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Abstract Hollow globular clusters of titanium oxide
(TiO,) nanoparticles were synthesized by a simple hydro-
thermal method. The prepared particles were consequently
coated by in situ polymerization of conductive polymer
polypyrrole (PPy) to obtain novel core—shell structured
particles as a dispersed phase in electrorheological (ER)
suspensions. The X-ray diffraction analysis and scanning
electron microscopy provided information on particle
composition and morphology. It appeared that PPy coating
improved the compatibility of dispersed particles with
silicone oil which results in higher sedimentation stability
compared to that of mere TiO, particles-based ER suspen-
sion. The ER properties were investigated under both
steady and oscillatory shears. It was found that TiO,/PPy
particles-based suspension showed higher ER activity than
that of mere TiO, hollow globular clusters. These observa-
tions were elucidated well in view of their dielectric spectra
analysis; a larger dielectric loss enhancement and faster
interfacial polarization were responsible for a higher ER
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activity of core—shell structured TiO,/PPy-based suspen-
sions. Investigation of changes in ER properties of prepared
suspensions as a function of particles concentration,
viscosity of silicone oil used as a suspension medium, and
electric field strength applied was also performed.
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Introduction

Electrorheological (ER) behavior of suspensions of electri-
cally polarizable particles dispersed in an insulating fluid
has been the object of investigations of many researchers in
the past. The ability to suddenly change rheological
properties due to formation of a stiff chain-like structure
of polarized particles in the electric field ranges these fluids
among smart materials with a great potential in engineering
applications [1-3]. The nature of this effect enabling the
remote-controlled transition from liquid to quasi-solid state
has been discussed in review articles [4—7]. The broader
using of ER effect in practice is still hindered by several
problems such as low polarization forces and temperature
dependence, leaking current through the suspension and
particle sedimentation. To overcome these drawbacks,
various ER materials differing in shape [8] and organic [9,
10] or inorganic [11] nature have been developed. In
addition, a dispersed phase of particles with modified
structure as metal-doped titania [12], polymer/inorganic
hybrid [13, 14], and core—shell composites [15] have also
been used in ER fluids.

It is well known that the interfacial polarization takes
dominant role in determination of the ER performance, and
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dielectric and electric properties of particles are main
factors affecting the ER activity. At present great attention
has been paid to titanium oxide (TiO,) because of its high
dielectric constant. Its weak ER activity mainly originating
from its low active natural structure could be improved by
changing its molecular or crystalline structure or micro-
structure [16]. In this study, with a view to prepare a novel
material with good ER performance, the hollow globular
clusters of titanium oxide nanoparticles coated with a
polypyrrole (TiO,/PPy) were synthesized and steady-state
and oscillatory flow behavior of their silicone oil suspensions
related to dielectric properties were analyzed.

Experimental
Materials

Potassium titanium oxide oxalate dihydrate (TiO) (OCO-
COOK),; PTO, technical grade), hydrogen peroxide solu-
tion (H,O,, 30 wt.%), hydrochloric acid (HCI, >37%),
pyrrole (Py, >98%) and ammonium persulfate (APS, 98%)
were purchased from Sigma—Aldrich Incorporation (St.
Louis, USA). Cetyltrimethylammonium bromide (CTAB,
98%) was obtained from Lach—Ner, s.r.o. (Neratovice,
Czech Republic). All chemicals were used without further
purification.

Synthesis of TiO,/PPy particles

The mere TiO, hollow clusters were prepared according to
the report [17], with a minor modification. PTO 1.416 g
(4 mmol) was dissolved in 30 ml of distilled water and to a
dark red solution 30 ml of 30% H,0, and 3 ml of 37% HCI
were added. The mixture was transferred to a 100-ml
Teflon-lined autoclave and filled up with distilled water up
to 90% of the total volume. The autoclave was sealed,
heated at 150 °C for 8 h, and cooled down to room
temperature. The suspension of TiO, clusters was filtered,
the precipitate rinsed with distilled water several times, and
dried at 60 °C in the vacuum for 6 h. The yield was around
83% (approximately 0.281 g).

