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Abstract
The electric field induced structuring in clay–oil suspensions has been studied by means of wide
angle x-ray scattering (WAXS), rheometry, scanning electron microscopy (SEM), as well as
leak current density and dielectric constant measurements. The clay particles’ orientation
distribution was inferred from the azimuthal changes of the clay diffraction peak intensity. The
angular width of that distribution was quantified through an orientational order parameter.
Chain and column formation processes were distinguished by comparison of the time evolution
of the diffraction peak amplitude with that of the current density. Leak current density was
measured for different electric field strengths E and clay particle concentrations . The
following scaling relation was found: J ∝ 0.74 E 2.12 . In addition, the dependence of the yield
stress on the electric field and on the particle concentration was measured and shown to scale
as: τy ∝ 0.87 E 1.66 .
(Some figures in this article are in colour only in the electronic version)

in an inert insulating liquid. For an electric field E in the range
50–5000 V mm−1 the particles form chains that span the gap
between the electrodes [5].
Recently, the giant electrorheological (GER) effect was
discovered: an ERF was made that differs from the
conventional ERFs in that it exceeds the theoretical upper
bound [6, 7] of the yield stress, reaching 250 kPa at
5 kV mm−1 [8, 9]. That discovery opens new horizons in the
field of ER systems and inspires scientists working on further
developments of such systems. With such large yield stresses
within reach, ERFs provide the possibility of rapid-response
(of the order of milliseconds) coupling between mechanical
devices and electronic control systems. Fast liquid–solid
transition and high yield stress make ERFs attractive for many
future technologies.
In order to predict the response and behavior of
ERFs under an applied electric field, it is important to

1. Introduction
The fast rheological response to an applied electric field,
which is the characteristic behavior of electrorheological
fluids (ERFs), has attracted attention from both engineers
and scientists since Winslow discovered this phenomenon in
1947 [1]. ERFs are complex fluids that solidify, or become
very viscous, when submitted to an applied electric field. The
transition from a liquid to a solid-like state indicates that an
internal ordering of the electrorheological (ER) constituents
has appeared, leading to dramatic changes in the rheological
properties. Application of an electric field induces polarization
of the suspended dielectric particles. They consequently orient
in the field and aggregate, which results in the formation of a
chain-like structure parallel to the electric field direction [2–4].
The most common ERFs are suspensions of 1- to 100 μm
polarizable particles at volume fractions of 0.05–0.50 dispersed
0953-8984/10/324104+08$30.00
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Table 1. Expressions of the order parameter as defined for a nematic and anti-nematic geometry.
Nematic

Sn =
Sn =

1
3 cos2 α − 1 f i.e.,
2 
π/2
π 0 (3 cos2 α − 1) f

Anti-nematic

(α) sin α dα

San = 3 cos2 ( π2 − α) − 2 f = 3 sin2 α − 2 f i.e.,
 π/2
San = 2π 0 (3 sin2 α − 2) f (α) sin α dα

gain an understanding of the physical mechanism of the
chain and column formation and its dynamics.
The
present study is focused on these points rather than on the
rheological properties of the systems themselves. Synthetic
Na fluorohectorite (Na-Fh) clay particles suspended in
insulating, non-polar silicone oil form chain-like structures
when subjected to an external electric field. The time needed
to create columns of aggregated particles decreases as the
electric field increases. WAXS diffraction patterns can reveal
changes (if any) in the orientation of the clay particles when
the electric field is applied. WAXS therefore allows us to
monitor the orientational order in the suspensions during ER
chain and column formation. The method is briefly explained
in section 2, while the results are presented in section 4. The
chain formation is associated with an increase in the leak
currents through the fluid; we monitor these currents and
observe that they allow us to discriminate between chain and
column formation (section 4.3). The evolution of the effective
dielectric properties of the material is presented in section 4.4.
Rheometry measurements provide the corresponding changes
in the mechanical properties of the suspensions (section 4.5).

Figure 1. Experimental geometry for the WAXS measurements.
Particles are forming chains along the E -field.

