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Anisotropic dielectric properties of structured electrorheological fluids
Weijia Wen,a) Hongru Ma,b) Wing Yim Tam, and Ping Sheng
Department of Physics, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon,
Hong Kong, China

~Received 5 August 1998; accepted for publication 25 September 1998!

We present an approach to monitor the structure-induced anisotropic dielectric properties of
electrorheological fluids. The particles used are made from uniform glass microspheres coated with
an inner magnetic layer and an outer dielectric layer. Under an applied magnetic field, the particles
are found to form columnar structures with a body-centered-tetragonal crystalline arrangement
inside the columns. It is shown that the structure-induced dielectric constant can be consistently
explained through first-principles calculations. ©1998 American Institute of Physics.
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Electrorheological~ER! fluids, consisting of fine dielec
tric particles suspended in an insulating liquid, make u
two-phase system whose rheological properties are con
lable through the application of an external electric fie
This phenomenon has been the focus of much attention
perimentally and theoretically.1–8 It is known that in the high
field limit, uniform spherical particles would aggregate in
columns inside which the spheres form a body-center
tetragonal~BCT! structure, with a corresponding increase
the dielectric constant along the field direction.5,6,8 This is
therefore a nonlinear dielectric system, with the increase
the dielectric constant dictated by the principle of minimu
free energy and the accompanying structural transformat
However, the dependence of the dielectric constant of the
fluids on the structure variation is still a topic of debate
both experimental and theoretical studies. Blocket al.9 ob-
served that the permittivity and dielectric loss were large
high fields than at low fields, and pointed out the change
dielectric properties was due to the fibrillation of particle
Recent study of the structure-induced nonlinear ER fl
properties showed a tendency of the permittivity of ER flu
to increase as the electric field was increased.10,11 However,
investigation of the anisotropically dielectric constants m
sured along and perpendicular to the column direction is
lacking. The reason for this is due to experimental limitatio
One can imagine that if two pairs of the electrodes
mounted perpendicularly~one is used to measure the diele
tric constant and another is applied with high electric field! it
will lead to an electrical short once the high electric field
applied.

In this work, a unique material, denoted the elect
magneto~EM! microspheres, is used to investigate the ani
tropic dielectric properties of ER fluids. The EM micro
sphere is made of a glass core onto which a magnetic l
and a dielectric layer have been sequentially coated. S
the inner layer is ferromagnetic, the application of anexter-
nal magneticfield will lead to the aggregation of spheres in
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columns aligned in the field direction, with a BCT arrang
ment of spheres inside the columns. The structure-indu
dielectric variation and anisotropic property of ER fluids c
thus be determined. In contrast to the experiment perform
under high electric fields, the present test is easy and m
accurate. Moreover, the microspheres used here are uni
in size so that the results may be compared directly w
theoretical predictions.

The particles used in our study consist of 3563 mm
diam glass spheres onto which an inner magnetic nickel la
and an outer dielectric layer, such as lead zirconic titan
~PZT! or TiO2, are coated using electroless plating and s
gel processes.12,13 The magnetization of each individual m
crosphere,m i , can be controlled by adjusting the thickne
of the nickel layer. In our experiment, the average thickn
of the nickel layer is 2.560.3mm; the magnetization of one
such sphere is calculated to be;30 emu/g. It should be
emphasized here that the thickness of the nickel layer sh
be at least 2mm, otherwise the magnetization of suc
spheres is too small for suspension in the fluid, even whe
relatively strong magnetic field is applied. To obtain a stro
insulating outer layer, at least five repeat coatings should
made. Finally, the prepared particles were annealed
500 °C for 2 h. The cross-sectional SEM image of a we
coated microsphere is shown in the upper inset of Fig
where it can be seen that the inner Ni magnetic layer and
outer PZT insulating layer are clearly visible. The proce
for TiO2 coating is the same as the PZT case.

Figure 1 gives a schematic for the dielectric measu
ment. The setup consists of three separate parts:~a! a
computer-controlled electromagnet whose magnetic fi
strength can be varied from 0 to 4000 G;~b! LCR meter~HP
4284A! used to measure the dielectric properties as the st
ture changes with increasing magnetic field;~c! an ER fluids
cell formed by mounting a plastic stripe between two bra
electrodes. The dimension of the cell is 3033032 mm, with
a 2 mm gap between the two electrodes. To observe
structure changes as a function of the magnetic field, an
tical microscope is applied forin situ monitoring. Figure 2~a!
shows randomly dispersed particles in silicone oil at z
field. As the field strength is increased the particles bega
align to form chains in the field direction. With further fiel

ni-

ity,
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increase the chains coarsen to form columns across the
electrodes. The coarsening process is shown in Figs. 2~b!–
2~c!.