To obtain TiO,/PPy particles, 1.845 g of CTAB was
dissolved in 100 ml of distilled water and 2 g of TiO,
clusters was added. The suspension was sonicated for
30 min and cooled to 0-5 °C during vigorous stirring.
Then, 4 ml of precooled Py monomer and 13.28 g of
precooled initiator APS were added to the mixture drop-
wise. The polymerization reaction was carried out at 0—5 °C
for 8 h and kept under room temperature another 12 h. The
powder of TiO,/PPy particles was collected on the filter and
rinsed with distilled water several times. In order to
decrease the conductivity of PPy coating, the sample was
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dispersed in fivefold molar excess of 1 M ammonium
hydroxide for 5 h. Then, after filtration, TiO,/PPy was
rinsed with distilled water and dried as above. The weight
fraction of PPy in the composite determined by thermog-
ravimetric analysis (Setaram SetSys Evolution 1200, USA)
was 34 wt.%.

Particle characterization

The structural analysis of prepared materials was carried
out on an X'Pert PRO (Philips, the Netherlands) X-ray
diffractometer, fitted with copper target, K, ray, scanning
rate of 4° min~' for the recording data in the range of 20=
20-80° (360 kV, 20 mA). Elicited phase and purity from
powder XRD patterns are shown in Fig. 1. All the
diffraction peaks can be indexed to a pure tetragonal rutile
phase according to JCPDS card No. 21-1276 with lattice
constants a=4.602 A and ¢=2.956 A. In obtained XRD
patterns, no other impurity peaks are detected. The peaks
are not so sharp, and a small amorphous halo due to PPy
appears in TiO,/PPy particles XRD pattern.

The morphologies of the TiO,/PPy powder as well as its
PPy-coated variants were determined with SEM (Scanning
Electron Microscope VEGA II LMU; Tescan, Czech
Republic) operated at 10 kV and is shown by scanning
electron micrograph in Fig. 2. As can be seen, the particles
are hollow globular clusters of TiO, primary nanoparticles
with the size of around 1 um. PPy coating can be
recognized on the surface.

Preparation of ER fluids

Five, 15, and 25 wt.% of uncoated and PPy-coated hollow
globular clusters were dispersed by ultrasonic mixing in
silicone oils Lukosiol M15 (Chemical Works Kolin, Czech
Republic; viscosity 14.5 mPa s, density 0.965 g cm °) and
Lukosiol M200 (Chemical Works Kolin, Czech Republic;
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Fig. 1 Powder XRD patterns of the mere TiO, clusters (a) and TiO,/PPy
particles (b)



Colloid Polym Sci (2012) 290:41-48

Fig. 2 SEM images of TiO, (a)
and TiO,/PPy (b) hollow
globular clusters

viscosity 194 mPa s, density 0.965 g cm ). To avoid the
influence of moisture, both silicone oils were dried at 80 °C
for 24 h.

Electrorheological measurements

The ER properties of the fluids under investigation were
measured using a rotational rheometer (Bohlin Gemini,
Malvern Instruments, UK), with coaxial cylinder geometry
(length 27.4 mm, inner cylinder of 14 mm in diameter and the
outer cylinder separated by a 0.7-mm gap), modified for ER
experiments. A DC voltage (0.35 until 2.1 kV) corresponded
to the electric field strength range 0.5-3 kV mm ' was
generated by a DC high-voltage source TREK (TREK 668B,
USA). All steady-flow measurements in the controlled shear
rate (CSR) mode were performed in the shear rate range 0.1—
300 s '. The oscillatory tests were carried out through
dynamic strain sweeps and frequency sweeps. The strain
sweeps were performed in the applied strain range of 10 to
107 at a fixed angular frequency of 6.28 rad s ' under an
electric field in order to get the position of the linear
viscoelastic region (LVR). Afterwards, the viscoelastic
moduli were obtained from the frequency sweep tests (0.5
to 100 rad s ') at fixed strain amplitude in the LVR. All the
oscillatory measurements were performed in the CSR mode.

