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Abstract Electrorheological (ER) behavior of silicone oil
suspensions of particles of polyaniline protonated to various
doping levels with ortho-phosphoric and tetrafluoroboric
acids has been studied. The dynamic yield stress obtained
by extrapolation of shear stress to zero shear rate using
Herschel-Bulkley equation was used as a criterion of the ER
efficiency. At a same molar concentration of doping acids,
various protonation effects appeared and the dependences of
the yield stress on the acid concentration differed. The
comparison of the yield stresses with dielectric character-
istics calculated from the Havriliak—Negami equation
revealed that the particle conductivity, in contrast to particle
permittivity, dominates the polarization process especially at
higher protonation degrees. Consequently, particle con-
ductivity or dielectric relaxation time proved to be the
parameters providing the common dependences of the yield
stress regardless of the way of polarization.

Keywords Electrorheology - Suspension - Yield stress -
Conductivity - Relaxation time - Polyaniline
Introduction

Electrorheological (ER) fluids, composed of semiconducting
particles dispersed in non-conducting liquids, are intelligent
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materials whose structure and rheological properties are
quickly and reversibly changed under application of external
electric field with the strength of several kilovolts per
millimeter. This effect occurs due to particle polarization and
consequent formation of a chain-like or columnar structure-
oriented parallel to stream lines of the electric field.
Consequently, the rigidity of these structures increases and,
when a shear force is applied, the viscosity at low shear rates is
much higher than that in the absence of the electric field. In
some cases at rest, quasi-gel materials with a high yield stress
may arise. When the electric field is switched off, the
suspension returns to its original state.

Since the pioneering discovery of the ER phenomenon
by Winslow [1], a number of studies of its mechanism have
been carried out. The main results have been summarized in
several reviews [2—8]. The potential applications of such
smart materials have stimulated a great deal of interest in
both academic and industrial areas. Vibration damping
devices (dampers of engine mounts), force transfers such as
clutches and valves, brakes, and other hydraulic systems or
micro-robotics [9] are among the typical applications of
practical significance.

Considerable attention of research teams conversant
with ER effect is presently focused on findings of the most
suitable ER suspension, which enable the enhancement of
ER efficiency. The application of a group of semicon-
ducting polymers, represented by polyaniline (PANI) [10—
13], polypyrrole [14], or polyphenylene [15, 16], appears
as a possible trend because of the high ability of polymer
particles to be polarized. Conductivity of these polymers
is given by the chemical structure of polymer chains
comprising 7t-bonds that alternate with o-bonds and form
a conjugated system. Electric and dielectric properties of
these materials affecting particle polarizability of PANI
can be controlled via the protonation with various acids
[17-20]. The different acids can also affect its structure
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Table 1 The density p, conductivity o, relative permittivity €'y o, and
particle dipole coefficient 3 (see Eq. 6) of PANI base reprotonated in
the aqueous solutions of ortho-phosphoric acid of various molar
concentrations Cu

Sample Ch(moll™") p(gem™) o (Scm’) eho B

B 0 1.132 3.6x107° 260 0.750
P1 0.0001 1.144 47x107°  26.1 0.752
P2 0.0005 1.114 6.8x107° 278 0.755
P3 0.001 1.112 2.7x10% 302 0.767
P4 0.005 1.145 58x107 317 0.769
P5 0.01 1.264 47x107° 357 0.792
P6 0.05 1.333 3.1x107° 411 0.805

and degree of crystallinity [21]. It is clear that doping
offers a simple tool to gain materials with optimum
conductivity and permittivity for the maximum ER
performance.

Compared to similar semiconducting polymers, PANI
has several advantages such as simple preparation, easy
conductivity control, good thermal and environmental
stability as well as a favorable production cost. Conse-
quently, investigation of its preparation and properties has
attracted significant attention in the last three decades
[22].

In our previous work [23], we focused our attention on
the investigation of the time dependences of conductivities
of the suspensions of the series of PANI samples protonated
by ortho-phosphoric acid to various levels during the
formation of chain-like structures in the DC electric field.
The increase in conductivity reflects the formation of ER
structure. In addition, the influence of the flow field on this
process was examined in detail. The comparison of the ER
efficiency of PANI powders protonated by ortho-phosphoric
or tetrafluoroboric acids [24] with a different protonation
effect was the object of the current study. The dynamic yield
stress of silicone oil suspensions was applied as a suitable
tool for evaluation of strengthening of the particle structure
in the electric field.

