rheo-
logical responses be a function of only a dimensionless
frequency and, therefore, a universal relationship can
be obtained by superposing each data at different elec-
tric fields. The linear viscoelastic functions such as G’
and G”, and frequency become dimensionless through
following equations;

16G’ 16n.w
2p2 /1 212 @)
3mesecBPE &0 B°E

16G” 16n.w
———=h\—= ] (3)
3me,e.BRE? g8 BRE?

where ¢, = 8.8542 x 1072 F/m, B = (ep — &)/ (&p +
2¢.), & is the dielectric constant of dispersing phase
(silicone oil), &, is the dielectric constant of dispersed
phase (PANI), and E is the applied electric field. These
equations imply that both G’ and G” must show linear
relationship with E? to form the universal curve [47].
For the PANI based ER fluid in this study, however, it
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Figure 9 Plateau G’ and G” obtained from frequency sweep experiment
(Fig. 6), as a function of applied electric fields.

was observed that G’ ~ E'¥ and G” ~ E%7 as given
in Fig. 9, and therefore, the dimensional analysis shows
some deviations to the viscoelastic functions of this ER
fluid. This is mainly due to the theoretical assumption
of the dimensional analysis which regards dispersed
particles as point-dipole spheres. Furthermore, above
mentioned, the PANI particles in this study are irregu-
lar granules and have relatively low dielectric constant
of 5.79, comparing with 9 of alumina, where G’ and
G” of the alumina ER fluid were imposed to a uni-
versal curve through the dimensional analysis. In other
words, the roughly linear electric-field dependence of
the dimensional collapse of the viscoelastic behavior
with frequency determined from Fig. 10 is worthy of
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Figure 10 Universal curves of G’ and G” as a function of dimensionless
frequency induced from the relationships between moduli and electric
fields.
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note. This suggests that the interactions between highly
irregular particles are saturating even at these relatively
low values of the dielectric mismatch.

4. Conclusions

The ER fluid consisted of chemically synthesized semi-
conductive PANI and silicone oil was investigated in
this study. Semiconductive PANI suspension (20 vol%)
behaved like viscoelastic solid such as a crosslinked
rubber under the electric field. The higher electric field,
the broader linear viscoelastic range is observed dur-
ing strain amplitude sweep only at high frequency. The
G’ was the positive function of the electric field, and
in addition, the recovery percentage obtained from the
creep and recovery experiments, also increased with an
applied electric field. Furthermore, the roughly linear
electric-field dependence of the dimensional collapse
of the viscoelastic behavior with frequency was also
observed.
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