In both modes before each measurement at new electric
field strength used, the formed internal structure within the
suspension was destroyed by shearing of the sample at a
shear rate 20 s ' for 150 s. The temperature in all
experiments was kept at 25 °C.

Dielectric properties

Dielectric properties in the frequency range of 40-5x10° Hz
were measured with an impedance analyzer (Agilent
4524, Japan). Although the Cole—Cole equation has
been frequently used for investigation of dielectric

properties of many ER fluids [18], the dielectric spectra
(Fig. 3) expressed by complex permittivity €* were
analyzed in this study using Havriliak—Negami equation
by which the asymmetry of relaxation peak can be more
properly fitted [19]:
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Fig. 3 Relative permittivity, €', (a) and dielectric loss factor, £”, (b) as

a function of the angular frequency, w, for 5 wt.% suspension of TiO,

hollow globular clusters (empty circle) and TiO,/PPy (empty triangle)
particles
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where polarizability, Ae’, is defined as the difference
between static €'y and high-frequency ¢',, relative permit-
tivity, w is angular frequency, #. is the relaxation time, and
a and b are shape parameters which describe the symmetric
and asymmetric broadening of the dielectric function, 0<a,
a-b<l. The parameters a and b are related to the limiting
behavior of the dielectric function at low and high
frequencies. The relaxation frequency, at which the dielec-
tric loss factor £” has a maximum, is proportional to the rate
of polarization of suspension particles.

Sedimentation behavior

Stability of ER fluid consisted of 25 wt.% TiO, hollow clusters
and their PPy-coated variant in silicone oil M15 was
examined by sedimentation ratio test based on a simple naked
eye observation of sedimentation velocity (Fig. 4). Within this
method, the samples were placed into test tubes and observed
for 220 h. The settling of macroscopic phase boundary
between the concentrated suspension and the relatively clear
oil-rich phase was measured as a function of time. Then, the
sedimentation ratio is defined as the height of particle-rich
phase relative to the total suspension height. As can be seen,
the ER fluids keep stable for a long time because of hollow
structure. Furthermore, TiO,/PPy suspension exhibits higher
sedimentation stability than that of TiO, particles based one in
the same time period which is caused by improved particles
compatibility with the oil medium due to PPy coating.

Results and discussion

ER effect and dielectric properties

Figure 5 illustrates an increase in ER activity of the mere
TiO, clusters after PPy coating. Almost linear log—log plot
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075 1 1 1 1 1
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t[hr]
Fig. 4 Sedimentation ratio/time dependence of 25 wt.% ER suspen-

sions of TiO, (filled circle) and TiO,/PPy (filled triangle) particles in
silicone oil M15
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Fig. 5 Double-logarithmic plots of the shear stress, 7, (a) and the
viscosity, 1, (b) vs. shear rate,y, for 5 wt.% suspension of TiO, (filled
circle, empty circle) and TiO,/PPy (filled triangle, empty triangle)
particles in silicone oil M15. The electric field strengths (in kilovolts
per millimeter): 0 (empty circle, empty triangle), 3 (filled circle, filled
triangle)

of the shear stress on the rate of shear for suspension of
both coated and uncoated particles in the absence of the
electric field suggests almost Newtonian behavior charac-
teristic for suspension of non-polarized particles (Fig. 5a).
Viscosity of the sample of mere TiO, particles predom-
inates (Fig. 5b) probably due to their more hydrophilic
surface than PPy layer and, consequently, worse particle
compatibility with the hydrophobic oil medium [9, 20].
Under electric field application, the low-shear apparent
viscosity of both suspensions increased. The flow became
pseudoplastic, and the ER response of PPy-coated particles
was higher. As seen in Fig. 5a, the peak in the shear stress
develops during shearing of the suspension in the electric
field. This phenomenon is attributed to the rearrangement in

Table 1 Parameters in Eq. 1 and polarizability of ER fluids

Parameter TiO, TiO,/PPy
o 3.8 4.52
€'w 2.92 2.88
Ag’ 0.88 1.64
trel 1.63E-02 2.64E-04
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Fig. 6 The dependence of the performance, e, on the shear rate,y, for
5 wt.% suspension of mere TiO, particles (filled circle) and TiO,/PPy-
coated particles (filled triangle) in silicone oil M15

