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Using a modified oxidative polymerization, the nano-fibrous polyaniline with 200 nm diameter and
several micrometer lengths was synthesized on a large scale and then was applied as a new electro-
rheological (ER) fluid. Compared to conventional granular polyaniline ER fluid, the nano-fibrous poly-
aniline ER fluid exhibited distinctly improved suspended stability. Under electric fields, the nano-fibrous
PANI ER fluid also exhibited larger ER effect. Its shear stresses are about 1.2–1.5 times as high as those of
the granular PANI ER fluid. At the same time, the shear stress of nano-fibrous PANI ER fluid could
maintain a stable level and even an increase for the wide shear rate regions from 0.1 s�1 to 1000 s�1

under various electric fields. In addition, the dynamic experiment showed that the shear modulus of
nano-fibrous polyaniline ER fluid under electric field was higher than that of the granular polyaniline
fluid, which also confirmed the larger ER effect.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polyaniline (PANI) is one of the most useful conducting poly-
mers due to its facile synthesis, environmental stability, and simple
acid/base doping/dedoping chemistry [1]. Since its conduction
mechanism was explored in the 1980s [2], PANI has been exten-
sively investigated for many applications including anticorrosion
coating, chemical sensors, electrodes, capacitors, batteries, etc.
[1,3]. As an electro-active functional polymer, PANI has also been
frequently adopted as dispersal phase of electrorheological (ER)
fluid [4–13]. ER fluid is a smart fluid, which is made of polarizable
solid particles dispersed in a non-conducting liquid. When an
external electric field is applied, ER fluid exhibits drastic and
reversible changes of rheological properties due to field-induced
ordering of particulate phase [14]. In particular, the rheological
properties can be accurately controlled by tuning electric field
strength. This rapid and reversible electric-controlled mechanical
response makes ER fluid to have many potential applications
in various devices such as dampers, brakes, actuators, and so on
[14–18].

In order to promote the practical applications of ER technology,
various potential ER materials including inorganic, organic, and
composites have been developed since Winslow firstly discovered
ER behavior [16,17,19–22]. Current researches have focused on the
development of optimal anhydrous ER materials, which have broad
operating temperature range, low sedimentation, and high yield
All rights reserved.
stress. Among anhydrous ER materials, the semiconducting poly-
mers have been shown to be the most promising materials with
a good ER efficiency [4–13,19–30]. In particular, PANI has been
frequently selected because of its simple preparation, low cost,
good thermal stability, and controllable conductivities and dielec-
tric properties [13]. Pure PANI and its modifications and composites
have been developed for ER application in the past years [4–13,30–
41]. Studies on these PANI materials greatly help the understanding
about ER mechanisms and rheological properties. However, the
application of ER fluids based on PANI is still limited to some extent
by either low yield stress or particles’ sedimentation. Recently, one
interesting way was developed to enhance the yield stress with the
formation of PANI/clay nanocomposites [11,35,38]. Furthermore, by
using hollow PANI particles, ER fluids with low rates of sedimen-
tation have been obtained [28]. However, these were sometimes
subjected to complex preparation processes. On the other hand, the
shape of particles has been considered as an important factor for ER
properties. In particular, compared to spherical particles, the
particles with elongated shape were demonstrated to not only have
larger induced dipole moments and yield stress but also show the
lower rates of sedimentation in ER and magnetorheological (MR)
fluids [42–46]. However, the particle shape effect of PANI suspen-
sion on ER properties has paid less attention.

In this paper, we present a new ER fluid based on nano-
fibrous PANI. The nano-fibrous PANI was easily synthesized on
a large scale by a modified oxidative polymerization of aniline in
an acid aqueous solution without mechanical stirring. The
results showed that the nano-fibrous PANI ER fluid possessed
significantly improved suspended stability compared to the
conventional granular PANI ER fluid. Under electric fields the
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nano-fibrous PANI ER fluid even exhibited stronger ER effect
compared to granular PANI ER fluid. We present the preparation,
characterization, sedimentation ratio, and ER properties under
electric fields.
2. Experimental

2.1. Synthesis of nano-fibrous PANI and granular PANI

Nano-fibrous PANI was synthesized by a modified oxidative
polymerization of aniline with ammonium per-sulfate (APS) in an L-
camphorsul acid (L-CSA) aqueous solution. All chemicals were of
analytical grade and other reagents used as-received except for
aniline monomer being distilled before using.