We use the classical Maier–Saupe functional form,
f (α) ∝ exp(m cos2 α) for the orientation distribution. Although in our system the interaction energy is different from
that used by Maier and Saupe in their mean field model for
liquid crystalline order, the latter functional form was found to
be well suited to our data, as discussed previously by Méheust,
et al [10].
2.2. Determination of the orientational distribution from
two-dimensional WAXS images

2. Theoretical background of the study

In the Maier–Saupe functional form for f , m is the
only adjustment parameter; since the orientation distribution
probability (ODP) function is normalized to 1, its peak
amplitude is related to its peak width, so that the value of
m completely defines f . This value is obtained from onedimensional plots of the peak amplitude of a given clay
diffraction peak as a function of the azimuthal angle φ . We
fit to these azimuthal profiles the following formula:

2.1. What symmetry does the orientational order have in our
system?
As a coarse approximation, the Na-Fh clay platelets forming
the chain can be represented as disk-shaped aggregates, whose
orientation is completely defined by a unit normal vector (n)
(the director). Thus, the anisotropic arrangement of these
particles can be described by an orientation distribution f
that is a function of the platelet director (n)s orientation.
Given that the chain/column is parallel on average to the
direction, denoted by unit vector (no ) (which we shall
denote ‘reference director’), of the applied electric field,
the orientation distribution function f only depends on one
characteristic angle α : the angle between the director (n) of
a given platelet and the reference director (no ) [10]. Moreover,
WAXS measurements reveal that the particles have their
directors lying on average in a plane perpendicular to (no ) (see
figure 1).
Following many other authors [10, 11], we denote this
orientational configuration as an anti-nematic configuration.
It relates to the better known uniaxial nematic geometry, for
which the orientation distribution function also depends on the
angle between a platelet’s director and a reference director, but
with all directors on average parallel to each other. In other
words, in the uniaxial nematic configuration, the reference
director is also the mean director, and f (α) is peaked around
α = 0, while in the present anti-nematic configuration, f (α)
is peaked around α = π/2.

I = Io + C exp{m[sin θ sin o + cos θ cos o cos(ϕ − o )]2 }
(1)
for which the five fitting parameters are m , the base line Io , the
amplitude C , and the two angles o and o that define (no )
with respect to the laboratory frame. Details of the method can
be found in [10].
2.3. Order parameter
The angular dispersion of the function f is a quantification of
the orientational order of the suspension. It is contained in
the m parameter as defined above, but is more conveniently
measured using a global order parameter S . The order
parameter was first defined for uniaxial nematics so as to
possess values between 0 and 1, to vanish for an isotropic
phase ( S = 0), and to reach the maximum value of S =
1 [12] for a fully anisotropic state, where particles/crystallites
are perfectly aligned with each other. The corresponding
expression for S is given in the left column of table 1 as Sn .
In different physical systems, depending on the orientational
2
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geometry, an adequate choice of the method for calculating
the order parameter is required. For example, the nematic
order parameter Sn computed from an anti-nematic geometry
has values between −0.5 and 0. Changing the mathematical
formulation of the order parameter to the anti-nematic order
parameter San (see right column of table 1) in effect simply
amounts to multiplying the nematic order parameter Sn by a
factor of −2. All calculations are made accordingly, which
is why the San order parameter values reported in the present
work are positive and lie within the numerical range 0–1 in
magnitude, while the corresponding Sn lie in the range 0.5–0.

1 min at 500 rpm to filter out large aggregates of clay particles
>50 μm. The final clay concentrations were approximately 1,
5, 10, 20, and 40 wt%, respectively.
3.2. Clay particle characterization
SEM was employed in order to characterize both the general
clay aggregate sizes/shapes and the size/shape of individual
particles formed from multi-layer stacking of silica sheets held
together by cations and water molecules. A field emission
scanning electron microscope (model S-4300SE from Hitachi)
was used in these studies. The samples were gold coated and
attached to an SEM stub using double-sided conductive carbon
tape.

