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REVIEW ARTICLE

Electrically Induced Microstructures in Micro-
and Nano-Suspensions and Related Physical Properties

By Katsufumi TANAKA™ and Ryuichi AKIYAMA

Progress in electrorheology was reviewed for micro- and nano-suspensions. Characteristics required for the suspensions and

related materials were shown. Some proposed models were discussed. Electrically induced microstructures, yielding, and

related physical properties were also discussed in terms of theory and experiment.
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The electrorheological (ER) effect is the reversible rheo-
logical responses of fluids only by application and removal of
an external electric field. A suspension composed of micro-
particles and insulating oil is known to show the ER effect. The
micro-suspension is a typical ER fluid,'~'* but “homogeneous”
ER fluids are also known.'>'® The flow of the ER micro-
suspension under no electric fields is generally assumed to be
the Newtonian flow. Under an electric field of E, the flow is
well assumed to be the Bingham flow with the yield stress
depending on E, oy(E),

o(E) = ncy + oy(E), ey

where o(E) is the shear stress under the electric field, 7. is the
viscosity of the continuous phase, and y is the shear rate.

In a micro-suspension, randomly distributed primary par-
ticles are polarized and a chain-like microstructure along the
electric field is induced, 2719 as shown in Figure 1. A columnar
or further developed microstructure of micro-particles was also
observed. Because a characteristic response time of the ER
effect is on the order of milliseconds,!™'? there are substantial
expectations for applications,">®!113:14 such as dampers,
clutches, valves, robotics, force display devices, and so on.

Electrorheology was extensively reviewed in the 1980s.
So far, some conference books!®?2 as well as review
articles'>~'82324 have also been published. Recently, however,
particular attention has been directed toward the ER fluids
based on micro- and nano-suspensions, the current under-
standing of which will be focused on in this review.

17,18

CHARACTERISTICS REQUIRED FOR THE ER
SUSPENSIONS

The ER effect for the suspensions is first characterized
by the (dynamic or static) yield stress or induced stress,
o(E) — 0(0) derived from eq 1. Figure 2 shows a hypothetical
stress-strain curve for slow deformations. The dashed line
indicates hysteresis, which can occur before the maximum. It is
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Figure 1. An example of a chain-like microstructure along the electric field in
the quiescent state. Typical geometries for optical observations
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Figure 2. A hypothetical stress-strain curve for slow deformations. The
dashed line indicates hysteresis, which can occur before the
maximum.

assumed that the static yield stress is not necessarily the same
as the dynamic yield stress in the figure.?>?® Experimentally,
the value or even the existence of a yield stress could depend
on the duration of the experiment, and the meaning of the yield
stress is not necessarily universal.”’?® Further, the stresses for
the proportional limit and the elastic limit shown in Figure 2
can be defined as the yield stress.

There are some other characteristics required,17 such as
stability against the sedimentation of particles, as wide as
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possible a temperature range of operation, low (or desirable
levels of) conductance, and so on. Applicability to a narrow
gap is of current interest for micro- or nano-fluidics. Much
larger yield stresses are also demanded.

MATERIALS

Winslow? first reported quantitative data on an ER fluid
based on moist silica gel, as well as the observation that wet
particulates were most active. Although the composition of
ER-active fluids was summarized,'” unspecified surfactants or
additives were often applied. Assuming an electric double layer
of fixed ions and counter ions, ER suspensions based on ionic
exchange resin particles were developed by Sugimoto,’ and a
systematic study was carried out.

For practical applications, however, the presence of water in
the fluid is undesirable: it may result in device corrosion;
operational temperature limitation to a range somewhere
between —20°C and 70°C; and significant electrical power
consumption with thermal instability.!” Such a requirement
of water has been overcome since dry (or anhydrous) ER
suspensions were developed.®® Anhydrous ER fluids based on
poly(acene quinones) were developed by Block et al.,} and the
fluids based on the family of crystalline alumino-silicates were
developed by Filisko et al.’