A typical process for synthesizing the nano-fibrous PANI is
shown as follows: 14.25 g of aniline and 17.4 g of L-CSA were mixed
in 750 mL of distilled water. Then, an aqueous solution of APS
(34.2 g of APS in 375 mL of distilled water) was rapidly added into
the above mixture solution with vigorous stirring. After 30 s the
stirring was stopped and the resulting solution was left standing for
24 h at room temperature. After that a dark green nano-fibrous
PANI suspension with high-suspended stability (see inset in
Fig. 1(b)) was formed. In order to make a comparison, the granular
PANI was also synthesized with the same reagents by the
conventional method [47,48], in which more CSA was used and the
aqueous solution of APS was added dropwise into the aniline
solution with intense stirring (2500 rpm) and the low-temperature
(0–4 �C) condition was kept up during the entire polymerization
process. After 24-h reaction the product (aggregated PANI particles)
settled out quickly from the reaction solution (see inset in Fig. 1(a)).
Fig. 1. SEM images of samples: (a) granular PANI; (b) nano-fibrous PANI. High resolution SEM
the insets contain the resultant granular PANI and nano-fibrous PANI, respectively.
2.2. Preparation of ER fluids

In order to prepare ER fluids, as-synthesized nano-fibrous PANI
and granular PANI must be dedoped by increasing pH value to form
semiconductor. Here, the PANI suspension was firstly filtered and
washed with distilled water to remove unreacted reagents. Then
the product was dedoped by immersion in 1 M aqueous ammonia.
After that dedoped PANI was again filtered and washed with
distilled water until the washing liquid was neutral. Finally, PANI
was further washed with ethanol and then dried at 80 �C for 3 days
in a vacuum oven until its conductivity no longer depended on
drying time. The ER fluid was prepared by dispersing the dried PANI
in silicone oil (h¼ 50 mPa s at 25 �C) with grinding and ultrasonic
dispersion.
2.3. Characterization

The particle morphology was observed by scanning electron
microscopy (SEM, JSM-6700). The particle size distribution was
determined by a laser scatter particle size analyzer (LS230, Beck-
man Coulter) (dispersing the particles in water). The structure was
determined by powder X-ray diffraction patterns (XRD, Philips
X’Pert Pro X-ray diffractometer). The chemical groups were deter-
mined by Fourier transform infrared spectra (FT-IR, JASCO FT/IR-
470 Plus Fourier Infrared Spectrometer). The surface areas of the
particles were analyzed by using N2 absorption method (Quan-
tachrome Nova2000e surface area and pore size analyzer). All
samples were degassed at 100 �C under vacuum for a minimum of
10 h. The special surface areas were calculated using Brunauer–
Emmett–Teller (BET) model from a linear part of the BET plot
images: (c) nano-fibrous PANI; (d) dedoped nano-fibrous PANI. The beakers shown in
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Fig. 2. XRD pattern: (a) granular PANI; (b) nano-fibrous PANI. The inset is XRD pattern
of dedoped samples: (a0) granular PANI; (b0) dedoped nano-fibrous PANI.

Fig. 3. FT-IR spectra: (a) granular PANI; (b) nano-fibrous PANI. The inset is FT-IR
spectra of dedoped samples: (a0) granular PANI; (b0) dedoped nano-fibrous PANI.
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(P/P0¼ 0.10–0.30). The conductivity of the dried PANI was
measured with a DDC-11 conductance meter by the 2-probe
method. In this method, the nano-fibrous PANI and granular PANI
were pressed to pallets at the same pressure of 10 MPa and then the
surfaces were coated with silver. The surface area and thickness of
PANI pellet were input, conductivity was thus obtained as an
output once the voltage was applied.

