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Frequency and water content dependencies of electrorheological properties
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~Received 17 July 1996!

The static yield stress and complex dielectric constant of glass spheres dispersed in vacuum oil are measured
as a function of~applied electric field! frequency and water content. Based on a model in which the dielectric
constants of the solid and the liquid constituents are given by the Debye form with a log-normal distribution of
relaxation times, it is shown that the electrical and the mechanical electrorheological responses can be consis-
tently explained through first-principles calculations.@S1063-651X~97!51102-0#

PACS number~s!: 41.20.Cv, 61.90.1d, 62.20.2x
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Electrorheological~ER! fluids are a class of material
whose rheological properties are controllable by the appl
tion of an electric field. The discovery of this type of mat
rial was made by Winslow@1#, who observed the ER effec
with cornstarch suspended in oil. In the past decade, rese
in ER fluids has attracted much renewed interest. In part
lar, the role of water in producing the ER effect has bee
widely debated topic@1–5#. For example, a recently pro
posed ‘‘water mechanism’’ is the so-called ‘‘conductivity e
fect’’ @2,6–13#, where the presence of dc conductivity is k
to the observed enhancement of ER yield stress in the p
ence of water. In particular, Feliciet al. @8# and Conradet al.
@9,11# have studied the conductivity effect in ER system
and analyzed the results in terms of a dielectric respo
function e(v)5K(v)1 i4ps/v, where K(v) and s are
real numbers. Heres is the dc conductivity of the system. I
this work, we study the role of water in ER properties mo
fications in a system consisting of 1.5-mm glass spheres dis
persed in vacuum oil. By measuring the frequency depend
cies of the static yield stress and the low-field comp
dielectric constant as a function of increasing water cont
and by calculating the same quantities through fir
principles approaches, it is found that both the electrical
the mechanical electrorheological responses can be co
tently explained on the basis of a model where theK(v) part
of the dielectric constants for both the solid and the liqu
constituents of the ER fluids are frequency-dependent c
plex numbers given by the Debye form with a log-norm
distribution of relaxation times. The dc conductivity term
i4ps/v, can also be included in our model as an additio
fitting parameter. However, best agreement between th
and experiments is found by setting the dc conductivity
zero. Our results therefore suggest that the presence of w
essentially modifies the dielectric constants of the const
ents from good insulators to that of poor insulators, given
the Debye form, andin the frequency range~20–105 Hz! we
studied,the dc conductivity plays at most a very minor ro
as compared to the imaginary part ofK(v) in our analysis.
The case where dc conductivity truly dominates, such as
tallic particles suspended in oil, is also discussed and c
trasted with the effect of water. It should be remarked tha
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contrast to prior studies of the problems, our work dist
guishes between the complex part ofK(v) and the dc con-
ductivity effect, and employs first-principle calculations f
our experimentally measured quantities. The resulting qu
titative account of the experimental data based on the De
model is noted to also rule out the ‘‘water bridge’’ mech
nism @5# as a significant contributor~within the frequency
range studied! to the yield stress in our system, where t
water trapped in the contact areas between particles is
responsible for holding the particles together.

The ER fluids of our experiment consist of 1.5-mm glass
spheres suspended invacuum oil.To prepare the samples
both the glass spheres and oil were heated at a temperatu
120 °C for about 24 h to remove any trace water. The dr
particles were immediately placed in glass tubes, into wh
different amounts of water were injected with a pipette. T
weights of the dried particle, and particles with water add
were measured by an electronic balance~OHAUS CORP.
AP250D!, from which the water contentsw were calculated.
The water contents of the three samples 1, 2, and 3
0.04979, 0.07986, and 0.11441, respectively, in weight fr
tion of glass spheres. The mouths of the tube were sealed
then stored at a temperature of 120 °C for 10 h. The tu
were rotated continuously to ensure uniform vaporizati
After cooling to room temperature, a measured amount of
was injected into the tube, and the hydronic particles w
uniformly immersed in oil through the application of ultra
sonic vibrations, with a volume fraction of about 9%.

With a cell comprised of two parallel plate electrodes, t
dielectric measurements of the ER fluids were performed
an HP4284A LCR meter in a frequency range of 20 Hz
100 kHz. The static yield stress was measured by usin
standard parallel plate torsional device with a root-me
square~RMS! electric field of 510 V/mm applied across th
ER fluids sandwiched between the two parallel plates. T
lower plate was rotated slowly, dragging the top plate with
torque, which was connected via a torque meter to the
plate. The static yield stress was read out when slipping
curred between the two plates, after subtracting off the ze
field value~which is about 1% of the high-field value!. The
static yield stress was observed to have an accurateE2 field
strength dependence.

