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In this study, synthesis, characterization and electrorheological (ER) properties of polyindene (PIN) and polyindene/kaolinite composites were
carried out by cationic radical polymerization using FeCl; as the oxidizing agent. The homopolymer and composites, containing different
amounts of PIN were characterized by FTIR spectroscopy, thermo-gravimetric (TGA) analyses, scanning electron microscopy (SEM) and
dynamic light scattering (DLS) methods. The conductivity and dielectric properties of PIN and PIN/kaolinite composites were determined.
Suspensions of PIN and PIN/kaolinite composites were prepared in silicone oil (SO), at a series of concentrations (¢ = 5—25 m/m %).
The effects of concentration, shear rate, electric field strength, frequency, temperature and promoter on ER activities of suspensions were

investigated.
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1 Introduction

An electrorheological (ER) fluid is typically a suspension of a
solid (conductive or polarizable particle) or liquid material
(liquid crystal) dispersed in an insulating oil. The increase
in the viscosity of suspensions upon application of an
electric field is commonly known as ER effect or Winslow
effect (1). The rheological properties (i.e., viscosity, shear
stress) of an ER suspension can be reversibly changed by
several orders of magnitude under an externally applied
electric field of several kV/mm. The mechanical properties
can be easily controlled within a wide range of almost from
a pure liquid to a solid like structure. The ER fluid can be
used as an electrical and mechanical media in various indus-
trial areas. Their wide potential application areas stimulated
great deal of interests both from academic researchers and
industry (2). ER fluids have been considered for various appli-
cations in mechanical engineering such as engine mouth,
clutches, shock absorber, ER valves, robotic arms and
several control systems (3). Recently, ER fluids have found
some newly developed applications, such as human muscle
stimulators, spacecraft deployment dampers, seismic control-
ling frame structures, ER tactile displays, and photonic
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crystals (3). ER fluids are also used as a proton exchange
membrane at fuel cells (4).

A wide variety of particulate materials have been selected
to prepare ER suspensions. They are zeolite (5), silica (6),
chitosan (7), phosphate cellulose (8), carboneous particle
(9) and poly(p-phenylene) conducting polymer (10). These
materials have been tested as anhydrous ER fluid particles.
On the other hand, the continuous phase including silicone
or hydrocarbon oils possesses low conductivity and large
dielectric breakdown strength. The well-known electrostatic
polarization model incorporates the field-induced polarization
of the dispersed phase particles relative to the continuous
phase, in which the driving force of the particle fibrillation
originates mainly from the electrostatic interaction among
the particles (11). In addition, it plays a crucial role on the
dielectric mismatch between the dispersed and continuous
phase, which causes this interaction (2, 12). Although, from
an industrial point of view, dry ER suspensions are preferred
for industrial applications, there are some suspensions which
require additives such as surfactants or polar liquids
(promoter) which are called wet (hydrous) ER fluids (13).

Clay minerals have recently been introduced into the field
of composites because of their small particle size and interca-
lation properties, especially in the application of reinforce-
ment of materials with polymers (14, 15, 16).

In this research, polyindene and polyindene/kaolinite con-
ducting composites, as a novel organic dispersed phase, were
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synthesized; characterized by several techniques, their sus-
pensions are prepared in silicone oil (SO) and ER properties
were investigated.

2 Experimental

Silicone oil, (SO), (p=0.963 g/cm’, == 2000 mPas,
e =2.61, Aldrich, Germany) was used after drying at
130°C for 3 h in a vacuum oven to remove any moisture
present.

Indene (Acros Organics, Belgium) was distilled in vacuum
(15 mm Hg) prior to use.

The physical properties of kaolinite (kindly provided by
Omya Mining Co. Istanbul) are given below:

Chemical formula: Al,Si,O5(OH),; class: silicate; color:
white, density: 2.6 gcm°, refractive index: 1.55, hardness
(Mohs): 2.5, average diameter (dsg): 4.8 pm.

Chemical composition: AlL,O;: >15%, SiO,: <76%,
F6203Z <0.5%.