The sedimentation experiment was carried out at room
temperature and the sedimentation ratio was used to characterize
the suspended stability of ER fluid. A graduated flask was used to
record the height of phase separation between the particle-rich
phase and the relatively clear oil-rich phase as a function of time.
The sedimentation ratio was defined by the height percentage of
the particle-rich phase relative to the total suspension height. The
higher the sedimentation ratio was, the better the suspended
stability was.

The ER properties were characterized by steady-shearing
viscosity and dynamic experiments at room temperature on
a stress-controlled electrorheometer (Thermal-Haake RS600) with
plate–plate system (PP ER60, the gap between plates was 1.0 mm),
a WYZ-010dc high-voltage generator (10 kV, 2 mA), oil bath (�25 to
125 �C), and PC computer. The flow curves of shear stress–shear
rate were measured by the controlled shear rate (CR) mode within
the shear rate range of 0.1 s�1–1000 s�1. The static yield stress
obtained by the controlled shear stress (CS) mode was used to
evaluate the rigidity of ER fluids at high electric fields [49,50]. In
this measurement, a linear increasing shear stress was imposed on
the ER fluids after they have been subjected to the external electric
field for 1 min. In dynamic experiments, the stress amplitude
sweep test of modulus as a function of stress at a constant
frequency (0.5 Hz) was initially attempted to find a linear visco-
elastic region, and then the dynamic viscoelastic properties were
measured as function of frequency at stress in the linear regions.
The same stress was chosen for granular PANI ER fluid and nano-
fibrous PANI ER fluid in order to make a relational comparison. To
ensure data consistency, all the measurements were repeated three
times and electric field was applied for 1 min prior to applying
shearing or sweeping.

3. Results and discussion

3.1. Materials characteristics

Fig. 1 shows the SEM images of PANI. The morphology of PANI,
synthesized via the conventional method in which the APS solution
is added dropwise into the aniline solution with intense stirring
and low-temperature is kept up during the entire polymerization
process, is typical aggregated granular particles (see Fig. 1 (a)). The
LS particle size analysis result shows that the diameter of granular
PANI mainly distributes in the range of 1–6 mm with mean diameter
about 2.8 mm. However, PANI, synthesized when the APS solution is
rapidly mixed with the aniline solution and no stirring is applied
during the polymerization process, mainly consists of uniform
nanofibers with diameter of 200 nm and length of 1–5 mm (see
Fig. 1(b) and (c)). The suspension containing nano-fibrous PANI
shows high-suspended stability compared to granular suspension
(see insets in figures.). The BET surface area of nano-fibrous PANI is
43 m2/g, which is higher than that (11 m2/g) of granular PANI
according to the N2 adsorption–desorption test. This can be
attributed to the smaller size in one direction of nano-fibrous PANI.
After dedoping the fibrous morphology of nano-fibrous PANI is less
changed (see Fig. 1(d)), but its electric properties are adjusted.

Fig. 2 shows the XRD patterns of granular and nano-fibrous
PANIs. The nano-fibrous PANI has broad peaks at approximately
2q¼ 19�, 25� and narrow peak at 2q¼ 6.5�. The peak at 19� is
ascribed to periodicity parallel to the polymer chain and the 25�
peak is due to the periodicity perpendicular to the polymer chain
[51]. The peak at 6.5� is assigned as the periodicity distance
between dopant (L-CSA) and N atom on the adjacent main chains
[52,53]. It is noted that this 6.5� peak is sharp and intense, which
also indicates the presence of long-range order in the nano-fibrous
PANI [47]. In the case of granular PANI (Fig. 2(a)), the peak around
6.5� is weak, indicating short-range order of the granular PANI. At
the same time, the peak due to periodicity parallel to the polymer
chain of the granular PANI shifts towards higher 2q¼ 21� compared
to 2q¼ 19� of nano-fibrous PANI. This difference might result from
the partial orientation of polymer chains along the fibrous direc-
tion. After dedoping with ammonia the peak centered at 2q¼w25�

disappears from both samples (see inset), indicating that the crystal
structure of dedoped PANI becomes more amorphous compared to
as-synthesized PANI. However, the 2q¼ 6.5� peak in dedoped nano-
fibrous PANI is still remained, which also reflects that nano-fibrous
structure with long-range order is less destroyed by dedoping.

