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Abstract

To enhance the stability of dispersed polyaniline (PANI) particles in a silicone oil system, a nonionic sur-
factant was adopted, and its effect on the electrorheological (ER) performance was investigated under an
applied electric field. In the presence of a nonionic surfactant, the PANI based ER fluid exhibited not only
an improved sedimentation stability based on the estimated sedimentation ratio but also an enhanced max-
imum yield stress behavior. Furthermore, the surfactant added ER suspension was applied to an ER damper
system, and its damping performance was compared with the ER suspension without a surfactant.
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1. Introduction

It is well known that as one of the most spectacular smart
and intelligent materials, electrorheological (ER) fluids
exhibit reversible changes in their rheological properties as
a function of the electric field strength (Zhao and Yin,
2002; See, 2004). The ER fluids commonly consist of sus-
pensions of micron-sized particles possessing a higher
dielectric constant and/or conductivity than that of a non-
conducting fluid. In the presence of a strong electric field,
the suspended particles attract each other to form a solid-
like network of fibers aligned in the field direction and the
apparent viscosity can be enhanced tremendously (Kim et
al., 1999).

Furthermore, ER fluids have both a very fast response
characteristic to an electric field in a few milliseconds and
hence a wide control bandwidth (Jordan and Shaw, 1989).
Consequently, they have been widely investigated for the
purpose of various industrial applications, based on the
rapid and reversible change in their rheological properties
under an applied external electrical field transverse to the
direction of the flow. Since their first discovery, this inher-
ent feature has triggered tremendous research activities
both in theory (Henley and Filisko, 2002; Gu et al., 2002)
and in the development of various engineering applica-
tions, such as shock absorbers (Kim et al., 2001a), engine
mounts (Williams et al., 1993), clutch/brakes, and smart
structures. Furthermore, recently, biodegradable polymers
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have been tested as a smart material in the feasibility of
using ER fluids in a controllable drug delivery system. In
the absence of an electric field, a base level of drug release
will occur by diffusion across a mesh electrode. Upon the
application of an electric field, it was envisioned that drug
release may be controlled, either hindered or halted (Davis
et al., 1998). Nonetheless, these attractive and powerful
materials have not yet been fully adopted for commercial
products because of several unsolved problems, including
their colloidal instability, low yield stress and high current
density. Among a wide range of ER materials, the current
study focuses on semiconducting polymer-based ER sys-
tems, because they possess many advantages. Various
polarizable semiconducting polymers, including polya-
niline (PANI) (Choi ef al., 1997; Hao et al., 2000; Len-
galova et al., 2003), copolyaniline (Cho et al., 1998; Choi
et al., 1999), polypyrrole (Kim et al., 2002b; Kim et al.,
2002c), poly(acene quinine) radicals (Sohn et al., 2002),
phosphate cellulose (Kim et al., 2001b), chitosan adipicate
(Choi et al., 2001) and polymer/clay nanocomposites (Kim
et al., 1999; Kim et al., 2002a; Lu et al., 2002) have been
developed as dry-base ER materials. Polymer particles
possessing polar groups such as amino, hydroxyl and
amino-cyan can be also adopted. On the other hand, note
that the wet-base systems including corn starch and meso-
porous molecular sieve (Choi er al, 2000) generally
require active substrates such as water, surfactant and glyc-
erin (Wu ef al., 1998). Actually, the above-mentioned dry-
base anhydrous systems have been developed to overcome
the shortcomings that wet-base systems possess. Concur-
rently, several researchers have reported that surfactant sys-
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tems generally enhance the ER behavior. Kim (2001)
reported on the nonlinear ER behavior using a surfactant
bridge model, while Lee er al. (1998) demonstrated the
effect of a surfactant on the properties of ER with different
structures and surfactant concentrations.

Accordingly, the current study investigated the ER prop-
erties of a surfactant-added PANI-based ER fluid system,
focusing on the effect of the surfactant on the colloidal sta-
bility of the PANI particles in the suspension. Not only the
sedimentation stability of the ER particles was found to
increase in medium oils, but also the yield stress of the ER
fluid increased under an applied electric field. The ER flu-
ids were further applied to an ER damper to investigate
their damping characteristics.

2. Experimental

The PANI was synthesized through chemical oxidation
polymerization, as previously reported (Choi ef al., 1997,
Choi et al., 1998). An ammonium peroxysulfate solution in
240 ml 1 M HCI was dropped into a well-stirred reactor
containing an aniline (Junsei Chemical Co., Japan) mono-
mer in 400 ml 1M HCI. During the synthesis, the mixtures
were stirred at about 400~500°C rpm for 2 h and the tem-
perature was kept at 0°C. The pH of the product was
adjusted to 9.5 by adding either a NaOH or HCI solution.
Thereafter, the particles for the ER fluid were obtained by
dedoping, milling, washing, filtering, and drying, sequen-
tially. The synthesized polymer particles were washed
using distilled water to remove the initiator, unreacted
monomer, and oligomer. They were then further washed
with ethanol and cyclohexane to make the surface of the
synthesized particles hydrophobic. Finally, the synthesized
PANI particles were put into a vacuum oven for two days
to eliminate any trace of water prior to their use as an ER
material. The mean diameter of the particles was found to
be ~1 um using a particle size analyzer (Malvern), while
the density of the PANI particles was measured to be
1.340.01 g/em’ using a pycnometer.