Table 2 The density p, conductivity o, relative permittivity €', o, and
particle dipole coefficient 3 (see Eq. 6) of PANI base reprotonated in
the aqueous solutions of tetrafluoroboric acid of various molar
concentrations Cy

Experimental

Controlled protonation of PANI with ortho-phosphoric and
tetrafluoroboric acids PANI powder was prepared by the
oxidation of 0.2 M aniline hydrochloride with 0.25 M
ammonium peroxydisulfate in water [25] at 20 °C; its
conductivity was 4.4 S cm '. The obtained PANI salt was
transformed into the PANI base by 2-day immersion in a
fivefold molar excess of 1 M ammonium hydroxide (50 ml
per 1 g of PANI salt), filtering of the precipitate, and drying
in air. The conductivity of PANI base was 3.6x10° S cm .
Portions of the PANI base (0.5 g) were suspended in 100 ml
of aqueous solutions of either ortho-phosphoric or tetra-
fluoroboric acid solutions of various acid concentrations for
24 h, separated, rinsed with acetone, and dried as above.
Protonation degree of the samples was expressed by molar
concentration C, of the acid used. For pH values and the
correlation between pH and conductivity, the reader is
referred to Ref. [24]. The density of PANI was then
determined by weighing compressed pellets on Sartorius
R160P balance on air and immersed in decane.

Conductivity measurements The DC conductivity, o, of
protonated PANI samples pressed at 700 MPa into pellets
13 mm in diameter and 1 mm thickness was determined by
a two-point method (at 6<10 S cm ') (Keithley 6517
electrometer) or by four-point method at higher conductivities
(a current source SMU Keithley 237 and a Multimeter
Keithley 2010 voltmeter with a 2000 SCAN 10-channel
scanner card) (Tables 1 and 2).

Suspension preparation PANI powders were ground using
an agate mortar and pestle, sieved to obtain particle sizes
smaller than 45 pwm, and dried at 80 °C in a vacuum oven to a
constant weight. Suspensions (10 wt.%) were prepared by
mixing PANI powders with corresponding amount of silicone
oil (Lukosiol M200, Chemical Works Kolin, Czech Republic,
viscosity 7.=200 mPa s, density p.=0.965 g cm >, conduc-
tivity 0.~10" S cm !, relative permittivity '.=2.6, loss
factor tan 0=0.002). At first, the samples were stirred
mechanically and then placed in an ultrasonic bath for 30 s

Table 3 Parameters of H-N equation (Eq. 2) for ortho-phosphoric
acid-doped PANI particles

Sample Ch (moll™) p(gem™>) o (Scm™) eho B Sample €'s0 €50 trel (S) a b

B 0 1.132 3.6x107° 26,0 0.750 B 4.62 2.66 1.48x1072 0.80 0.69
Tl 0.0001 1.149 49x107° 262 0.752 Pl 4.62 2.66 1.16x1072 0.86 0.60
T2 0.0005 1.154 49x107° 267 0.755 P2 4.82 2.67 9.88x107° 0.76 0.70
T3 0.001 1.142 9.0x10° 283 0.767 P3 5.03 2.70 5.23%107° 0.70 0.70
T4 0.005 1.163 1.6x107% 28,6 0.769 P4 5.10 2.65 1.27x1073 0.61 0.69
T5 0.01 1.157 12x107° 324  0.792 P5 5.19 2.60 8.27x10°° 0.37 0.97
T6 0.05 1.168 25x107* 350 0.805 P6 5.47 2.64 3.33x1077 0.59 0.73
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Table 4 Parameters of H-N equation (Eq. 2) for tetrafluoroboric acid-
doped PANI particles

Sample €'s0 €500 tel (S) a b

B 4.62 2.66 1.48x1072 0.80 0.69
T1 4.64 2.62 1.46x1072 0.84 0.65
T 4.58 2.64 1.27x1072 0.81 0.67
T3 481 2.69 7.39%10°° 0.73 0.74
T4 4.80 2.61 447x1073 0.63 0.90
T5 5.13 2.66 1.86x107* 0.54 0.78
T6 5.32 2.72 3.53%10°° 0.50 1.00

before each measurement. In this study, only the PANI
samples with conductivity up to 4.7x107> S cm™ ' have been
used because conductivity of the samples doped by a more
concentrated acid was too high and, consequently, the strings
of polarized particles short cut the circuit in the electric field
and measurement of the ER effect was impossible. More
conducting samples were used in our previous study [23].

Electrorheological measurements The ER properties were
measured with a rotational rheometer Bohlin Gemini
(Malvern Instruments, UK), with parallel plates 40 mm in
diameter and a gap of 0.5 mm, modified for ER experi-
ments. The measurement was carried out in the range of
shear rates 1-100 s ' (controlled shear rate mode). The
chosen geometry was connected to a DC high-voltage
source TREK (TREK 668B, USA) providing the electric
field strength £=0.5-3.0 kV mm '. Before each measure-
ment at new electric field strength, the built-up particulate
structure was always destroyed by shearing of the sample at
a shear rate of 20 s~ for 80 s. The temperature during all
the experiments was kept at 25 °C.