Furthermore, anhydrous ER fluids were developed based on
poly(p-phenylene),”® polyaniline,® and carbonaceous?®! parti-
cles. A new type of anhydrous ER fluids was originally
developed by Inoue’? based on a conductive core, surface-
modified with a nonconductive thin skin. Anhydrous ER fluids
based on composite particles were also reported.’>3 For a
favorable level of induced stress, a series of surface-modified
particles of sulfonated poly(styrene-co-divinyl benzene)s was
developed by Asako et al.®

Recently, a suspension based on dry titanium dioxide (TiO,)
nano-particles has been reported by Tanaka et al3’ The
suspended particles were remarkably stable against sedimenta-
tion and electrical breakdown. The nano-suspension also showed
a good fluidity with a gap of 50 um. An induced stress of over
3 kPa was generated by a DC electric field of 16 kV-mm~'. The
ER effect was also investigated for nano-suspensions based on
carbon nono-tubes®® and fullerenes.?® On the other hand, a
micro-suspension based on Ce-doped TiO, particles has been
developed by Yin and Zhao.** An induced stress of 8 kPa by a DC
electric field of 4kV-mm~! and a favorable level of induced
stress at temperatures around 100 °C were reported. Further-
more, a new class of giant ER effect has been proposed by Wen
et al.*' A static yield stress as well as an induced stress over
100kPa was reported for a nano-suspension based on barium
titanyl oxalate (BaTiO(C,04);) coated with urea.

SOME PROPOSED MODELS
The Forces Relevant to the ER Effect and Their Competi-

tion
A number of physical models including microscopic models

elec. i
F, F flow
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Figure 3. A pair of polarized particles under shear flow. The lateral
component of the polarization force (F®%) and that of the
viscous force (F°") acting on the top particle are shown.

of particle-level dynamics have been proposed and reviewed?*
extensively. Here, some proposed models will be discussed,
while microstructures including the ground state of the ER
solid*? will be discussed later.

The forces relevant to the ER effect and the competition
among them were discussed by Marshall et al.¥® Under an
external electric field, polarization forces are induced, which
scales as IZNECSO(aﬂE)Z, where & is the dielectric constant of
free space, B [= (&p — &c)/(gp + 2&.)] is the relative dielectric
constant mismatch, . and g, are respectively the relative
dielectric constant of the continuous phase and that of the
particles, and a is the particle radius. In Figure 3, a pair of
polarized particles under shear flow is shown. (Basically, the
polarization is assumed to be instantaneously induced. The
models neglecting the conduction current can be categorized as
polarization models,”* while the models considering this are
classified as conduction models. In practice, both the particles
and the continuous phase can be weakly conductive.)

Under shear flow, viscous forces also act on the particles with
a characteristic scale of 6mn.a”y. In nano-suspensions, thermal
forces should be taken into consideration, which scales as k7'/a
where k is Boltzmann constant, and 7 is absolute temperature.
In real colloidal suspensions, colloidal forces can be important,
such as van der Waals attractive forces, which scales as A/12h,
and electrostatic (or ionic) repulsive forces due to the overlap of
diffuse double layers, which scales as 4me g%, where A is
the Hamaker coefficient, % is the minimum particle surface to
surface separation, and ¥ is the surface potential. Steric (or
polymeric) repulsive forces may be considered for the surface-
modified particles with a thin polymer layer in suspension.*3**
It is worthwhile to note that a model including water capillary
forces (or water bridges®) in water-promoted ER suspensions
was proposed by See et al.¥

Competition among the forces can be evaluated using
dimensionless groups,* for instance:

[viscous forces]/[polarization forces]

= ney/2mece0(BEY = My 2)
[thermal forces]/[polarization forces]
= kT /a> 12me.e0(BE) (x P, A1) 3)
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The dimensionless group in eq 2 is often referred to as the
Mason number, M,, which is a characteristic ratio of viscous
forces and polarization forces acting on a particle.*® The
dimensionless groups of P and A~! similar to eq 3 are also
defined*’=° for evaluating the Brownian motion, showing that
thermal forces are negligible for most micro-suspensions, while
it can be important for nano-suspensions.