Fig. 3 shows the IR spectra of granular and nano-fibrous PANIs.
For nano-fibrous PANI, the bands at 1575 cm�1 and 1496 cm�1 are
related to the aromatic C]C stretching of quinonoid and benzenoid
structures, respectively. The band at 1302 cm�1 is assigned to the
C–N stretching of the secondary aromatic amine and at 1140 cm�1

is assigned to the electronic-like absorption of N]Q]N (Q
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representing the quinoid ring). The bands at 1040 cm�1 and
505 cm�1, ascribed to the absorption of the –SO3H group, prove that
PANI is doped with L-CSA. The chemical groups of granular PANI are
basically similar to the nano-fibrous PANI. However, the nano-
fibrous PANI shows a slight red shift in the C]C stretching of
quinonoid and benzenoid rings from 1568/1489 cm�1 to 1575/
1496 cm�1, compared to that of granular PANI. After dedoping with
ammonia, the chemical groups of granular PANI are still basically
similar to the nano-fibrous PANI but the slight red shift in the C]C
stretching of quinonoid and benzenoid rings still appears in nano-
fibrous PANI (see inset).

The as-synthesized nano-fibrous and granular PANIs are high
conductivity of w6.0�10�1 S/cm and w2.5�10�1 S/cm, respec-
tively. The higher conductivity of nano-fibrous PANI may be due to
longer backbones of polymer molecules along the fibrous direction.
After 1 h dedoping with 1 M ammonia the conductivity is
decreased to a suitable level of w3.9�10�9 S/cm for nano-fibrous
PANI and of w2.1�10�9 S/cm for granular PANI.

3.2. Suspended property

Fig. 4 shows the sedimentation ratio (4) with time (t) for ER
fluids containing granular and nano-fibrous PANIs with different
particle concentrations. For ER fluids containing 5 wt% particles,
after 48 h-standing the significant sedimentation (26%) occurs in
granular PANI but the sedimentation ratio of nano-fibrous PANI is
93%. After 72 h the granular PANI shows a thorough sedimentation,
while after 500 h the nano-fibrous PANI still remains a sedimenta-
tion ratio of 43%. When the particle content is increased to 10 wt%,
the sedimentation phenomenon is still notable in granular PANI ER
fluid, while there is only slight sedimentation in the nano-fibrous
PANI ER fluid and its sedimentation ratio is 87% after 500 h (also see
the inset that shows a photo of ER fluids containing 10 wt% nano-
fibrous PANI suspension (left) and granular PANI suspension (right)
after 500 h-standing). When the particle content is further
increased to 15 wt%, the sedimentation phenomenon with ratio of
70% is still observed in granular PANI ER fluid after 500 h. But no
well-defined sedimentation ratio can be measured in the nano-
fibrous PANI ER fluid after 500 h and the fluid can maintain good
suspended ability with sedimentation ratio of 95% after even two
months. In brief, the correlation of sedimentation ratio and time
can be represented by the equation 4 f tk, where the slope k of the
Fig. 4. Time dependence of sedimentation ratio of ER fluids containing granular PANI
(open points), and nano-fibrous PANI (solid points) with the particle concentration of
5 wt% (square), 10 wt% (circle), and 15 wt% (triangle) (T¼ 23 �C). The inset is the
sedimentation photo of 10 wt% nano-fibrous PANI suspension (a) and granular PANI
suspension (b) after standing undisturbed for 500 h.
curves is a direct reflection of sedimentation velocity [54]. The k is
�0.10� 0.02 and �0.06� 0.01 for 5 wt% and 10 wt% nano-fibrous
PANI ER fluids (The k value is difficult to calculate for 15 wt% nano-
fibrous PANI ER fluid due to no clear sedimentation), respectively.
The k is�3.2� 0.3,�0.21�0.02, and�0.11�0.01 for 5 wt%, 10 wt%,
and 15 wt% granular PANI ER fluids, respectively. The lower jkj
clearly indicates that the nano-fibrous PANI ER fluid has better
suspended stability against gravitational settling compared to the
conventional granular PANI ER fluid even if no stabilizing additives
are used. To make a further comparison, we also check the
suspension stability by using a proper surfactant (nonionic Span 80,
3 wt% dissolved in mineral oil with density¼ 0.90� 0.02 g/cm3 and
viscosity¼ 20 mPa s) as stabilizer [55]. For surfactant-free 10 wt%
PANI fluids, after 72 h the granular PANI almost exhibits an entire
sedimentation with ratio of 43%, while the nano-fibrous PANI
shows slight sedimentation with ratio of 95% and its sedimentation
ratio is still close to 77% after 500-h-standing. For surfactant-con-
taining fluids, after 72 h the granular PANI exhibits the sedimen-
tation ratio of 85% and the nano-fibrous PANI does not show
settling. After 500 h the granular PANI shows the sedimentation
ratio of 48%, while the nano-fibrous PANI does not still show
sedimentation. These clearly indicate that when the stabilizer is
used, the suspended stabilities of granular and nano-fibrous PANIs
are both improved. However, it can be noted that the sedimentation
velocity of nano-fibrous PANI fluid is still significantly lower than
that of granular PANI fluid, further verifying that nano-fibrous PANI
does have better suspended stability compared to the granular
PANI. This better suspended stability is likely a result of several
factors: (1) the small size effect (200 nm in diameter) in one
direction and the increased surface area for nano-fibrous PANI
relative to granular PANI, which decreases sedimentation velocity
[43,46]; (2) the elongated particles not only possess larger drag
index but also might set up the supporting effect more easily than
granular particles, in particular for high particle concentration [56].
This supporting effect may be responsible for the long-term sus-
pended stability of nano-fibrous PANI ER fluid with high particle
concentration of 15 wt%.