Dielectric measurements The frequency dependences of
complex permittivity of 10 wt.% suspensions (Eq. 1):

el = (f) —ie.(f) (1)

involving the relative permittivity €'s(f) and dielectric loss
factor €"y(f) were measured with a Hioki 3522 RCL
HiTester (Japan) in the range f=10'-10° Hz. The dielectric
characteristics of particle suspensions (Tables 3 and 4) were
obtained from the Havriliak—Negami (H-N) empirical
model (Eq. 2) fitting by least square method [26]:

" o (E;,O - E;OC)
e (f) =00 T (0t (22 s b)) (2)

Here, £*(f) is a complex suspension permittivity and
e'sof) and €'s(f) are the limit values of the relative
permittivity at the frequencies below and above the
relaxation frequencies (see Figs. 3 and 4), f'is a frequency,
t. 1S a relaxation time (see Eq. 5), a is the scattering degree
of relaxation times, and b is related to the asymmetry of the
relaxation time spectrum. Large values of a mean a great
scattering of relaxation times. When a differs significantly
from zero and b significantly from unity, the relaxation
spectrum becomes more asymmetrical.

The static relative particle permittivity €', o (Tables 1 and 2)
was estimated from the static relative permittivity of
suspensions ¢’s o and permittivity of the continuum &', using
the volume-average equation (Eq. 3) [27]:

(5;,0 - 5;)
T @

where £ is a volume fraction of the solids.
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Fig. 2 The dependence of the
dynamic yield stress 7, on the
molar concentration of the acid
C4 used for the reprotonation
of PANI base at various electric
field strengths. Ortho-phospho-
ric acid (solid symbols); tetra-
fluoroboric acid (open symbols);
original PANI base (divided
symbols). Electric-field strength
E&V mm'): mO 0, 0 0.5,
AA1.0,VV 1.5 0 20,
<< 25 »D> 3.0

Fig. 3 Frequency spectra of
relative permittivity £ (a) and
dielectric loss factor £” (b) for
PANI suspensions protonated by
ortho-phosphoric acid. Molar
concentrations of acid C, (mol
") used for reprotonation of
PANI base: m 0, O 0.0001,

A 0.0005, V 0.001, 4 0.005,
<1 0.01, » 0.05. Lines are fits
of the H-N model (Eq. 2)
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Fig. 4 Frequency spectra of
relative permittivity € (a) and
dielectric loss factor £” (b) for
PANI suspensions protonated by
tetrafluoroboric acid. Molar
concentrations of acid

Ca (mol 1" used for reproto-
nation of PANI base: m 0,

O 0.0001, A 0.0005,

VvV 0.001, 4 0.005, < 0.01,
» 0.05. Lines are fits of the
H-N model (Eq. 2)

Fig. 5 The dependence of

the particle dipole coefficient
and the relaxation time 7., on
molar concentration of acid,
Ca. Solid points, ortho-
phosphoric acid; open points,
tetrafluoroboric acid
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Fig. 6 The dependence of the
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Results and discussion

Electrorheological characterization The shear stress 7 as a
function of the shear rate y was measured to characterize
the ER behavior of PANI suspensions at seven various
electric field strengths (03 kV mm ). Flow curves of the
suspension of the sample P5 is presented as an example
(Fig. 1). The field-off shear stress depends linearly on the
shear rate and indicates a Newtonian flow. After electric
field application, especially at low shear rates, the values of
shear stress significantly rise by several orders of magni-
tude with increasing intensity of the electric field. The

0.84

Particle dipole coefficient, g

dynamic yield stresses 7, obtained by extrapolation of the
shear stresses to the zero shear rate using the Herschel-
Bulkley equation (Eq. 4) [28]:

(4)

(where np, is a plastic viscosity and n characterizes the
pseudoplastic decrease in the viscosity of the system)
indicate formation of the reinforced chain-like structures
of organized polarized particles. A plateau region of the
shear stresses appears at low shear rates due to the balance
between electric and shear forces. At higher shear rates,
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when the hydrodynamic forces begin to dominate over the
electrostatic ones, these organized particle structures are
gradually destroyed and the suspension tends to return to
field-off Newtonian behavior.