Polarization Models

A droplet model considering aggregated particles in sus-
pension was proposed by Halsey and Toor.*® The droplet shape
was set by a competition between the field energy and surface
tension. The shear thinning was observed in a model with a
sheared droplet.>

Microstructures under an electric field and related rheological
properties were investigated using dynamic simulation methods
of particle level ' The dynamics of the fibrous nature by
Klingenberg et al.>!' and aggregation kinetics by See and Doi’? of
non-Brownian suspensions were reported in the quiescent state.
The dynamic yield stress was simulated under shear, and
configurations of the particles were also shown.’* The induced
stress due to the clusters (chains or aggregates of the particles)
was simulated by Takimoto,* showing that the induced stress
remained roughly independent of the shear rate, although the
clusters became shorter as the shear rate increased. In a molecular-
dynamics-like simulation, in which both hydrodynamic and
electrostatic interparticle interactions can be accurately account-
ed for,> the shear thinning was found, and the corresponding
microstructures were shown. For small Mason number, the
microstructure began to exhibit two distinct motions, a slow
elastic body-like deformation and a rapid reconfiguration or
snapping of the microstructure (or “energy jumps”), suggesting a
close relation to the dynamic yield stress, or energy dissipation.

The static and dynamic yield stresses were described by
Bonnecaze and Brady®® using a microstructural model, in
which both yield stresses are related to the electrostatic energy.
The static yield stress was determined from non-linear elastic
strain-energy theory.’’ The connection between the dynamic
yield stress and the “energy jumps”> was derived. In the
polarization models, the dynamic (or static) yield stress is
basically proportional to (8E)>.

Conduction Models

It was pointed out by Anderson®® and Davis®® that the
(Ohmic) conductivities of particles, «},, and continuous phase, k.,
are dominant for the polarization forces under DC (or low-
frequency AC) electric fields. On the other hand, the dielectric
constants of ¢, and . are dominant under high-frequency AC
electric fields,® at a frequency f of which the conductivity effects
can be neglected (i.e., w = 27f > «ki/&p¢i, for both particles
(i = p) and the continuous phase (i = c)). Under DC (or low-
frequency AC) electric fields, B [= (k, — k¢)/(kp + 2k.)] can be
modified. These effects can be generally treated using complex
dielectric constants,’*! g% = ¢&'; — k;/(jweo), where j> = —1,
instead of ¢; or «; in 8. The frequency dependence of the dynamic
yield stress can be qualitatively explained in the models.

—
A
E= Eo@.mt . .
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—

Figure 4. A shear-rate dependent polarization (P) of a particle spinning in
flow with an AC field (E). A torque (P x E) can also be induced by
a delay in the polarization of the spinning particle and a tilt of the
polarization (P) from the electric field direction (E).

For ER suspensions, the conductivity often shows non-
Ohmic behavior. If the difference between «p, and k. in B is
reduced, the electrical force acting between the particles is
reduced. The resulting dependence of the induced stress can
be weaker than expected.’” The non-Ohmic conduction was
included by Foulc et al®? in a model considering the two
regions in the contact zone between spherical particles, which
can be determined by balancing the conductances through the
outer and inner regions. The non-Ohmic behavior was given by
a simplified expression of Onsager’s theory,% showing to a first
approximation the linear attraction force at high electric fields.
A different approach was proposed by Tang et al.%*

The ER Resonance

It was pointed out by Block et a that the resonance of a
shear-rate dependent polarization (P) of the particle with an AC
field (E) can be induced, as shown in Figure 4. A torque (P x E)
is then induced by a delay in the polarization of the spinning
particle and a tilt of the polarization (P) from the electric field
(E), the torque of which contributes at least in part to the ER
effect. In flow-modified permittivity, resonance was observed
dielectrically for colloid systems in shear and electric fields.®!”
In the ER measurement, resonance has been reported by Negita
and Ohsawa.® Simultaneous measurements of the ER effect and
the flow-modified permittivity have also been reported by
Misono and Negita.®® A positive resonance peak was observed in
each spectrum of the ER effect and first-order dielectric
permittivity, while a negative one was observed in the third-
order dielectric permittivity, suggesting a shear-induced particle
rotation even at high electric fields. The observations of the ER
resonance also suggest time-dependent dielectric polarization.