3.3. Electrorheological property

Fig. 5(a) and (b) presents the typical flow curves in the CR mode
for ER fluids containing 10 wt% granular PANI and nano-fibrous
PANI, respectively. In absence of electric field, both fluids show
slight shear-thinning phenomenon. The zero field-viscosity of
granular PANI ER fluid is 0.097 Pa s and that of nano-fibrous PANI
ER fluid is 0.101 Pa s. In presence of electric fields, both fluids
exhibit a shear stress increment (i.e. ER effect), but the shear stress
and ER efficiency (defined by (sE� s0)/s0 or (hE� h0)/h0, where sE

and hE are the shear stress and shear viscosity with an electric field
and s0 and h0 are the shear stress and shear viscosity without
electric field, respectively) of nano-fibrous PANI ER fluid are much
higher than those of granular PANI ER fluid at the same electric
field. For example, the shear stress is 653 Pa (100 s�1)/865 Pa
(1000 s�1) at 4 kV/mm and 1250 Pa (100 s�1)/1570 Pa (1000 s�1) at
6 kV/mm for nano-fibrous PANI ER fluid, which is much higher than
465 Pa (100 s�1)/438 Pa (1000 s�1) at 4 kV/mm and 1005 Pa
(100 s�1)/907 Pa (1000 s�1) at 6 kV/mm for granular PANI ER fluid.
The ER efficiency of nano-fibrous PANI ER fluid is about 40 (4 kV/
mm and 100 s�1) and 77 (6 kV/mm and 100 s�1), which is much
higher than 30 (4 kV/mm and 100 s�1) and 66 (6 kV/mm and
100 s�1) of granular PANI ER fluid. Even at high shear rate of
1000 s�1, the ER efficiency of nano-fibrous PANI ER fluid still rea-
ches 7.6 (4 kV/mm) and 14.7 (6 kV/mm), which is about roughly
twice as high as 3.5 (4 kV/mm) and 8.0 (6 kV/mm) of granular PANI
ER fluid. Furthermore, from Fig. 5(a) it is found that the granular
PANI ER fluid shows the critical shear rates, at which the shear
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Fig. 5. Shear stress as a function of shear rate for ER fluids under different dc electric
fields: (a) granular PANI; (b) nano-fibrous PANI (10 wt%, T¼ 23 �C).