2.4. Model for the rheology of the suspensions
Rheometry has been used to measure the shear stress τ as
a function of a shear rate γ̇ . For samples in this study,
and under application of an electric field, this dependence is
well described by the Herschel–Bulkley rheological model:
τ = τy + bγ p , where τy , b, p are constants named
the yield stress, consistency index, and power-law index,
respectively. The effective viscosity of Herschel–Bulkley
fluids upon deformation is not constant but follows a powerlaw type behavior in contrast to the constant viscosity found
in Bingham fluids [13, 14]. The yield stress typically scales
as E α β , where E is the applied electric field and  is
the particle fraction, with 1 < α < 2 and β ≈ 1 when
derived on the basis of the so-called fibrillation model, where
chains are formed in the ER suspension. In this model
particles become polarized and aligned as a dipole along the
direction of the electric field. Consequently, the interaction
between the polarized particles increases, resulting in the ER
effect. The particle could bear some net charge, arising for
example through the ionic adsorption, thus electrophoresis
could contribute to the particle motion (that is observed in the
case of this study) for particle re-arrangement [15–17].

3.3. Diffraction experiments
The WAXS experiment was carried out at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.
An x-ray beam with a wavelength of 0.72 Å and a 0.3 ×
0.3 mm2 beam size at the sample was used. The beamline
BM01A is equipped with a two-dimensional MAR345 image
plate detector with a diameter of 345 mm and a read-out time
of about 40 s. The sample to detector distance was set to
350 mm and calibrated using a standard LaB6 sample, resulting
in a maximum diffraction angle 2θ of about 26◦ that enabled
detection of scattering in a q -range of approximately 0.2–
−1
2 Å .
The experimental geometry is shown in figure 1. The
custom-made sample cell consisted of an electrically insulating
acrylic glass in the form of a cubic cuvette, where the top
part can be opened for inserting two identical 1 mm ×
1 mm × 50 mm thick copper electrodes separated by a gap of
1 mm. Two openings were made on the sides of the cuvette
and these were sealed by thin transparent Scotch tape that
gave very little attenuation of the x-ray beam. The sample
(<0.5 ml) was placed between the electrodes from above.
The WAXS experiment was performed at ambient temperature
for samples at rest (no liquid flow through the scattering
cell). Electric fields from 0.35 to 0.75 kV mm−1 were chosen
as a result of the following observations: for electric fields
above 0.75 kV mm−1 the chain and column formations are too
fast to be followed experimentally, and electric fields below
0.35 kV mm−1 are too weak for particles to form any chains.

3. Experimental methods
3.1. Sample preparation
Synthetic fluorohectorite clay was purchased from Corning
Inc. (New York) in the form of powder, and cation exchanged
into sodium fluorohectorite (Na-Fh) in our laboratory. Its final
chemical formula is given as Na0.6 (Mg2.4 Li0.6 )Si4 O10 F2 per
half unit cell, where Na is an interlayer exchangeable cation.
A silicone oil Dow Corning 200/100 fluid (dielectric
constant of 2.5, viscosity of 100 mPa s, and specific
density of 0.973 g cm−3 at 25 ◦ C) was used as a suspending
liquid, providing a relatively non-polar and non-conductive
medium, with a DC conductivity of the order of magnitude of
10−12 S m−1 .
The preparation of the ERF was undertaken by the
following procedure: clay powder was crushed with a pestle
and mortar, and then dried in a vacuum oven for 12 h at 90 ◦ C.
At the same time the silicone oil was heated at 110 ◦ C for 12 h.
Subsequently, the clay powder and the silicone oil were mixed
in glass tubes and vigorously hand-shaken for ∼2 min, then
placed in an ultrasonic bath for 1 h and again vigorously shaken
for 1 h in an orbital shaker. The sample was centrifuged for

3.4. Rheometry
The rheological properties of the clay suspensions were
measured under DC electric fields using a Physica MCR300
Rotational Rheometer. All the rheological measurements
were performed at a constant temperature of 25 ◦ C. These
included controlled shear rate tests for measuring shear
stress as a function of shear rate (flow curves), static yield
stress determination by means of the controlled shear stress
measurements, and leak current of the ERF versus time.
3
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Figure 2. SEM images of Na-Fh clay particles with magnifications of 1000 (left) and 5000 (right), respectively.