18,17

ELECTRICALLY INDUCED MICROSTRUCTURES

Microstructures in the Quiescent State

In the droplet model,*>%” dielectric particles rapidly form
chains or columns spanning the electrodes upon application of
a high electric field. Each column has a width ~ a(L/a)*/?,
where a is the radius of a particle and L the distance between
electrodes. The chains or columns then slowly drift together by
thermal fluctuations with a long-time relaxation (or densifica-
tions) for a macroscopic phase separation.
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A three-dimensional microstructure of a body-centered
tetragonal (bct) lattice was proposed by Tao and Sun*? as the
ground state of the ER solid, which was determined for non-
Brownian particles with the dipole limit by analytical argument
and energy calculations. The bct lattice was also observed in a
simulation®® and experiment.®” In extensive computer simu-
lations, microstructures were further investigated for Brownian
particles.”® A bet lattice can be developed when the electric
field is strong and thermal fluctuations are weak or moderate.
In a very strong field with or without very weak thermal
fluctuations, a polycrystalline structure consisting of many
small bet lattice grains may be developed. A glasslike structure
is also developed if both the electric field and thermal
fluctuations are strong. In all of the three microstructures, a
thick-column structure can be induced.

Furthermore, an electric-field-driven bulk phase transition in
a suspension has been reported by Kumar et al’' under a
uniform AC electric field where the effects of other competing
forces are suppressed. After chain-column formation, a cellular
pattern was found consisting of particle-free domains sur-
rounded by particle-rich walls.

Development of Microstructures in the Quiescent State

In a dynamic simulation by Toor,”> an initial rapid
aggregation into percolating clusters was shown, followed by
a much more gradual densification of the chains or columns.
Evolution of order parameters parallel and perpendicular to the
electric field was also simulated by Tao and Jiang.”

Experimentally, the diffuse transmittance of light, in which
multiple scattering is taken into account,”*”> was applied by
Ginder et al.”®7" to a commercially available ER suspension, and
a time scale for the aggregation of the particles on the order of
103 s was reported. Electrophoresis was also found by diffuse-
wave spectroscopy.’’ In a nearly index-matched single-scatter-
ing ER suspension, the slow mode for the segregation chain into
column on a time scale of 10? s was reported by Martin et al.’® in
a real-time, two-dimensional light scattering study. Further-
more, simultaneous measurements of the diffuse transmitted
light intensity and the current passing through a dry ER micro-
suspension were reported by Tanaka et al.’® in response to the
electric field. Both responses consisted of plural modes. The
optical response was expressed as an exponential function with
modes 1 (faster) and 2 (slower), which take place in succession:

Al(0)/1y = (AL /Ip)[1 — exp{(t — 11)/i}], “
AL/l =0 for t; > t, 5

where Ali/ly, ti, and 7; (i =1,2) are adjustable parameters.
Further, the (fastest) mode O was qualitatively found only in
the current responses, suggesting particle polarization. Time
scales including 7; on the order of 1073 s were reported. In
Figure 5, the development of the microstructures is proposed.

Development of Microstructures under Shear Flow

Under shear flow, an exponential growth of the induced
stress was observed,'2% the expressions of which were similar
to eqs 4 and 5 with two (or three) modes. The faster mode

Figure 5. A schematic illustration with Observation 1 shown in Figure 1 for
an initial aggregation of polarized particles to form chains (or
columns) and later densification of the aggregated chains in the
quiescent state.

(mode 1) with 7; on the order of 1073s was proposed to be
related to an initial formation of chains (or columns) while the
slower mode (mode 2) was related to the yielding of the chains.
Transient stress responses to alternating square wave excita-
tions were reported by Ginder and Ceccio.®! The characteristic
rheological response times for the growth and decay of the
stress were observed. An inverse relationship was found
between characteristic rheological response times and the
shear rate. Biexponential responses have also been reported by
Tian et al.3? in the tensile stress response.

Furthermore, a scaling behavior of the stress response times
7 (i = 1,2) was found by Tanaka et al.'> The response time of
mode 1 multiplied by the shear rate, y7|, was proportional to
M,%3 while that of mode 2, yt,, was almost independent of
M,. For mode 1, a many-body effect of particles was closely
related to the shear rate dependence of the response time, the
relation of which consistently agreed with that obtained in a
computer simulation by Takimoto et al.®} and confirmed further
by experiments.?*8 For mode 2, 7, was roughly proportional to
y~! alone, the relation of which also consistently agreed with the
inverse relationship®' discussed above. Mode 1 of the stress
response is similar to that of the optical response in the quiescent
state, suggesting an initial formation of chains (or columns)
shown in Figure 5 for 7; < y~!. On the other hand, shearing
effects on the microstructure will be essential for mode 2.