Fig. 6. Static yield stress as a function of electric field strength for ER fluids containing
granular PANI (open system), and nano-fibrous PANI (solid system) with different
particle concentrations: 5 wt% (square), 10 wt% (circle), and 15 wt% (triangle)
(T¼ 23 �C).
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stress as a function of shear rate decreases to a minimum value (the
critical shear rate becomes higher at higher field strengths; see the
dashed line in Fig. 5(a)) and then increases with shear rate. This
phenomenon was also observed in some PANI ER fluids and other
ER fluids because, for regions of higher shear rates, broken fibril-
lated structures have no enough time to reform themselves by an
electric field and thus the shear stress declines and the hydro-
dynamic forces almost dominate the flow of ER fluid. [12,48,57–59].
However, from the flow curves of nano-fibrous PANI ER fluid in
Fig. 5(b), the critical shear rates in the applied shear rate regions
were not observed. Its shear stress maintains a stable level for the
whole shear rate regions and even increases when higher electric
fields are applied. It is known that the macroscopic rheological
property of ER fluid is mainly influenced by the change of aligned
microstructures of particles, which is dominated by the competi-
tion between electrostatic interactions among particles induced by
electric fields and hydrodynamic interactions induced by shear
fields [58–60]. Thus, the different shear rate dependence of shear
stress for nano-fibrous PANI ER fluid implies that under electric and
shearing fields the change of aligned particulate structures of nano-
fibrous PANI particles may be different from the granular
PANI particles. It has been reported that under electric field elon-
gated particles of same volume and bulk polarizability as spherical
particles have larger induced dipole moments and interparticle
interactions [42]. At the same time, the fields tend to combine the
elongated or fibrous-like particles into complicated dendrite-like
network that is much robust than the chain-like structures formed
by the spherical particles when subjected to shear deformation
[44,45]. Hence, in a qualitative way, we think that stronger inter-
particle interactions and robust network structures easily formed
in fibrous-like PANI ER fluid may be the important factors in
inducing higher shear stress and stable shear stress levels.

Fig. 6 shows the static yield stress as function of electric field for
ER fluids with different particle concentrations. As the particle
concentration is increased, the yield stress increases for both
granular PANI and nano-fibrous PANI ER fluids. However, at the
same particle concentration and same electric field the yield stress
of nano-fibrous PANI ER fluid is about 1.2–1.5 times as high as that
of the granular PANI ER fluid. The yield stress level is even higher
compared to other CSA-doped granular PANI ER fluids [48]. The
correlation of yield stress and electric fields can be represented by
the following equation sy f Ea. The magnitude of exponent a is
obtained by the linear fit of the relation of log(sy) f a log(E) (see the
inset in Fig. 6). The a values are 1.2–1.9 for the granular PANI and
nano-fibrous PANI ER fluids, which differ from that sy is propor-
tional to the electric field strength E2 predicted by the classic
polarization model [61]. In the polarization model, the electrostatic
interaction between dielectric spheres is treated in point-dipole
limit and each sphere is treated as a dipole only. Thus, this model
with the point-dipole approximation is ideal. However, in the
factual ER fluids the a often differs from 2 due to several factors,
such as particle concentration, shape of the particle, nonlinear
conductivity of oil, etc. [35,59,60,62–64]. From SEM images, the
shape of granular PANI is approximately spherical but the shape of
nano-fibrous PANI is entirely anisotropic. This may be one of
important factors for the departure of the exponent from 2. As the
particle content increased, a values decrease for both granular PANI
and nano-fibrous PANI ER fluids. However, at the same particle
concentration it is noted that the a of nano-fibrous PANI ER fluid is
generally smaller than that of granular PANI ER fluid, also indicating
the influence of particle shape. The analogical result is also
obtained in ER fluids of spherical and whisker-like aluminum
borate [44].