In Figs. 1 and 2, the measured real and imaginary part
the dielectric constants are plotted as a function of freque
for the three samples with increasing amount of water.
ty,
R1294 © 1997 The American Physical Society
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55 R1295FREQUENCY AND WATER CONTENT DEPENDENCIES OF . . .
Fig. 3, the measured static yield stresses for the same t
samples are plotted as a function of frequency. It is seen
the water content has an important effect on the freque
dependencies of the complex dielectric constant and
static yield stress. To explain these experimental results
use the following formalism for the calculation of the sta
yield stress and the dielectric constant.

We model the ER fluid as a two-component system c
sisting of spherical solid particles of radiusR and complex
dielectric constant«1 dispersed in a liquid characterized b
«2. The electrostatic problem to be solved is given by

“•F12
1

s
h~r !G“f50, ~1!

wheres5«2 /(«22«1) is the only relevant material param
eter in the problem. Heref is the electrical potential and
h(r ) is the characteristic function of the solid compone
defined as having the value 1 at those spatial points occu
by the solid particles, and zero otherwise. The formal so
tion of Eq. ~1!, given the condition ofDf/ l5E51 in the
z direction, can be expressed in the operator notation as

f52s
z

s2G
, ~2!

FIG. 2. The imaginary part of effective dielectric constant of t
three samples plotted as a function of frequency. The symbols
resent the experimental measurements and lines are fitted the
cal calculations.

FIG. 1. The real part of effective dielectric constant of the th
samples plotted as a function of frequency. The symbols repre
the experimental measurements and lines are fitted theoretica
culations.
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where

G5
1

VE dr 8 h~r 8!“8G0~r2r 8!•“8 ~3!

is an integral-differential operator, withG0(r2r 8)
51/4pur2r 8u denoting the Green’s function for the Laplac
equation, andV the sample volume. By defining the inne
product operation as

^fuc&5E dr h~r !“f~r !* •“c~r !, ~4!

it becomes possible to write the effective dielectric const
as

ēzz
e2

52
1

VE dr S 12
1

s
h~r ! D ]f

]z
511

1

s
^zuf&

1

V
. ~5!

From Eqs.~2! and~5!, it follows that the effective dielectric
constant is given by the Bergman-Milton representation@14#:

ēzz
e2

512
1

V (
n

f n
s2sn

. ~6!

Here f n5u^zufn&u2, and sn andfn are thenth eigenvalue
and eigenfunction of the operatorG.

Since ER systems are always operated at frequen
,105 Hz, the long-wavelength limit is valid. Therefore, th
free energy density of the system is given by@15#

f52
1

8p
Re~ ēzz!E0

22ST, ~7!

whereE0 is the average~or applied! electric field,S is the
entropy, andT is temperature. It should be noted that in E
~7!, where ēzz is complex, its imaginary part relates to th
dissipation of the system. However, as long as heating of
system is not excessive, the condition of lowest free ene
should be operative. This is generally the case in most ph
cal systems. It follows that in the limit of small applied fiel
the ground state of the ER fluids is clearly the one that
the highest entropy, i.e., the randomly dispersed configu
tion. This is the state in which the complex dielectric co

p-
eti-

FIG. 3. The measured~symbols! and fitted~lines! static yield
stress plotted as a function of frequency. From bottom to t
sample 1, sample 2, and sample 3.
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stant of the system is measured. In the high-field limit,
entropy part of the free energy may be neglected, and
particle structure that gives the largest effective dielec
constant, or the lowest free energy density, was first p
posed by Tao and Sun@16# to be a body-centered-tetragon
~BCT! structure based on dipole interactions. This grou
state structure was later confirmed by various authors@17–
20# with more accurate calculations. The static yield str
was measured at the high-field state. Unfortunately, we h
yet been unable to systematically measure the dielectric
stants of the high-field state.

To calculate the static yield stress of an ER fluid, it
necessary to perturb away from the equilibrium state by
plying a shear deformation to the system that is perpend
lar to the applied field. The shear deformation basically
two components, i.e., each chain is tilted with a shear an
u with respect to the field direction, and thereby also elo
gated; i.e., the particles are separated as a result. To d
mine the static yield stress, the free energy density is
calculated as a function of shearing angle. The stress is
obtained by numerical differentiation of the free energy d
sity as a function of the shearing angleu. The static yield
stress is defined to be the maximum stress beyond which
stress decreases with increasing strain, i.e., the solid stru
becomes unstable. This is described in more detail elsew
@20#.

We model the dielectric constants of the solid partic
and the liquid by a Debye form with a log-normal distrib
tion of relaxation times,

«2«`5E dtP~t!
«D

12 ivt
, ~8!

where

P~t!5
1

A2pDt
expF2

~ lnt/t0!
2

2D2 G , ~9!