To prepare the ER fluids for rheological measurements,
the PANI particles were dispersed in silicone oil (kinematic
viscosity of 50 cS (centistoke) and density of 0.96 g/cm’)
by agitating the mixture at 1500~1800 rpm using a Pearl
Mill (Shinil Co.). The concentration of dispersed particles
was adjusted to 15 vol% in each sample. The nonionic sur-
factant used in the current study was Span80 (Sorbitan

QCHOHCHQOCOR
HO R : (CH2);CH=CH(CH,),CHs

OH

Scheme 1. Chemical structure of nonionic surfactant (Span80)
used.
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monooleate; Aldrich) with a density of 0.956 g/em’ and
molecular weight of 956 g/mole. Its chemical structure is
given as follows.

It was also oil-soluble and the HLB (hydrophile-lipophile
balance) index was 4.2. The surfactant ratio to the weight
of the particles was adjusted from 0 to 5 wt%. The PANI-
based ER fluids with and without the surfactant were
indexed as PANI-S and PANTI, respectively. To examine the
sedimentation stability, two mass cylinders (500 ml) were
filled with 150 ml of the two ER fluids, PANI and PANI-
S, respectively. To investigate the effect of the surfactant
on the ER behavior, the desired amount of the surfactant
was added in the case of PANI-S.

Rheological measurements were carried out using a rota-
tional rheometer (Physica MC120, Stuttgart, Germany)
with a Couette geometry (Z3-DIN and Z4-DIN), high volt-
age generator (HVG 5000, Stuttgart, Germany), and oil
bath for temperature control. The gap sizes of the Z3-DIN
and Z4-DIN were 1.06 mm and 0.59 mm, and the max-
imum attainable stresses 1.141 kPa and 6.501 kPa, respec-
tively (Jhon ef al., 2001; Sung et al, 2002). The HVG
5000 could supply a DC voltage of up to 10 kV. The sus-
pensions were placed in the gap between the stationary
outer measuring cup and the rotating inner bob. Various
static DC electric fields perpendicular to the flow direction
were applied to the cylindrical cup: the inner wall of the
cup was a positive electrode, while the bob was grounded.
The electric field was applied to the ER fluid for 3 min
before the measurement in order to obtain an equilibrium
internal structure for the ER fluid particles. The shear rate
was varied from 107 to 10° s™'. The shear stress at the tran-
sition point where the shear viscosity abruptly changed was
interpreted based on the yield stress. Using both controlled
shear rate (CSR) and controlled shear stress (CSS) modes,
the shear stress versus the shear rate was measured at sev-
eral applied electric field levels (Sung and Choi, 2004).

Fig. 1 shows a cylindrical flow-mode type ER damper
adopted to study the damping characteristics (Choi ef al.,
2003a; Hong et al, 2002; Park et al, 1999). The ER
damper was divided into an upper and lower chamber by
a piston, and fully filled with an ER fluid which flows
through a duct between the inner and outer cylinders from
one chamber to the other. The positive voltage was pro-
duced by a high voltage generator connected to the inner
cylinder, whereas the negative voltage was connected to
the outer cylinder. Meanwhile, the gas chamber positioned
in the lower part acted as an accumulator of the ER fluid
induced by the motion of the piston. The gas in the cham-
ber was nitrogen with a gas pressure of 10 bar and the
maximum piston velocity was 0.377 m/s with a shear rate
about 7000 1/s in a flow mode. The electrode gap of the
damper was 0.75 mm. The electric field was applied to the
ER damper using a high voltage generator. The damping
force was measured without applying an electric field prior
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Fig, 1. Schematic diagram of a cylindrical flow-mode type ER
damper.

to the test. The temperature of the ER damper was con-
trolled by an electric heater surrounding the damper. The
excitation magnitude and frequency on the ER damper
were £ 20 mm and 1.89 Hz, respectively.

3. Results and discussion

Sedimentation of the dispersed particles in ER fluids has
been regarded as one of main drawbacks in their industrial
applications. The ER performance decreases with the
increase of the sedimentation of the particles. The sedi-
mentation is known to be mainly induced by a density mis-
match between particles and suspending medium. This
sedimentation problem, however, can be reduced by con-
trolling the size of the particles, choosing the medium oil
with close density and adding surfactant. To obtain the
degree of sedimentation stability of the suspending PANI
particles, we introduced the following Eq. (1).

Sedimentation ratio (R)= —2— (1)
a+b
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Fig. 2. The sedimentation ratio of PANI based ER fluid.
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Fig. 3. The sedimentation ratio versus time for PANI and PANI-S.