Microstructures under Shear Flow

A non-equilibrium phase diagram for model ER suspensions
has been reported by Melrose®® and Melrose and Heyes® in
Brownian dynamics simulations in the space of shear rate P, and
interaction strength Q, where P, is the Peclet number defined as
P. = 3mn.0°y/8kT, and Q = (4mkTe.c90°) ' 12, with o and
respectively defined as the diameter and dipole moment of the
particle.®® The Peclet number P, sets the ratio of the shear and
Brownian forces. Four distinct phases were observed (Q, P,
volume fraction ¢ = 0.3). Especially, a layered phase was
found, in which the layer structures were developed under shear
flow with the layer normal to the vorticity direction. Further-
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more, sheet-like structures were observed by Martin® in large
scale three-dimensional Brownian dynamics simulations. In a
two-fluid continuum model by von Pfeil et al.,® stripe formation
under electric and shear fields was observed.

Experimentally, the effect of an electric field with a shear
field was studied by Henley and Filisko®® upon microstructures
in an ER micro-suspension. Only when the shear and electric
fields were applied simultaneously to the ER suspension,
lamellar formations were observed, the lamellar structure of
which was quenched in a paraffin matrix by cooling. In a fixture
of parallel disks, the concentric rings of particles as lamellae
appeared along the shear flow. Within the rings, individual spots
were also found in Observation 2 shown in Figure 1, suggesting
that the spots were related to the ends of the columns and that the
rings were formed by the electrically induced columns which
were further induced to line up in the rings by the shear flow.
Under oscillatory shear and electric fields, stripes of particles
were observed earlier by Bossis et al.’! the stripes of which
were aligned along the flow with a large strain amplitude.

In a Brownian dynamics simulation by Cao et al®?
considering the spinning of the dipole moment of the particles
under shear flow, the evolution of the microstructure from a
random structure to stable lamellar patterns was observed. The
corresponding transient stress response was also simulated. On
the other hand, layer structures were simulated without the
spinning of the dipole moment.3%-38 Furthermore, the transient
rheological response and the evolution of the microstructure
have been reported experimentally by Kittipoomwong et al.*>

YIELDING OF THE MICROSTRUCTURES

Yield Behavior of Micro-Suspensions

For an ER suspension based on alumino-silicate particles
under sinusoidal strains, three rheological regions were
proposed by Gamota and Filisko,”* such as pre-yield, yield,
and post-yield regions. In the Bingham-body-type model, the
importance of the pre-yield region, in which a linear viscoelas-
tic response to the sinusoidal strain was observed, was
completely overlooked. The linear viscoelastic response was
changed to a nonlinear viscoelastic or viscoelastic plastic
behavior as the strain increased. In the post-yield region, the
waveform of the stress was found to be significantly distorted.
The yield region was also proposed, in which the transient
portion of the onset of flow or permanent deformation may be
characterized by a yield strain and/or a yield stress.

Strain dependence of the dynamic viscoelastic properties was
also studied,’8%9 and linear and non-linear stress responses
were observed for suspensions based on cation exchange resin
particles or Fe(OH);-coated silica particles. From the non-linear
stress responses with distorted waveform, the non-linear
viscoelastic functions, G," and G,” derived by Onogi et al.,”®
were calculated using the amplitude of the stress response o for
the sinusoidal wave of the first order. With sufficiently rigid
torque sensors, strain dependences of the dynamic moduli for the
linear and non-linear responses were obtained, and the yielding
process with three steps, two plateau regions and two or three

critical strains for yielding, was observed.>>% For the suspension
based on cation exchange resin particles, a master curve was
obtained® for vertically shifted stresses bgo; as a double-valued
function of y,(4 — 1,2)/(1 + y,2)"/?, where by, is the shift factor
(reduced to the stress at 1 kV-mm™"), and y, is the amplitude of
the strain of 3.14rad-s~".