individual idealized Na-Fh clay particle is typically considered
to be a disk-like structure consisting of tens/hundreds of silica
sheets (thus having thickness of tens/hundreds of nm) with a
μm-sized diameter [18, 19]. The fact that the clay particles
form rather large aggregates cannot be disregarded when one
tries to understand the value of the order parameter, which
is described in section 4.2. One should not expect the order
parameter to be as high as, for example, reported by Hemmen
et al [18], where the clay particles were generally separated
from each other and in some cases the individual clay particles
were exfoliated into platelets. However, one should be able to
observe changes in order parameter values between randomly
dispersed and E -field polarized clay aggregates.

3.5. Leak density current and dielectric constant
measurements
One of the many serious concerns in ER applications is to
minimize the power consumption and, thus, to determine
the unwanted current called the leak current. For claybased ER fluids an electric current can appear via the water
containing clay particles. A conductivity cell was designed to
study the current leakage through ERFs at different electric
field strengths and particle volume fractions. A pair of
parallel electrodes made out of copper sheets of surface
area 100 cm2 was sealed on two sides using an insulating
1.2 mm thick spacer. The bottom of the cell was sealed
with a non-conductive rubber that could be removed after the
measurement was finished in order to enable a proper cleaning
of the cell. The sample (12 ml) was applied from the top of
the cell. The DC leak current was measured using a standard
ammeter. The dielectric constant was estimated indirectly via
the measurement of a capacitance using an Agilent LCR meter
4263B and the same conductivity cell.
The dielectric constant was measured as follows: an
electric field was applied for 5 min just after an ERF had
been introduced into the conductivity cell. Next, the electric
field was switched off and the LCR meter started measuring
the capacitance at four different frequencies. Shortly after,
the decay of the dielectric constant was measured for 10 min.
Each measurement was repeated three times and the results are
shown as a mean value.

4.2. Orientational order from WAXS measurements
Prior to the application of the electric field, the Na-Fh particles
are randomly dispersed into the silicone oil. The formation
of chain-like structures aligning parallel to the E -field is
observed after its application. Many thin chains are formed first
(with thickness in the range 1–50 μm) and they subsequently
attract each other, resulting in thicker (in the range 50–
200 μm) columns. After a time ts (the saturation time),
no major changes in the system are noticeable by optical
microscopy [20].
The E -field-induced self-assembly of the clay aggregates
can be further investigated by x-ray scattering methods.
Dynamic changes in the clay orientational order can be
observed from two-dimensional WAXS patterns, as explained
in section 2.2. Figure 3 shows WAXS patterns from a
suspension, without (a) and with (b) an E -field of 750 V mm−1
−1
applied. The inner diffraction ring lies at 0.51 Å and
is attributed to the (001) Bragg diffraction from the layered
silicate sheets within clay particles. Typically, the distance
d001 is close to 12 Å when one layer of water is intercalated
−1
between silicate sheets [10]. The outer peak at 0.83 Å is due
to the silicone oil, i.e. the maximum in its radial distribution
function. It is a broad and relatively strong peak that shields
the second order (001) Bragg peak from the clay particles. The
first Bragg peak intensity changes in time after the electric field
has been applied. This change can be better appreciated when

4. Results
4.1. SEM imaging
Figure 2 shows two SEM images of the Na-Fh clay
powder with magnifications of 1000 (left) and 5000 (right),
respectively. One can see that clay particles form aggregates
of different sizes varying from a fraction of a micrometer up to
tens of micrometers in both length and width. The aggregates
differ also in shapes; hence the polydispersity is high in terms
of both size and shape. In figure 2 (right) an individual particle
can be seen; it consists of a multi-layer stacking of silicate
sheets held together by cations and water molecules. The
4
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Figure 3. WAXS patterns of clay particles without (a) and with (b)
E -field applied. The 001 clay diffraction peak and the oil diffuse
scattering peak are present in both images.

Table 2. Calculated values of the anti-nematic order parameters San
under different E -field strengths. The corresponding nematic order
parameter is San = −2 Sn .