Here, a and b can be obtained from the sedimentation test
as given in Fig. 2. Concurrently, the colloidal stability of
the ER fluids was studied via a sedimentation test. The
change in height of the clear portion of the ER particles in
the mass cylinder was observed as a function of time, and
the sedimentation ratio obtained. The PANI particles dis-
persed in silicone oil without the surfactant exhibited dras-
tic sedimentation compared with the case of PANI-S.
Sedimentation was initiated after 20 h, and the sedimen-
tation rate then accelerated through 40 h. In contrast, the
surfactant (Span 80)-added system (PANI-S) was more sta-
ble than the PANI, as sedimentation started slowly only
after 40 h as shown in Fig. 3.

Fig. 4 shows the flow curve of the surfactant added PANI
based ER fluid. Without applied electric field strength, it
shows Newtonian fluid behavior. As soon as the electric
field is applied, Bingham fluid behavior appears with a
yield stress and the shear stress increased with the applied
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Fig. 4. Flow curve of surfactant added PANI ER fluid as a func-
tion of shear rate for different applied electric fields.

electric field strength. Especially in the case of 3.0 kV/mm,
slight decrease of the shear stress was observed. In a low
shear rate region, the electrostatic interactions among par-
ticles induced by external electric fields are dominant com-
pared to the hydrodynamic interactions induced by the
external flow field. The aligned particular 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 par-
ticle-particle interaction in the fibrils. The decrease in shear
stress is observed when increase in the reformed structures
with shear rate is not as complete as those before applying
shear flow. In other words, as the shear rate increases, the
destruction rate of the fibrils becomes faster than the ref-
ormation rate. It is related to the rate of polarization under
the shear by an applied electric field (Cho er al., 2003).

Fig. 5 represents the maximum yield stress under applied
electric fields as a function of the surfactant concentration
in the PANI-S based ER fluids, in which the dynamic yield
stress was obtained from the flow curves given in Fig. 4 at
a zero shear rate limit for each sample. The particle con-
centration was fixed at 15vol%. The results clearly
showed that the maximum yield stress occurred at the mid-
dle point between 2 and 3 wt% surfactant concentration.
Note that the dotted lines in Fig. 5 represent their best fit.

Fig. 6 shows the electric field dependent damping force
relative to the piston velocity for both the PANI (filled
symbol) and the PANI-S with 2 wt% surfactant (open sym-
bol), when the piston velocity was changed by increasing

Table 1. Composition of pristine and surfactant added ER fluids
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Fig. 5. ER behavior (yield stress) of surfactant added system as a
function of surfactant concentration.
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Fig. 6. Effect of electric field on damping force vs. piston veloc-
ity (@) PANI and (b) PANI-S.

the excitation frequency from 0.4 to 3.0 Hz, while main-
taining a fixed excitation amplitude value. The damping
force increased with an increase in both the electric field
and the piston velocity, except at 5 kV/mm. It is evident
that the damping force of the ER damper increases as the
electric field increases. This is mainly attributed to the
increment of the yield shear stress of the ER fluid (Park et
al., 1999). At a higher frequency region, the damping force
decreased. This behavior was related to the chain structure
of the ER fluid in a higher electric field, which was more
linear compared to the system without the surfactant. In a
higher electric field, the PANI-based ER fluid exhibited

Sample Index pH Medium viscosity ~ Particle conc. (%) Medium oil Additive
PANI 9.5 50cS 20 vol silicone oil
PANI-S 9.5 50cS 20 vol silicone oil Span80 (2wt%)

28
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Fig. 7. Effect of electric field on damping force vs. time (a) PANI
and (b) PANI-S.

this behavior. However, the amplitude of the damping
force of the PANI-based ER fluid was higher than that of
the PANI-S-based ER fluid.

Fig. 7(a) presents the damping forces as a function of
time at an operating temperature of 25°C. As the electric
field increased, the damping forces of the ER damper filled
with the PANI-based ER fluid also increased. From this
result, the damping force was determined as 210 N without
an electric field. In contrast, the damping force at 5 kV/mm
was 970N, and thus the net increment of the damping
force was 760 N. This result implies that a large range of
the damping force of the ER damper could be continuously
controlled by tuning the applied electric field. However,
the curve shape of the PANI-based ER fluid for the damper
was not well developed, as shown in Fig. 7(a), although it
became a fully developed profile curve after 2~3 excita-
tions. This behavior was caused by a mismatch of the
response time (i.e. time lag between the output response
time and input time) between the PANI-based ER fluid and
the applied electric field. Detailed information regarding
on the response time will be reported later. Fig. 7(b) shows
that the curve shape of the PANI-S-based ER fluid for the
damper was developed better than that in Fig. 7(a).
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4. Conclusion

The current study adopted a surfactant-added system to
investigate the role of a surfactant on the dispersion sta-
bility and properties of ER materials. Both the electrical
responsibility based on the damping curves and the dis-
persion stability was found to be enhanced because the sur-
factant on the surface of the particles interacted well with
the medium oil, thereby providing a good dispersion. Such
finding by adding surfactant in PANI based ER fluid will
be applied for various polymeric ER systems for future
work.
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