Figures 3~a! and 3~b! show, corresponding to the struc
ture changes, the measured variations of real (e8) and imagi-
nary (e9) parts of the dielectric constant as a function
applied magnetic field strength for two samples. In the fi
ures,zz(xx) indicates the test configuration where the tw
electrodes of the ER fluid cell are placed parallel~perpen-
dicular! to the field direction. For thezzcase, it is seen tha
both the real and imaginary parts of the dielectric const
increasemonotonically as the magnetic field strength is
creased from 0 to 2500 G; beyond that, there is only a sl
increase. The increase in the real parts of the dielectric c
stant for the PZT- and TiO2-coated ER fluids is 7% and 4%
respectively, and the imaginary parts for both cases are
creased by 7%. For thexx case, however, both the real an
imaginary parts decrease as the magnetic field strengt
increased. It should be pointed out that from visual mic
scope observations, the columns formed when the fi
strength reached 150 G and beyond that almost no vi
change in the column structure can be identified. We beli
that the slight increase of the dielectric constant at high m
netic fields is due to the small adjustments among the
ticles.

To explain the experimental results described above,
use the following calculations to obtain thezz and xx com-
ponents of the effect dielectric tensor. Since the ER sys
before the formation of the columns is a random dispers

FIG. 1. Schematic diagram of the experimental setup. The upper i
shows the cross-sectional SEM imagine of double-coated microsphere

FIG. 2. Structure evolution as the magnetic field strength is increased.
the field strengths for~a!, ~b!, and~c! are 0, 30, and 200 G, respectively.
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of particles, its effective complex dielectric constant can
calculated by the Maxwell-Garnett formula14

ē2e2

ē12e2
5p

e12e2

e112e2
. ~1!

Here the subscripts 1, 2 stand for particle and liquid, resp
tively, ē is the effective dielectric constant,p is the volume
fraction of solid particles. From the measured effective
electric constant~with the frequency of the LCR meter fixe
at 1 kHz! of the mixture and the dielectric constant of the o
~2.71!, one can deduce from the above formula the dielec
constant of the solid particle,e1 . In the high electric field
limit, the particle structure which gives the largest effecti
dielectric constant is the body-centered-tetragonal~BCT! ar-
rangement, which has been shown in previous theoret
and experimental studies.5,6,8 The question here is: can w
treat the particle structure in the present work as the B
structure? Fortunately, the answer is positive and it has b
proved recently, through both theoretical calculations a
experimental observations.15 Based on this consideration, w
calculate the high field dielectric constant as follows.

Since particles form columns along thez direction, thezz
component of the effective dielectric constant is given by

et

re

FIG. 3. Dependencies of real~a! and imaginary~b! parts of the dielectric
constant on magnetic field strength. Here the volume fraction is 0.27,
the frequency of the LCR meter is fixed at 1 kHz.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ēzz5
p

pc
eczz1S 12

p

pc
D e2 . ~2!

Hereeczz is thezzcomponent of the effective dielectric con
stant of the column, andpc is the volume fraction inside the
column. The componenteczz can be calculated from firs
principles when uniform-sized spheres form regular str
tures, e.g., the BCT. Considering the dispersions of
sphere size in this experiment, we did the first principle c
culations with uniform spheres but kept the spheres slig
separated, the separation between spheres being 0.15~here
0.15 is chosen to fit our experimental results in the wh
fitting process! of the sphere diameter. The method used
our calculation is the eigenfunction expansion method of
Bergman-Milton approach, the details of which are describ
in Refs. 8 and 16. The calculated results can be represe
accurately by the formula

eczz5e2S 12
0.4509

s20.1613
2

0.0058

s20.4187
2

0.0006

s24481

2
0.0018

s20.4959D , ~3!

which is a truncated form of the Bergman-Hilton represen
tion. Heres5e2 /(e22e1). The xx component of the effec
tive dielectric constant can be calculated by the two dim
sional Maxwell-Garnett formula

TABLE I. Experimental and theoretical results of the real and imagin
parts of ER fluid dielectric constants measured alongz andx directions for
the random and structured cases.

Theory Experiment

e8 e9 e8 e9

Random Fitted Fitted 4.95 0.13
zz 5.67 0.23 5.29 0.14

PZT- column
xx 4.75 0.11 4.94 0.12

Random Fitted Fitted 4.26 0.26
zz 4.56 0.37 4.44 0.28

TiO2- column
xx 4.15 0.23 4.25 0.25
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ēxx1e2
5

p

pc

ecxx2e2

ecxx1e2
~4!

and the calculatedecxx can be approximated by the formul

ecxx5e2S 12
0.4351

s20.1741
2

0.0157

s20.3944
2

0.0019

s24451

2
0.0050

s20.4972
2

0.0013

s25456D . ~5!

In Table I we give a comparison of measured and calcula
results. The agreement is satisfactory considering the id
ized models used in our calculations. However, the obser
increase ineczz is invariably smaller than the theoretical pr
diction. This could be due to imperfection in the crystallin
BCT structure.
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