E -field (V mm−1 )

San (average)

350
500
750

0.63 ± 0.01
0.64 ± 0.02
0.60 ± 0.05

Figure 4. Azimuthal plots of the changes with time of the first Bragg
peak amplitude under an E -field of 350 V mm−1 . The corresponding
azimuthal plots from the model are shown as continuous lines.

particle orientation is the initial step and is largely finished
when the chain formation takes over, as illustrated by the order
parameter values along with the data in figure 4.

the intensity of the (001) Bragg diffraction peak is plotted as
a function of the azimuthal angle ϕ , as shown in figure 4.
There are three possible events that can provoke changes in
these WAXS patterns with increasing time: (i) clay particles
become polarized and orient individually in the external field;
(ii) the polarized particles attract each other and form chains;
(iii) the chains coarsen into column-like structures. These
three processes can occur in different time ranges or they may
overlap in time.
Table 2 shows values of the order parameter calculated
for different E -fields (according to [10]). Since it was found
that the order parameter did not change in time (15 s–6 min),
the averaged value of S is only presented with its estimated
error. The mean orientation distribution is also observed not
to display any significant differences, within estimated error,
for the different applied fields of 350, 500, and 750 V mm−1 ,
respectively.
Hence, there seems to be no evidence of E -field
dependence, nor time dependence on the order parameter S ,
for the E -field range (350–750 V mm−1 ) and timescale (15 s–
6 min) addressed in this study. One can conclude that the
clay aggregates rotate and align along the E -field much faster
(probably in ms timescale) than chains (seconds) and columns
(seconds/minutes) are formed.
The amplitude of the WAXS azimuthal profiles is a
measure of the average particle orientation in the scattering
volume, but it also scales with the number of particles
existing within this volume. Since we find that the order
parameter is nearly constant with time, the amplitude change
seen in figure 4 is a demonstration of how the number of
particles contributing to the scattering increases in time. This
observation is a sign of the progressing chain and bundle
formation inside the scattering volume, where (1) already
formed chains are attracted to each other and/or (2) particles
being still in motion (electrophoresis) finally attach to an
existing chain. Both effects can increase the lateral dimensions
of chains. The two processes, namely particle orientation and
chain formation, may affect each other to some extent, but the

4.3. Chain formation versus column formation from leak
current measurements
The leak current density increases when chain bridges
spanning two electrodes are being formed. However, it is
not expected to change when chains coarsen into columns
as described at the end of section 4.2. In this case, the
total cross sectional area of all chain bridges, thus the total
number of particles that contribute to the leak current, remains
unchanged (the leak current can increase with the moisture
content increment in the system, but it is not relevant here,
since this process is relatively slow). In other words, the
leak current measurement can provide information about
the chain formation only. In contrast, as discussed in
section 4.2, the increase of the scattering intensity is associated
with the progressing chain and bundle formation due to an
increased average particle density within the scattering volume.
Therefore, by comparing rates of the normalized current
density growth in time with the normalized time-dependent
change in the WAXS azimuthal plot maxima (figure 6),
chain and column formation processes can be qualitatively
distinguished from each other. This information may be of
importance when one needs a self-assembly from particles to
lead to single chain rather than aggregated column formation.
Figure 6 shows both types of data plotted in logarithmic
scale as a function of time. Note that the WAXS data at a given
time are obtained as the normalized maximum value for the
azimuthal variations of the first Bragg peak intensity, for three
different E -fields: 350, 500, and 750 V mm−1 . In particular,
the corresponding azimuthal plots are shown in figure 5 at
t = 15 s. A characteristic time τ was estimated by fitting
straight lines to the data in figure 6. For electric fields of 750
and 500 V mm−1 , the current density curves nearly coincide
with the WAXS data (τ750WAXS = 9.26 versus τ750CURRENT =
9.9 and τ500WAXS ≈ τ500CURRENT = 22.7), indicating that
the chain formation is followed by rapid column formation.
However, for the lowest electric field, current density (which
5
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Figure 7. Log–log plot of the current density, normalized by /R0.74
(R = 20 wt% is an arbitrarily chosen reference value), versus the
applied electric field for different clay particle concentrations. The
power law fitted to the whole data, in the form E 2.12 , is also plotted.