On the other hand, when ER fluids subjected to a small stress
and an intermediate electric field, the ER fluids show a linear
viscoelastic behavior like a solid. Fig. 7 shows storage modulus (G0)
and loss modulus (G00) with frequency for ER fluids containing
15 wt% granular PANI and nano-fibrous PANI under different elec-
tric fields. The ER fluids each show solid-like behavior: G0 is
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Fig. 7. Storage modulus (G0 , solid points) and loss modulus (G00 , open points) as
a function of frequency under different electric field strengths for ER fluids: (a)
granular PANI; (b) nano-fibrous PANI (15 wt%, T¼ 23 �C).

J. Yin et al. / Polymer 49 (2008) 4413–44194418
substantially larger than G00, and G0 remains nearly unchanged over
a broad frequency range and increases with electric field strength.
However, it is noted that under the same electric field the storage
modulus of nano-fibrous PANI ER fluid is much larger than that of
granular PANI ER fluid. It has been accepted for ER fluids that the
plateau of frequency-dependent curves of viscoelastic functions is
a characteristic of aligned 3D microstructure under electric fields,
which is sufficiently strong to transmit the elastic forces through
particle-floc bonds [44]. Therefore, compared to granular PANI ER
fluid, the larger storage modulus of nano-fibrous PANI ER fluid
indicates the stronger aligned 3D microstructure and particle–
particle bonds, which is also in good accordance with its higher
yield stress in steady-shearing measurements. According to the
previous reports [42–46,65], under fields the elongated or fibrous-
like particles not only have larger induced dipole moment than that
of granular particles, but also tend to form the complicated
dendrite-like network that are much robust than the chain-like
structures formed by the granular particles when subjected to
deformation. Hence, the stronger interparticle interactions and
robust network structures easily formed in high-aspect-ratio nano-
fibrous PANI may be responsible for the larger storage modulus of
nano-fibrous PANI ER fluid.

Finally, as a typical anhydrous ER material, PANI usually exhibits
broad operating temperature ranges and sustains good ER activity
even at high temperatures [55,59]. This is because the ER activity
arises mainly from the intrinsic bulk property of PANI particle
rather than extrinsic property such as water activator. The
temperature dependence of ER properties of nano-fibrous PANI ER
fluid is also investigated by the viscosity–temperature mode at
electric field. It is found that the particle shape does not markedly
influence the temperature effect of PANI ER fluid. In the absence of
electric field, the viscosity of fluids decreases due to the decrease of
medium oil. In the presence of electric fields, the shear stress and
ER efficiency of the granular PANI and nano-fibrous PANI ER fluids
both slightly elevate with temperature in the measured tempera-
ture range of 23–120 �C. This indicates that nano-fibrous PANI still
exhibited good ER performance like granular PANI even at above
100 �C. The systematical result about temperature effect of ER,
dielectric and conduction properties will be present elsewhere
based on the comparable investigation of the nano-fibrous PANI
with PANI nanoparticle and PANI microparticle.

4. Conclusion

The nano-fibrous PANI with 200 nm diameter and several
micrometer lengths has been synthesized by a modified oxidative
polymerization of aniline in an acid aqueous solution without
mechanical stirring. The sedimentation and ER properties of the
nano-fibrous PANI dispersed in silicone oil were studied and
compared with granular PANI with mean particle size about 3 mm.
The results showed that at the same weight fraction the nano-
fibrous polyaniline ER fluid possessed better suspended stability
compared to the conventional granular PANI ER fluid. No sedi-
mentation occurred for the 15 wt% nano-fibrous PANI ER fluid after
standing for 500 h, while the sedimentation with ratio of 70% was
observed in granular PANI ER fluid. Even after two months, the
nano-fibrous PANI ER fluid still maintained good suspended ability
with sedimentation ratio of 95%. Under electric fields, the nano-
fibrous PANI ER fluid also exhibited larger ER effect. Its shear stress
and shear moduli are about 1.2–1.5 times as high as those of the
granular PANI ER fluid. At the same time, the shear stress of nano-
fibrous PANI ER fluid could maintain a stable level and even an
increase for the wide shear rate regions from 0.1 s�1 to 1000 s�1

under various electric fields.
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