Kaolinite was chosen as a clay material to prepare a com-
posite with polyindene, because it is a ubiquitous mineral in
sediment systems, cheap and easy to obtain (17).

All the other chemicals were Aldrich products with analyti-
cal grade and used as received.

2.1 Synthesis of Polyindene

2.56 x 1072 mol FeCl; was dissolved in 60 mL of chloro-
form. This solution was kept under vigorous magnetic
stirring. The reaction temperature was maintained at 20°C
under N,. 8.52 x 107> moles of indene were added
dropwise into this solution. After carrying out the polymeriz-
ation reaction for 3 h, polyindene was recovered and washed
several times with distilled water and diethyl ether, respect-
ively, to obtain a colorless solution. Finally, the polyindene
was dried in vacuum oven at 70°C for 24 h. The synthesis
mechanism of indene is given in Scheme 1.

2.2 Spynthesis of Polyindene/Kaolinite Composites

First, a certain amount (2.25 g) of kaolinite was introduced
into a three-necked round bottom flask. In a separate flask,
2.56 x 10~ moles of FeCl; were dissolved in 60 mL of
chloroform, keeping the ratio of FeCls:indene as 3:1. This
solution was added into the first flask. The mixture was
kept stirring at 20°C under N, for 20 min. Indene
(0.011 mol) was added into this solution dropwise under
N,. The composite formation reaction was carried out for
3 h. Then the reaction was stopped and the product was recov-
ered. The crude composite product was washed with distilled
water and diethyl ether as described earlier. Finally, the pure
composite was dried in a vacuum oven at 70°C for 24 h. Five
polyindene/kaolinite composites, with various percentages of
polyindene were prepared by changing the clay to monomer
ratio, and they were coded as follows: 22% PIN/78%
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kaolinite (K1), 37% PIN/63% kaolinite (K2), 53% PIN/
47% kaolinite (K3); 75% PIN/25% kaolinite (K4) and 85%
PIN/15% kaolinite (K5).

2.3 Characterization

FTIR spectra of kaolinite, PIN and PIN /kaolinite composite
were recorded on a Mattson Model 1000 instrument (UK)
as KBr discs.

Scanning electron micrographs of the samples were
recorded using a Jeol JSM-6360 LV scanning electron micro-
scope (Japan).

Thermal analysis of PIN and PIN/kaolinite composites
were taken on V2.2A Dupont Model 9900 thermo gravimetric
analyzer (Raleigh, NC).

Conductivity and dielectric constants of the samples were
measured with an HP 4192 A 6F Impedance Analyzer
(UK). The current-potential measurements were performed
on samples as solid discs (20 mm long, 5 mm wide and
I mm thick) with a Keithly 220 programmable current
source and a Keithly 199 digital multimeter (Ohio) at
ambient temperature. The capacitance, C, of ER particles
was measured with an HP 4192 A LF impedance analyzer
at frequency of 1MHz at constant temperature
(20.0 £ 0.1°C).

Particle size of the samples was determined using a
Malvern Mastersizer E, version 1.2b particle size analyzer
(UK). During the particle size measurements, samples were
dispersed in ethanol and stirred at a constant temperature
of 20°C. The data collected were evaluated according to
Fraunhofer diffraction theory by the Malvern Software
computer (18).

2.4 Preparation of Suspensions

Suspensions from PIN and PIN/kaolinite particles were
prepared in silicone oil (SO) at a series of concentrations
(¢ =5-25m/m, %), by dispersing definite amount of dis-
persed phase in calculated amount of continuous phase
according to the formula:

(m/m, %) = [mdispersed phase/ Myispersed phase 1 m,il]. (1)

2.5 Electrorheological Measurements

Electrorheological properties of the suspensions were deter-
mined with a Termo-Haake RS600 parallel plate electro-
rheometer (Germany). The gap between the parallel plates
was 1.0 mm and the diameters of the upper and lower
plates were 35 mm. All experiments were carried out at
various temperatures (0—125°C, with 25°C increments.).
The potential used in these experiments was also supplied
by a 0—12.5kV (with 0.5kV increments) dc electric field
generator (Fug Electronics, HCL 14, Germany), which
enabled resistivitiy to be created during the experiments.
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Sch. 1. Polymerization mechanism of indene.