Figure 5. Azimuthal plots of the first Bragg peak amplitude at fixed
time t = 15 s for different E -fields. The corresponding azimuthal
plots from the model are shown as continuous lines.

Figure 6. Leak current density and maxima of azimuthal plots versus
time.

Figure 8. Relative static permittivity and capacitance versus E -field
strength, for various frequencies.

witnesses the single chain formation) increases faster than
the WAXS azimuthal plot maximum (which changes not only
when chains but also when the thicker columnar structures are
being formed) for the same field (τ350WAXS = 43.5 versus
τ350CURRENT = 28.6). This indicates that single chains are
formed first followed by the columnar growth. Under the
low electric field these processes occur slower than for higher
electric fields and it can be concluded that the chain formation
and the chain aggregation into columns are two phenomena
that occur on significantly different timescales. This was also
observed under the optical microscope.
The leak current density of ERF was found to rise with
increasing strength of the applied electric field, and observed
to nearly follow a second-order power law (figure 7) of E , thus
a clay-based ERF does not obey Ohm’s law, V = I R . Other
power laws were found by different researchers and the powerlaw relationship can be represented in a more general way as
J ∝ E n , where the exponent n has been found to vary between
1 and 5 [21]. The mechanism for the effect of electrical field
strength on the current leaking through ER fluids is still poorly
understood. However, it is expected that intercalated water
plays an important role in activating the current leakage [22].
The clay concentration dependence on the current density was
measured and found to follow a power law with an exponent
0.74 on average for four different clay particle concentrations.
Figure 7 shows the current density data normalized by /0R.74

(where R = 20 is an arbitrarily chosen reference value) as a
function of the applied electric field. The overall data (that
collapsed onto each other after normalization) were fitted with
a power law with an exponent 2.12. Therefore, the current
density scales with the particle fraction and electric field as
J ∝ 0.74 E 2.12 .
4.4. Measurements of dielectric constant
The dielectric constant was derived from the measured
capacitance C according to the conventional relation ε =
Cd/(εo A), where εo is the dielectric constant of a vacuum,
d is the thickness of the gap between the electrodes, and
A is the contact area of the electrodes. The dielectric
properties, such as dielectric constant and leak current play
important roles in relation to the performance of ER materials.
As can be seen from figure 8, the larger the electric field
strength, the larger the dielectric constant of the ERF. As the
overall capacitance stems from the joined capacitances of all
individual dipoles within the ER chains/columns, this means
that each of these individual capacitances, resulting from clay
aggregate’s induced polarization, corresponds to a polarization
charge that increases non-linearly (and faster than linearly)
with the external electric field strength (but with a saturation
at very large E -field strengths).
6
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Figure 9. Relative static permittivity decays in time after switching
off an E -field (sample with 5 wt% clay concentration).

Figure 11. Log–log plot of the static yield stress, normalized by
(E/E R )1.66 (the arbitrarily chosen reference value is
E R = 1 kV mm−1 ), versus the volume fraction at different strengths
of the applied electric field. The power law fitted to the whole data
set, in the form 0.87 , is also plotted.

It is interesting to note that the dielectric constant goes
down rapidly after 350 V mm−1 is switched off (see figure 9).
That field strength is rather small (just above the critical field
needed for a chain formation), and chains/columns are not
coarsened tightly enough to not break apart. The time needed
to break them apart is short. On the other hand, for a high field
strength of 750 V mm−1 , the dielectric constant falls down very
slow, and chains remain after the field has been switched off.
The data were fitted with an exponentially decaying function
that provided characteristic decay times of 11.5, 5.8, and 2.1 s
for electric field strengths of 350, 500, and 750 V mm−1 ,
respectively.