ER structures from chain-like structures spanning the gap
between electrodes to lamellar structures as has been
demonstrated in several ER fluids [21]. Because the
rearrangement requires both electrostatic and hydrodynamic
forces, it has been suggested that due to the thermodynamic
reasons, the lamellar structures spontaneously form, driven
by a lowering of the free energy in the system [22].
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Fig. 7 Double-logarithmic plot of the shear stress, 7, (a) and
viscosity, 7, (b) vs. shear rate, y, for 25 wt.% ER fluid of TiO,/PPy
particles in silicone oil M15 at various electric field strengths £ (in
kilovolts per millimeter): O (filled square), 1 (filled triangle), 2 (filled
circle), 3 (filled inverted triangle)
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Fig. 8 The dependence of performance, e, on the shear rate, y, for
suspension of TiO,/PPy particles in silicone oil M15. Particle
concentrations (in weight percent): 5 (filled inverted triangle), 15
(filled circle), 25 (filled triangle)

Especially mere TiO, hollow globular clusters suspension
exhibits during the initial stages of shearing under electric
field rearrangement from static aligned particles chain-like
structure into another dynamic one.

It is generally accepted that interfacial polarization of
particles and formation of chain-like structures in ER
materials are closely related to dielectric phenomena. The
dielectric spectra (Fig. 3) and their characteristics in the
Table 1 indicate that PPy coating of particles enhanced the
magnitude of particle polarizability, Ae’, and decreased the
relaxation time, #.. As a result, highly polarized particles
with higher mobility were organized in a stiffer ER
structure of suspension with higher viscosity.

For practical use, in addition to viscosity of suspension
reached at the electric field strength used, also electric field-off
value must be considered for evaluation of the efficiency of
ER phenomenon. Thus, the performance of the ER liquid
corresponding to a relative increase in electroviscosity,
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Fig. 9 The dependence of ER performance, e, on the shear rate,y, of
15 wt.% suspension of TiO,/PPy particles in M15 (filled inverted
triangle) and M200 (filled triangle) silicone oil
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Fig. 10 Double-logarithmic plot of the shear stress, 7., vs. electric
field strength, E, for 5 wt.% suspension of TiO, (filled circle) and
TiO,/PPy (filled triangle) particles in silicone oil M15

Ang=ng—mn, due to electric field application can be
expressed as e=(ng—1))/no, where ng is a viscosity of ER
structure [23]. It is worth to noting here the case of
nanoparticles-based ER fluids providing a giant ER effect
[24]. Unfortunately, no information about ER performance
has been found in the literature dealing with such systems.
However, one can expect that the ER performance could be
comparable with conventionally used ER systems due to
very high off-state viscosity of giant ER fluids, which could
also be a problem in some practical applications.

In our study it is obvious that the ER efficiency is
significantly higher for system based on coated particles
due to higher viscosity in the low-shear rate region under
electric field applied and lower field-off viscosity (Fig. 6).

Steady-state flow properties
The rigidity of the particles chain structure in suspension of

TiO,/PPy particles under electric field influence steeply
increased with particle concentration. The shear stress of
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Fig. 11 Time dependence of the shear stress, 7, in the alternate switching

on (E=1.5 kV mm YYoff regime of 15 wt.% suspension of TiO,/PPy
particles in silicone oil M15 at the constant shear rate 7 = 5 s~
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Fig. 12 Storage, G', (solid symbols) and loss, G", (open symbols)
moduli vs. strain, ~, at angular frequency 6.28 rad s~' for 25 wt.%
suspension of TiO,/PPy particles in silicone oil M15. Electric field
strengths £ (in kilovolts per millimeter): O (filled circle, empty circle),
3 (filled triangle, empty triangle)

25 wt.% suspension at low shear rates at the field strength
3 kV mm ' reached about 0.7 kPa (Fig. 7). However, due to
steeper increase in the field-off value, the performance with
particle concentration decreased (Fig. 8).

The higher viscosity of suspension medium caused lower
relative increase in electroviscosity and, consequently, lower
ER performance (Fig. 9).