3 Results and Discussions

3.1 Characterization

Characterization of the kaolinite, polyindene and polyindene/
kaolinite composites is discussed below:

Table 1 shows the yield percentage, average particle
diameter, conductivity and dielectric constant values of PIN
and PIN/kaolinite composites. It was observed that, the con-
ductivity and dielectric constant values of PIN and PIN/kao-
linite composites are close to each other. The conductivities
and dielectric constants of PIN/kaolinite composites
slightly increased with increasing content of PIN and they

n

Polyindene

caused no problems during the ER measurements. Similar
trends were reported for polyaniline/polyurethane blends by
Chwang et al. (19).

FTIR spectra of kaolinite, PIN and PIN/kaolinite compo-
site are given in Figures la—c. The FTIR absorptions of kao-
linite (Figure 1a) at 3500 cm ™', 3520 cm ™', 3620 cm ™! and
3698 cm ™' were assigned to the inner hydroxyl group stretch-
ings. FTIR spectrum of PIN (Figure 1b) showed the expected
distinctive absorptions: 2920—3000 cm™' (aliphatic C-H
stretching), 3020—3037 cm™ ' (aromatic C-H stretching),
1450—1700 cm™ ' (aromatic C=C vibrations), 750 cm™ '
(C-H bending vibrations) (20, 21). The FTIR spectrum of

Table 1. Yield percentage, average particle diameter, conductivity and dielectric constant values of PIN and PIN /kaolinite

composites
Average particle Conductivity

Composite ratio Yield (%) diameter (um) Sm~' x 10° Dielectric constant
PIN 98 8.29 1.30 12.7

%22 PIN/%78Kaolin (K1) 94 8.94 1.20 10.6

%37 PIN/%63 Kaolin (K2) 94 9.03 1.25 11.0

%353 PIN/%47 Kaolin (K3) 91 12.30 1.36 12.0

%75 PIN/%25 Kaolin (K4) 86 13.15 1.40 12.4

%85 PIN/%15Kaolin (K5) 81 9.21 1.42 12.6
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Fig. 1. FTIR spectra of (a) kaolinite, (b) PIN and (c) PIN/kaoli-
nite (K4) composite.

PIN/kaolinite composite (Figure lc) at 3690 cm™ ',
1606 cm ™!, and 2922—3023 cm™ ' are typical of -OH,
-C=C- and -C-H stretching vibrations, respectively. The
-OH stretching is broadened and changed little with PIN
incorporation in the composite. These results support that
the fact that PIN and PIN/kaolinite composites are success-
fully synthesized.

Table 2 summarizes the TGA results of PIN and PIN /kao-
linite composites. The PIN and PIN/kaolinite composites
were degraded at one stage. The initial degradation tempera-
tures of all the composites were observed to be higher than
PIN. As the content of PIN was increased in the composite,
the amount of residue left decreased. Tunney and Detellier
studied the thermal behavior of kaolinite and they reported
650—800°C as degradation temperature, 730°C as half-life
temperature and 88% of residue (17). Since, the thermal
instability of ER active materials is an important problem to
overcome, these thermal stability results of composites are
very important for potential industrial applications of ER
fluids.

Table 2. TGA Results of PIN and PIN/kaolinite composites

Evristi et al.

Fig. 2. SEM micrographs of (a) PIN and (b) PIN/kaolinite (K3)
composite.

Figure 2 shows the SEM micrographs of PIN (a) and PIN/
kaolinite (b) composites. Surface structure of both PIN and
PIN/kaolinite (K3) composites were granular and porous;
and their surface morphologies were similar to each other.
Thus, it was concluded that, PIN and kaolinite formed harmo-
nious and homogenous mixture in the composites (22).