The effect of PANI particle protonation The findings
suggest that the doping level of the same concentration of
various acids on particle polarization may vary. Thus, at
constant electric field strength, the dynamic yield stress
significantly depends not only on the protonation degree of
PANI particles but also on the character of the acid used. At
low protonation, 7, values achieve approximately similar
constant values. At a higher protonation degree, the dynamic
yield stresses of both suspensions of doped particles grew
and diverged differently. In case of ortho-phosphoric acid at
Ca=0.01 mol I at the highest electric field strength used, 7,
nearly doubled in value. For tetrafluoroboric acid, 7, was a

little lower (Fig. 2). In samples doped to higher protonation
at E>1.5 kV mm ', the current passing through the
suspensions was too high; short circuit between electrodes
sets in and the measurement failed. For example, the
maximum current obtained for sample P5 was 2.1 mA,
while for sample T5 it was only 0.20 mA.

Particle polarizability and relaxation time It is generally
accepted that dielectric and conducting properties of
suspension particles play important roles in the formation
of ER structures and the general factors affecting this
process are connected to particle polarizability. Thus, the
forces between polarized particles and the rate at which
polarization occurs are controlled by complex permittivity
(Figs. 3 and 4). Until now, the results have shown that the
main cause of the ER phenomenon is the interfacial
polarization of suspended particles in the electric field, in

Ll

10°
Fig. 8 The dependence of the
dynamic yield stress 7 on the [
electric field strength E for -oa
PANI suspensions protonated by I
the ortho-phosphoric acid (a) —
and tetrafluoroboric acid (b). g 0 b
m PI/T1, O P2/T2, A P3/T3, O
V P4/T4, 4 P5/T5, < P6/T6, )
> 17 <4
>
o
2
=
2 10 ¢
©
c
>
[m]
10°
b
©
0‘ 2
‘:é 10° |
73
(23
o
>
o
2
>
Q 1
IS 10" |
@©
c
>
[a]
10°
0.1

1 10
Electric field strength, E [kV mm'1]

@ Springer



410

Colloid Polym Sci (2009) 287:403-412
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which the relaxation frequency lies in the range f=10"—
10° Hz. The relaxation time t (Eq. 5):

trel = 1/(2ﬂfrel) (5)

depends on the relaxation frequency f;. corresponding to
the frequency at which the maximum dielectric loss factor
€"s(f) on the frequency spectrum appears. At the same time,
the steepest decrease in permittivity arises.

According to the polarization models [28-35], a particle
dipole coefficient 3 related to mismatch of particle permittivity
and host fluid (Eq. 6):

p= (50 =) /(0 220)

is a general measure of particle polarizability.

(6)

Relative particle conductivity, 7~

The dielectric spectra demonstrate an increase in relative
static permittivity €', and a steep decrease in relaxation
time with particle protonation. The particle dipole coeffi-
cient J of particles doped with ortho-phosphoric acid
(Tables 1 and 2) is higher and the relaxation time lower
(Fig. 5) than those doped with tetrafluoroboric acid in the
whole range of protonation, which suggests higher particle
polarizability and faster reconstruction of the ER structure
of polarized particles in the flow field.

Universal measures of ER efficiency The particle dipole
coefficient 3 as a parameter controlling polarizability of
PANI particles and rigidity of the ER structure has been
investigated in the past. It appeared that correlation of the
yield stress with 3 does not provide a common dependence
for the suspensions of particles doped with ortho-phosphoric
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or tetrafluoroboric acid, especially at higher protonation
degrees (Fig. 6). This means that particle permittivity is not a
main factor affecting the ER behavior of materials under
investigation. It may be assumed that, due to the high
conductivity of particles, the ER efficiency could rather be
controlled by the mismatch of conductivity of particles in the
continuum [36-39]. The common dependence of the yield
stress on the relative particle conductivity I as a ratio of
conductivity of particles o, and that of continuum o, for
PANI samples reprotonated with both acids (Fig. 7), and the
slope of the log—log plot of the yield stress as a function of
electric field strength 1.76-1.91 (Fig. 8) confirmed this
assumption.

The relaxation time of both studied suspensions steeply
decreased with the protonation degree of particles which
indicates increasing particle mobility during restoration of
the organized particle structure in the electric field. The
common course of the correlations of the relaxation times
with relative particle conductivity regardless of the way of
protonation indicated a close connection between conduc-
tivity and particle mobility in the electric field (Fig. 9). As a
consequence, the relaxation time, like particle conductivity,
provided a common dependence of the yield stresses of ER
suspensions irrespective of the acid used for protonation
(Fig. 10).

Conclusions

The findings demonstrated that conductivity of PANI
particles doped with various acids to higher protonation
level, unlike particle permittivity, becomes the main factor
controlling particle polarizability and may be a parameter
integrating the dependences of the yield stress at various
protonation degrees. In addition, the correlation of the yield
stress with dielectric relaxation time relating to particle
mobility during restoration of the ER structures in the
electric field may provide a common course regardless the
manner of protonation.
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