«` is the high frequency dielectric constant,«D is the differ-
ence between static and high frequency dielectric const
v is the frequency of the applied field, andt is the Debye
relaxation time.D and t0 are two parameters of the log
normal distribution.

Since the ER system before the application of a high e
tric field has the random dispersion microstructure, its eff
tive complex dielectric constant at low volume concentrat
may be calculated by the Maxwell-Garnett formula@21# with
a high degree of accuracy:

«eff2«2
«eff12«2

5p
«12«2

«112«2
. ~10!

Here the subscripts 1, 2, and eff stand forparticle, liquid,
and effective, respectively; p is the volume fraction of
spheres. Because the volume fraction is small~9%! in our
experiment, the effective dielectric constant is more sensi
to the dielectric constant of the liquid as can be calcula
from Eq. ~10!. In contrast, the static yield stress, which
measured under high applied field and the particles ar
close proximity to each other, is sensitive to the dielec
constant of the spheres. Based on this observation, we
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fitted the parameters of the spheres and the liquid in an
erative manner in order to converge to the optimal fit. Th
is, we first determined the«` of the liquid from the measured
high frequency effective dielectric constant. Then with a re
sonable guess for the dielectric constant of the spheres, w
the remaining three parameters of the liquid dielectric c
stant to the measured frequency dependence of the effe
dielectric constant. Then by treating the liquid dielectric co
stant as known, we fit the four parameters for the dielec
constant of the solid spheres to the measured freque
variation of the yield stress. The three parameters of the
uid dielectric constant are then refitted, and this iteration
continued until convergence results. The resulting param
values are given in Table I. It should be noted that wh
there are a total of seven fitting parameters for the th
curves of each sample, four of those parameters are relat
the distribution functions of the relaxation times, and the
fore can only affect the results in a very constrained man
@22#. That is, the good agreement between theory and exp
ments as seen from the two lower-water-content samp
and the consistency that is achieved between two diffe
types of properties, reflect the validity of the Debye mod
and yield the distributions of relaxation times as a result. T
fit for the yield stress of the third sample is less impress
than the other two. Nevertheless, the theory does give cor
qualitative behavior. It should be noted that in the Deb
model the dc conductivity is zero. We have tried to insert
additional term in the dielectric constants of solid partic
and the liquid,i4ps/v, to reflect the presence of the d
conductivity. However, our fitting process yields zero as
final value for that term, i.e., there is no dc conductiv
effect. In fact, a separate experiment had been carried ou
using metallic spheres and insulated electrodes, where th
conductivity truly dominates. It was seen that the spheres
not form columns. Instead, they form a fractal-like pattern
little thought on this result led to the recognition that t
presence of particle dc conductivity essentially modified
electrodes from planar to irregular shapes, with sharp corn
~single particle! where the electric field is the highest. Th
situation then becomes similar to that of diffusion-limite
aggregation, and the formation of a fractal-like pattern
therefore not surprising. Details of the metallic-particle e
periment will be reported elsewhere@23#. The point here,
though, is that if the particle dc conductivity were inde
dominant, its effect should be easily visible as in the meta
case.

A plausible physical picture that emerges from our resu
is that the water phase exists as droplets in oil, and the
tribution in relaxation times reflects the distribution in th

TABLE I. The fitted parameters for the three samples.P andL
stands for particles and liquid, respectively.

«` «D t0 ~s! D

P 62.7 789 2.9231022 2.89
Sample 1 L 2.2 273 4.52 3.44

P 247 561 3.5231022 4.39
Sample 2 L 2.6 49.8 1.0731023 1.49

P 422. 123 6.2531024 ;0
Sample 3 L 3.3 44.6 4.4431024 .832
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55 R1297FREQUENCY AND WATER CONTENT DEPENDENCIES OF . . .
size of the droplets, though the precise connection is stil
be determined. At low water contents, the droplets tend
aggregate at the surfaces of the spheres, leaving the oil
tively free of water. That is evidenced by the fact that t
dielectric constant of the liquid phase~consisting of oil plus
water droplets! is very close to that of oil at low water con
tent, though that of the solid phase is very different.
higher water content, however, the droplets could be
persed in the oil as well, thus affecting the dielectric const
of the liquid phase.
,

,

o
o
la-

t
-
t

In conclusion, we have measured the frequen
dependent effective dielectric constant and yield stress
glass or vacuum oilwith different water contents. The mea
sured results are found to be quantitatively explainable
the basis of a model in which both the dielectric constants
solid and liquid are given by the Debye form, with a lo
normal distribution of the relaxation times.

We wish to acknowledge the support of HKUST Resea
Infrastructure Grant RI93/94.SC09 for this work.
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