from CSR tests by fitting with Herschel–Bulkley are 4.49, 7.37,
12.2, and 27.1 Pa for the electric field strengths of 350, 500,
750, and 1000 V mm−1 , respectively. These values coincide
with the results acquired from the CSS method (see figure 10,
right). Since the power-law index p (see section 2.4) lies in the
range of 1.3–1.9 the usage of the Herschel–Bulkley model is
justified.
Figure 11 shows the dependence of the yield stress τy on
both the clay particle concentrations and the applied electric
field (based on values obtained from the CSS tests). A power
law of average exponent 1.66 was found, and this is in good
agreement with earlier results [23, 24]. The yield stress
shown here was normalized by E/E R1.66 ( E R = 1 kV mm−1
is a reference value) and plotted as a function of the clay
concentration . The collapsed data were fitted with a power
law with an exponent 0.87. Thus, the static yield stress scales
as τy ∝ 0.87 E 1.66 , in general agreement with the fibrillation
model described in section 2.4 that can be used here to explain
the mechanism of the ER effect.

4.5. Rheological behavior
The yield stress point can be found using different methods
and these include: controlled shear rate (CSR) measurements
followed by adequate fitting procedures, controlled shear
stress (CSS) tests, the bifurcation method, oscillatory test,
etc. One may discuss which method is the most appropriate
to use, since the value of the yield stress can vary with
different methods. However, in the case of our study the
two methods used, namely CSR and CSS, give very similar
results as presented below. Figure 10 shows a log–log plot of
the flow curves fitted with the Herschel–Bulkley model (left)
and the yield stress determination via controlled shear stress
tests (right) for a suspension of 10 wt% of clay under different
applied electric field strengths. The yield stress values obtained

5. Conclusion
The electric field induced structuring from clay particles
suspended in silicone oil has been studied by means of WAXS,

Figure 10. Log–log plot of the flow curves fitted with the Herschel–Bulkley model (left) and the yield stress determination via controlled
shear stress tests (right) for a suspension of 10 wt% of clay under different applied electric field strengths.

7
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and (iii) carrying out a more detailed study of the dielectric
properties of the system.

rheometry, SEM, leak current density, and dielectric constant
measurements.
Firstly, SEM was employed in order to characterize both
the general clay aggregate sizes/shapes and the size/shape of
individual particles. It was observed that clay particles form
aggregates of different sizes varying from a fraction of a
micrometer up to tens of micrometers in both length and width.
The aggregates also differ in shapes; hence the polydispersity
is high in terms of both size and shape.
The 001 scattering peak intensities from two-dimensional
WAXS diffractograms were plotted as a function of the
azimuthal angle and then fitted according to the model
from [10] in order to obtain the particles’ orientational
distributions. In this way, an orientational order parameter S
could be calculated; the obtained values showed that S does
not change much with time (15 s–6 min) after a fast initial
buildup of the orientational order. The reference orientation of
the distribution was also observed not to display any significant
differences, within the estimated error, for the different applied
fields of 350, 500, and 750 V mm−1 , respectively. One
concludes that the clay aggregates rotate and align along the
E -field much faster (probably on a ms timescale) than chains
(seconds) and columns (seconds/minutes) are formed.
Particle orientation distributions from WAXS data show
that particle orientation occurs very fast with respect to
chain formation and aggregation. In addition, a comparison
of the characteristic times for column formation by chain
aggregation (from the evolution of the amplitude of WAXS
azimuthal maxima) and for chain formation (from leak current
monitoring) shows that the two processes happen at the same
time and on a similar timescale for all applied electric fields,
except the lowest one, for which chain aggregation into
columns is a significantly slower process than their formation.
For the lowest electric field (0.35 kV mm−1 ) there was clear
evidence that coarsening of chains into the thicker columns
occurs much slower than at higher fields, where column
formation takes place immediately after chains are formed.
The leak current density of ERF was measured
for different electric field strengths and clay particle
concentrations. It was found that the leak current density
depends on electric field and clay concentration as follows:
J ∝ 0.74 E 2.12. The dielectric constant was derived from the
measured capacitance.
In addition, the most important rheological properties
of our ER fluid have been measured, which includes the
dependence of the yield stress both on the electric field and
on the particle concentration. The following scaling behavior
was observed: τy ∝ 0.87 E 1.66 .
Future prospects for this work include (i) extending the
study of characteristic times for chain versus column formation
in order to see if such a behavior is a general feature of this type
of system, (ii) investigating fluctuations in the leak current,
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