Sample T, (°C) To (°C) T; (°C) Taq1 /2 (°C) Residue (wt%) at 800°C
PIN 315 490 660 627 50
Kl 385 490 595 516 72
K2 356 482 570 608 66
K3 335 471 570 625 37
K4 335 500 590 656 28
K5 340 515 606 685 25

T;: Initial degradation temperature.

T Maximum degradation temperature.
Tg Final degradation temperature.
Ta(1/2): Half life temperature.
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3.2 Electrorheology

3.2.1 Effect of Concentration on ER Efficiency

Suspension concentration exerts a principle effect on the ER
activity. The changes in ER efficiency, ((nz—m0)/10), With
suspension concentrations of dispersed particles at constant
shear rate (y =1.0s"") and temperature (T = 25°C) are
depicted in Figure 3. The ER efficiency increases with
rising particle concentration up to ¢ = 15 (m/m, %). This
trend is due to the polarization forces acting between the sus-
pended particles. The magnitude of this polarization force (F)
in the direction of applied electric field (E) is (23).

F = 6s, - 1% - E?/p* Q)

Where ¢, is the dielectric constant of the particle; p is the
distance between particles, 1 is the radius of a particle.

Gradual decreases were observed at the ER efficiency of
suspensions after ¢ = 15 (m/m, %) particle concentration.
As the amount of dispersed particles increased, m, also
increased, which means that viscous forces dominated the
suspension against electric field induced polarization forces.

Maximum ER efficiency of PIN and PIN/kaolinite compo-
sites/SO suspensions were observed to be: PIN (30.4) > K5
(29.3) > K4 (28.5) > K3 (26.5) > K2 (24.2) > K1 (20.6).
The ER efficiencies of the composites were observed to
increase with increasing PIN content.

Similar trends were reported in the literature by Langelova,
Kordonsky and See for the ER studies of polyaniline/SO,
cellulose derivatives/SO and poly(styrene-co-divinylben-
zene) /SO suspensions, respectively (24, 25, 26).

3.2.2  Effect of Electric Field Strength on Viscosity
Figure 4 shows the change in the electric field viscosity (1g)

with electric field strength at constant conditions
35
30
= 25
=
£
F‘
& 20
s
4
15
L
10 ; ; : |
5 10 15 20 25

Concentration (m/m. %)

Fig. 3. Change in ER efficiency with concentration (l) PIN, (OJ)
K5, (A) K4, (A) K3, (¢) K2, (¢) KI, E=0kV/mm and
E=20kV/mm, y=10s"', T=25C.
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Fig. 4. The change of viscosity with electric field strength, (H)
PIN, (O) K5, (A) K4, (A) K3, (®) K2, (¢) K1, ¢ = 15 (m/m, %),
y=10s"" T=25C.

[y =10s"", ¢c=15 (m/m, %), T = 25°C]. As seen from
the graph, mg of the suspensions increase slightly up to
E = 1.0 kV/mm, then shows a sharp rise with enhanced
electric field strength. Under an applied electric field
strength, the magnitude of the interparticle interactions
increases, and in turn, increases the chain length (formed by
the polarized particles), resulting in the enhancement of in
viscosity. Maximum 7g of the samples, under E = 3.0 kV/
mm, were determined to be: PIN (mg = 908 Pas) > K5
(ng =798 Pas) > K4 (mp =746 Pas) > K3 (ng =698
Pas) > K2 (mg =332 Pas) > K1 (mg =271 Pas). It was
observed that, ng of the composites increased with increasing
PIN content.

A similar trend of electric field viscosity change with
external electric field strength was reported by Diirrschmith
and Hoffmann (27) in ER studies of saponite /SO suspensions
and by Unal et al. (28) in the ER studies of poly(Li-2-hydroxy
ethyl methacrylate)/SO suspensions.