Creep behavior was studied by Otsubo and Edamura®”*® for
suspensions based on composite particles. At both low and high
stresses, the suspensions cannot be classified as elastic solids
even in the pre-yield region but as liguids. On the other hand,
the strain changed almost instantaneously and reached equilib-
rium at intermediated stresses. Although the retarded strain
and viscous flow were negligibly small compared with the
instantaneous strain, the strain was not recovered after the
removal of the stress, the behavior of which is plastic with an
infinite relaxation time. The instantaneous strain without
recovery cannot be explained by the single-chain model often
assumed. The shear-induced changes of the thick column from
an ordered lattice*” to another metastable configuration were
proposed for the plastic response.

Dip Behavior of Micro-Suspensions

Although a typical flow behavior has been experimentally
reported for an ER suspension based on cation exchange resin
particles under steady shear flow,”® rather complicated flow
behavior has also been reported by Tanaka et al. for similar
suspensions.” %! For M, > 0.3, the shear thinning was found
for a suspension with a particle concentration of 30wt %
(¢ = 0.33),!%! the particles of which were suspended in a
silicone oil with higher viscosity n.. Further, a remarkable dip
behavior was found for suspensions of 5 and 10wt %: The
stress decreased with an increase in the shear rate, keeping
o(E) > o(0), and it gradually increased again and approached
the stress under no electric fields.”~'%! Behavior similar to the
dip behavior (or shear thinning) was often reported for other
suspensions.'%%19 The dip behavior was sensitively probed
by the apparent conductivity, which was measured simulta-
neously with stress.”>'! The apparent conductivity also
showed a steep decrease above M, ~ 1072 for the suspensions
of 5 and 10 wt %. Interestingly, the apparent conductivity for
the suspension of 5wt % showed not only a local minimum
around M, ~ 10~! but also a local maximum after the
minimum, the local maximum of which was not observed!®
in the stress scaled by 2e.£0(8E)>. The dynamic yield stress,
oy(E), at a given electric field was not necessarily constant
above a critical value of M,. The dip behavior is closely related
to a balance between fracture and recombination of polarized
particles or clusters under shear flow, the behavior of which is
not easily confirmed directly using optical microscopy.

Yield Behavior of Nano-Suspensions

The flow behavior of a suspension composed of dry TiO,
nano-particles in silicone oil (¢; = 2.7) with a primary particle
diameter (2a) of 15 nm and ¢ = 0.088 has been studied at room
temperature.’” The stress induced by a DC (as well as
sinusoidal) electric field was mostly proportional to the square
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of the electric field of E. The E? dependence of the dynamic
storage modulus G’ was also found?® above 2kV-mm~'. Below
2kV-mm~!, G’ was larger than the line showing the E’
dependence. The upward deviation from the E?> dependence
would be caused by the particle-particle interaction without
external electric fields. In optical observations with Observa-
tion 1 shown in Figure 1, a fine chain-like microstructure was
found in the quiescent state under the DC electric field. The
electrically induced chain-like microstructure will be respon-
sible for the ER effect of the nano-suspension, which is
apparently similar to the micro-suspension. However, the ER
effect was unexpectedly induced by a strength of the electric
field on the order of 10°V-m~! at room temperature, which
was much lower than expected based on the primary particle
using P [= kT/a347receo(ﬂE)2]. Furthermore, the nano-suspen-
sion showed an apparent yield stress around 10 Pa as well as
non-zero values of G’ on the order of 10%Pa even under no
electric fields.?®” The dynamic loss modulus G” as well as G’
was almost independent of the frequency, and G’ was larger
than G” in the absence (or in the presence) of electric field.?