The response to the electric field

The determination of the dynamic yield stress by extrapo-
lation of the shear stress to zero shear rate is problematic
because of unsteady flow at low shear rates caused by
deformation, destruction, and reformation of formed chain-
like and columnar ER structures [25]. Thus the shear
stresses, 7., at the low shear rates y, = 0.5 s~! have been
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Fig. 13 Storage, G', (solid symbols) and loss, G", (open symbols)
moduli vs. angular frequency, w, for 25 wt.% suspension of TiO,/PPy
particles in silicone oil M 15. Electric field strengths £ (in kilovolts per
millimeter): 0 (filled circle, empty circle), 3 (filled triangle, empty
triangle)
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used as a criterion of rigidity of static particle chain-like
structure. The dependence of this quantity on the electric
field strength, £, (Fig. 10) illustrates the improvement in the
ER activity of TiO, hollow clusters by PPy coating. The
linear log—log plot of 7. vs. E obeys the power law 7.=q E,
where the response of particles on the electric field
strength a=1.46-1.58 corresponds to the theoretical
predictions for well-developed ER structure (a=1.5)
[26]. The higher g value for suspension of TiO,/PPy
particles confirms strong increase in ER efficiency due to
particle coating.

Reproducibility of ER structure

The reproducibility of ER phenomenon is another basic
factor for the use of ER liquids in practice. Thus, the
alternate switching on and off the electric field should
provide the same increase or decrease in suspension
viscosity and reach during milliseconds virtually the same
ER structure. Figure 11 demonstrates that the shear stress
reached after switching on/off cycles with 15 wt.% ER
suspension based on TiO,/PPy particles in silicone oil M15
sheared at 55" and 1.5 kV mm ™' fulfills the requirements.

Dynamic oscillatory experiments

The formation of the internal chain-like structure of
polarized particles under electric field application is also
accompanied by a change of viscoelastic characteristics.
Figure 12 depicts the dependence of G’ and G” on the strain
amplitude () in oscillatory flow for 25 wt.% TiO,/PPy
particles suspension. Without the electric field, the viscous
modulus, G”, in the suspension is dominant over elastic
one, G'. When the electric field is applied, however, G’
becomes significantly higher than G” in the linear visco-
elastic region and both moduli increase rapidly in several
orders of magnitude from their electric field-off values.
When the strain acting on the internal structure increases
beyond a certain degree, the elastic and viscous moduli
intersect each other (G’ = G"), the chain structure of the ER
fluid breaks rapidly and the system starts to flow [27].

For practical applications it is important to know the
moduli in linear viscoelastic region and their angular
frequency dependence. Figure 13 presents the change in G’
and G" of 25 wt.% suspension of TiO,/PPy particles at the
small strain of 3x10™* under electric field strength
3 kV mm . In the absence of electric field, G’ and G”
exhibited the similar values. Relatively high G’ is probably
due to the presence of irregular shaped TiO,/PPy particles,
which can form aggregates in the flow even in the absence of
electric field, and so increase the elastic portion within the
ER suspension. Under electric field application, unlike G” an
increase in G’ about two orders of magnitude was much

higher. The elastic modulus was substantially larger than the
viscous modulus and the ER suspension exhibited solid-like
behavior, i.e., G' became nearly independent of frequency.
This plateau of the frequency-dependent viscoelastic modu-
lus is a characteristic of aligned 3D microstructures under
electric field application [28].

Conclusions

Hollow globular clusters of titanium oxide nanoparticles
coated with polypyrrole were prepared as a dispersed phase
of a novel ER fluid. The steady-state flow and dynamic
measurement showed that unlike mere uncoated particles,
their ER efficiency after polypyrrole coating was signifi-
cantly higher. This result is in good agreement with the
dielectric properties indicating higher particles polarizabil-
ity and lower relaxation frequency. The reproducibility and
speed of the formation and breaking of the ER structure met
the requirements. The performance characterized by a
relative increase in electroviscosity appeared to be signif-
icantly affected by particle content and viscosity of
suspension medium.
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