3.2.3 Effect of Electric Field Strength and Concentration
on Shear Stress

Figure 5 shows the change in the yield stress (logr,) as a
function of square of external electric field strength (logE?),
keeping the shear rate (y = 1.0s™"), suspension concen-
tration (c =15 (m/m, %), and temperature (T = 25°C)
constant. It was determined that, for all the samples
examined, 7, increases with increasing E? and PIN content,
indicating that the system structure in ER suspension
become more stable under a strong electric field. When par-
ticles are subjected to an external electric field, their
electric field-induced dipole moments increases proportion-
ally and a stronger chain formation occurs between the sus-
pended particles, which is in accordance with theoretical
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Fig. 5. Dependence of yield stress on electric field strength, (H)
PIN, (0J) K5, (A) K4, (A) K3, () K2, (©) K1, ¢ = 15 (m/m, %),
v=10s""',T=25C.

expectations:
Toc E" 3)

This conclusion was confirmed in many other studies, i.e.,
glycerol-activated titania/SO (29), zeolite/SO (30), K,O
doped Y,03/SO (31), B-cyclodextrin polymer/SO (32), and
polyaniline/clay nanocomposites/SO (33) suspensions.
Also, from the slope of logr, vs. logE?, it was calculated
that the slopes (m) were m <2 (up to E=1kV/mm,
m = 0.42; after E = 1 kV/mm, m = 1.77), which supports
the proposed polarization model for ER active fluids by
Choi (34).

In Figure 6, the change in electric field induced shear stress
(7g) with concentration is given at constant conditions
(E=2.0kV/mm, y=1.0s""and T = 25°C). The 7 of an
ER suspension is largely dependent on particle concentration.
The following relationship is derived from Figure 6 (28):

75 oc ¢"®) 4)

Electric field induced shear stress (7z) was observed to
increase linearly with increasing suspended particle concen-
tration and the PIN content of the composites. This is due
to the increased magnitude of polarization forces at higher
suspension concentrations, which results with enhanced 7.
The change of 7 of PIN and PIN/kaolinite/SO suspensions
were as follows: 7gPIN (285 Pa) > 1xK5 (168 Pa)> K4
(123 Pa) > K3 (85 Pa) > 7zK2 (70 Pa)>mgK1 (55 Pa).
Kim (35) and Yavuz (36) reported similar trends for cellulose
and poly(Li-tert-butylmethacrylate) suspensions prepared in
SO, respectively.
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Fig. 6. The change of shear stress with concentration, (H) PIN,
(O) K5, (A) K4, (A) K3, (&) K2, (©) K1, E=2kV/mm,
v=10s"",T=25C.

3.2.4 Effect of Shear Rate on Shear Stress

Variation of shear stress for PIN and PIN /kaolinite composite
suspensions in SO with shear rate at constant conditions
(c=15m/m%., E=2.0kV/mm, T =25°C) is shown in
Figure 7. Shear stress increases with increasing shear rate
as a typical of Bingham flow behavior. This is caused by
the role of induced polarization forces, which is a typical
rheological characteristic of ER fluids under the influence
of external electric field strength (35).

Similar Bingham behavior was reported by Di et al., (37)
for the ER studies of copper phthalocyanine-doped mesopor-
ous Ti0,/SO suspensions.

3.2.5 Effect of Shear Rate on Viscosity

Change of viscosity of PIN and PIN /kaolinite composite sus-
pensions in SO with shear rate/E at constant conditions
(c=15m/m%., E=2.0kV/mm, T =25°C) is shown in
Figure 8. Electric field viscosity of all the suspensions
decreases sharply at smaller share rates, where the shear vis-
cosity scales as:

Mg € T /Y )

At higher shear rates, the dependence of ny become shear
independent. This is a typical shear thinning non-Newtonian
flow behavior of PIN and PIN/kaolinite composite/SO sus-
pensions. Rheological properties of suspensions dramatically
change upon the application of external electric field, which
cause the rapid aggregation of particles into fibrous
columns perpendicular to the parallel plate electrodes.
These fibrous structures span the plate’s gap in quiescent sus-
pension and collapse with the increased shear rate. PIN and
PIN/kaolinite composite particles are also affected by the
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hydrodynamic interactions and the viscous forces (F) at high
shear rates, which have the following magnitude (24):