For the micro-suspension under no electric fields, G’ is
essentially zero because the flow is assumed to be New-
tonian.”’-%%104-106. However, a plateau region with a stress
smaller than 1073 Pa was observed by Marshall et al.*3 at shear
rates below 1072s~! under no electric fields for a suspension
of weakly flocculated non-Brownian particles with ¢ = 0.13.
A slightly pseudoplastic flow was also observed by Otsubo
et al.'"7 at lower shear rates under no electric fields for a
suspension with sub-micrometer particles of monodispersed
silica with ¢ = 0.4, while no elastic responses in the dynamic
measurement were shown without electric fields.”%103107 A
small but non-zero value of G’ around 1Pa was preliminarily
observed” under no electric fields at an angular frequency of
3.14rad-s™! for a suspension based on cation exchange resin
particles of ¢ = 0.33, suggesting a weak flocculation of non-
Brownian particles. In a Brownian dynamics simulation, non-
zero value of high-frequency shear modulus under no electric
fields was shown by Adriani and Gast.*8

In the presence of electric field, the E? dependence of the
shear modulus for a perfectly elastic material was reported by
Jordan et al.'® for non-Brownian suspensions. In a dimen-
sional analysis, a time-field strength superposition principle
was proposed for non-Brownian suspensions by Parthasarathy
et al.'® For Brownian suspensions,”® a gradual increase in
high-frequency shear modulus with E was simulated. Similar
results of shear moduli were also predicted by Whittle.!?

In the frequency dependence of G’ (or G”), a plateau was
experimentally observed under an electric field for a micro-
suspension based on composite particles.”® Frequency depend-
ent dynamic moduli were reported by Conrad et al.'% for a
micro-suspension based on corn starch particles. Strongly
frequency-dependent behavior of G’ was also observed.”®19
Furthermore, the Maxwell-type relaxation was observed under
an electric field by Otsubo et al.'" at very small strains for the
suspensions based on sub-micrometer particles with ¢ = 0.2
and 0.4.

Figure 6. A schematic illustration for thermal fluctuations of secondary
particles within a chain-like microstructure including some imper-
fections. Rearrangement of particles can be induced by the
Brownian fluctuations.

The energy dissipation in the dynamic measurements for the
ER micro-suspensions was explained by the hydrodynamic
interactions with drifting chains, and chains attached at only one
end to an electrode.!%-1% A significant and sharp relaxation was
simulated for a thick cluster composed of a single-sphere-width
strand with two additional strands placed along each side of
the original strand.'® In a model considering particle-strings
between parallel electrodes,'% a plateau in G’ was expected. A
plateau-like region in G” was also developed at intermediate
frequencies as the string length increased. In the nano-suspen-
sion, both G’ and G” at a given strength of the electric field were
mostly independent of frequency. The energy dissipation would
also be induced by the Brownian motion of secondary particles
within each chain-like microstructure of nano-particles includ-
ing some imperfections, as shown in Figure 6, because the width
of the microstructure was on the order of micrometers and
much wider than the diameter of the primary particle.?® In the
imperfect microstructure, rearrangement of particles can be
induced by the Brownian fluctuations, so that the energy
dissipation is independent of the frequency of oscillatory strain.

Under no electric fields, it is considered that a micro-
structure, such as a three-dimensional network,?’ was devel-
oped by the particle-particle interaction. Such a network
microstructure has been observed optically!'” for a nano-
suspension based on nano-particles of TiO, with ¢ = 0.024,
the nano-suspension of which also showed an apparent yield
stress around 1 Pa under no electric fields. On the other hand, no
plateau region was measured for the nano-suspension with
¢ = 0.012, and secondary particles on the order of several
micrometers were observed to be separately distributed. The
microstructure (or secondary particles) developed under no
electric fields can essentially be related to not only the stability
against sedimentation and the flow behavior under no electric
fields, but also to the low strength of the electric field for the ER
effect. It is proposed that randomly distributed secondary
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particles or a macroscopically developed microstructure of
secondary particles in the nano-suspension should also be taken
into account for the initial state of the ER effect, other than
randomly distributed primary particles generally assumed so far.

CONCLUDING REMARKS

Electrically induced microstructures, yielding, and related
physical properties have been extensively studied in terms of
theory and experiment. The microstructures can be sensitively
probed by rheology and related physical properties, the
development and yielding of which are not easily confirmed
directly using optical microscopy. The fundamental properties
observed experimentally can be qualitatively explained by the
models proposed. However, there are still demands for the ER
fluids to be improved. Although a much larger yield stress has
been a major demand, stability in the ER effect would also be a
demand for practical applications. Further progress is expected
in the field of electrorheology.
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