F = 6mmpr’y (6)

where, r is radius of particle. Although F is proportional to -y,
at higher shear rates, the suspension’s viscosities become less
dependent of on E. This suggests that at higher shear rates, the
viscous forces are dominant over the polarization forces, and

10000

100 -

Viscosity (Pas)

10 -

0 5 10 15 20 25
¥/ E?
Fig. 8. The changes in viscosity with shear rate. (l) PIN, (CJ) K5,

(A) K4, (A) K3, (#) K2, (¢) K1, ¢ = 15(m/m), E = 2 kV/mm,
T = 25°C.
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the suspensions structures do not vary appreciably with
E. Similar behaviors were reported for poly(lithium-2-acryla-
mido-2-methyl propane sulfonic acid) (38), sepiolite (39),
poly(naphtalene quinone) radical (40), cellulose (41), and
PANI (42, 43), in all of which SO was used as the continuous
phase for the suspensions.

3.2.6 Effect of Frequency on ER Activity

The external stress frequency (f) is an essential factor for char-
acterizing the dynamic visco-elastic properties of ER fluids
(44). Figure 9 demonstrates the change of electric field
induced complex shear modulus (G’) with f at ¢ = 15%,
E=2.0kV/mm and T =25°C constant conditions. The
setting shear stress for this experiment was 7= 10 Pa, which
can ensure that the measurements are conducted in the small
strain region. The increase in G’ with increasing external fre-
quency was also reported in the literature (40, 45, 46) as the
typical characteristic of a viscoelastic material.

3.2.7 Effect of Temperature

Figure 10 shows the changes in 75 of PIN and PIN/kaolinite
composite/SO suspensions under various temperatures at
constant conditions (¢ = 15m/m%, E=2.0kV/mm,
v=1.0s""). As the temperature increased from T = 0°C
to T = 125°C, 7 of all the suspensions were observed to
decrease slightly. The shear stress losses [AT= TgT—0°c)-
Te(r=125°C)] calculated from the graph were as follows: PIN
(A7g =101 Pa)>K3 (Arg=63 Pa)>K5 (Ag=61
Pa) > K4 (Ag=55 Pa)>K2 (Arg=35 Pa)>Kl
(A’TE =14 Pa)

Generally, the temperature has two effects on the ER fluids:
one is on polarization forces and another one is on the
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Fig. 9. The changes in elastic modulus with frequency (H) PIN,
(0) K5, (A) K4, (L) K3, (&) K2, (©) K1, ¢ =15 (m/m, %),
E=2.0kV/mm, T =25°C.
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Brownian motion. The increase of temperature results both in
decreased activation energy of polarization of suspended par-
ticles, and on the polarizability of particles, which results in a
decrease in A7g. On the other hand, the Brownian motion
does not contribute to chain formation of suspended particles.
Although shear stress increases with increasing temperature
reported in the literature by Choi (47) and Lu (48); Unal
(29) and Liu (49) reported that shear stress decreases with
increasing temperature.

The effects of promoter on the ER activity of PIN /kaolinite
suspensions in SO were also investigated and it was observed
that addition of any promoter (water, ethanol, glycerol)
caused an electrical brake-down and caused no positive ER
increment. That is why; the PIN and PIN /kaolinite suspen-
sions examined in this study were classified as dry base ER
fluids, which is an important property from an industrial
point of view.

4 Conclusions

ER activity of all the suspensions was observed to increase
with increasing electric field strength, concentration and
decreasing shear rate.

The electric field viscosity of all the suspensions was
decreased sharply with increasing shear rate, thus showing a
typical shear thinning non-Newtonian visco-elastic behavior.

ER activity of suspensions increased with increasing PIN
content in PIN/kaolinite composites.

Complex shear modulus of PIN and PIN /kaolinite suspen-
sions was observed to increase with increasing external
frequency and showing a typical characteristic of a visco-
elastic material.

Eristi et al.

The ER strength of all the PIN and PIN/kaolinite suspen-
sions was observed to be sensitive to high temperature,
non-sensitive to promoter, and they were classified as dry
base ER fluids and suitable for potential industrial
applications.
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