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Compressions of electrorheological fluids under different initial gap distances
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~Received 26 December 2002; revised manuscript received 3 March 2003; published 14 May 2003!

Compressions of electrorheological~ER! fluids have been carried out under different initial gap distances
and different applied voltages. The nominal yield stresses of the compressed ER fluid under different condi-
tions, according to the mechanics of compressing continuous fluids considering the yield stress of the plastic
fluid, have been calculated. Curves of nominal yield stress under different applied voltages at an initial gap
distance of 4 mm overlapped well and were shown to be proportional to the square of the external electric field
and agree well with the traditional description. With the decrease of the initial gap distance, the difference
between the nominal yield stress curves increased. The gap distance effect on the compression of ER fluids
could not be explained by the traditional description based on the Bingham model and the continuous media
theory. An explanation based on the mechanics of particle chain is proposed to describe the gap distance effect
on the compression of ER fluids.
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I. INTRODUCTION

Electrorheological~ER! fluids have been widely investi
gated for their potential industrial applications such
clutches, dampers, engine mounts, and step actuators
@1#. Because most of the applications are based on s
yield stress of ER fluids, a great deal of theoretical and
perimental research has been concentrated on particle i
actions to approach the shear yield stress@2#. However, the
reported shear yield stress of ER fluids is usually lower th
10 kPa, and not high enough for many real applications.
design ER actuators with higher force performance, ten
and compressive behaviors of ER fluids have been inve
gated during recent years. The tensile stress and compre
stress of ER fluids have been found to be much higher t
the shear yield stress@3#. Monkman has investigated th
electrorheological effect under compression@4#. Vieira et al.
have tested the tensile, compression and oscillatory sque
behaviors of an ER fluid based on carbonaceous particles
silicone oil @5#. Gong and Lim have experimentally dete
mined the tensile and compression properties of ER flu
added with glass fiber@6#. Lee and co-workers have studie
ER suspensions composed of silica particles and silicone
under squeeze flow by changing applied electric field, p
ticulate volume fraction, viscosity of host oil, and water co
tent in particles@7#. Noresson and Ohlson have reported
critical study of the Bingham model in squeeze-flow mod
showing that the amplitude and frequency dependence is
well predicted by the Bingham model@8#. Recently we have
compared compressing, elongating and shearing, beha
of ER fluids@9#, and have studied stepwise compressions
ER fluids under different constant voltages@10#.

There are fewer theoretical works on compressive beh
ior of ER fluids when compared to experimental studi
Yang has described the tensile and compressive behavio
dilute ER fluids by the electrostatic polarization model a
Hertzian contact theory@11#. Lukkarinen and Kaski have
simulated the mechanical properties using point-dip
model@12#. Besides the simulations, the compressive beh
iors of ER fluids have often been considered a transform
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s
tc.
ar
-

er-

n
o
le
ti-
ive
n

ze,
nd

s

il
r-
-

,
ot

rs
f

v-
.
of

e
v-
d

shear behavior that predicts the compressive stress from
dimension of compressive flow, and the shear stress of
fluids under the compression@13#. The radial velocity, radial
pressure gradient, and the pressure acted on the plates
ER fluids are compressed between two parallel plates, h
been given by Williamset al. @14#. When the compressing
speed is very low, neglecting the viscous force, the ER flu
can be dealt with as a plastic fluid. The equation describ
compressive stressP deduced from the report by Gartlin
and Phan-Thien@15# is

P5
D

3h
t0 , ~1!

whereD is the diameter of the plate,h is the instantaneous
distance between the plates,t0 is the yield stress of the plas
tic fluid. For ER fluids under external fields, it can be d
scribed by the Bingham model employing a yield stresst0 .
The equation shows that the compressive stress is not
proportional to the yield stress of the fluid, but also is a
fected by the structure parameterD/h.

For the high mechanical performance of compress
flow, application prototypes have been constructed based
the Bingham model and the continuous media theory, suc
squeezing damper@8#, engine mounts@14#, and clutch incor-
porating compressive effect@16#. However, this continuous
media theory is not always applicable. For instance, the
periments done by Vieiraet al. at a low compressive spee
of 0.5 mm/min showed that the compressive stress und
constant external electric field of 0.5 kV/mm and an init
gap distance of 2 mm, remained approximately constan
the compressive strain range of 0.1–0.5, independent of
structure parametersD/h @5#. This is obviously different
from the description by Eq.~1!. Also, a critical study of the
Bingham model in a squeeze-flow mode has been repo
by Noresson and Ohlson@8#. They found that the Bingham
parameters tested from shear-flow mode are not valid for
calculation of the squeeze-flow mode behavior, and even
Bingham parameters directly obtained from squeeze-fl
mode are valid for one amplitude and one frequency on
©2003 The American Physical Society01-1
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The step compressions done by us have found deviat
from the traditional description at strong ER effects@10#. In
this paper, compressive behaviors of ER fluids based on
lite and silicone oils under different initial gap distance
different applied voltages, and at a small compressive sp
were investigated. Deviations from the traditional descript
have been found and discussed.

II. EXPERIMENT

The apparatus employed in this study is similar to t
employed in our former report@9# as shown in Fig. 1. The
upper plate connected to a force sensor has a rectan
shapeS532332 mm2. The lower plate is a little larger tha
the upper one. The stress-strain-type force sensor has a
surement range6198 N and a stiffnessK5503 N/mm. The
sensor signal is modulated by a strain amplifier~DH-5935!
and then sampled by a computer. The ER fluid employed
the experiment is based on zeolite and silicone oil with
particle volume fraction of about 26%.

The test process is as follows. At first the distance
tween the two plates is adjusted to the initial gap distan
After a voltageV has been applied to the ER fluid, compre
sion is carried out. The original gap distance between the
parallel platesh0 has been set to 4, 2, 1, and 0.5 mm, resp
tively. The nominal final gap distance is 25% of the initi
value. During the compressions, the applied voltageV is kept
constant and is withdrawn after the compression. After
reset of the initial gap distance and the applied voltage, o
compressions are carried out. Corresponding to differenth0 ,
differentV has been applied to keep the initial electric fiel
between the platesE0 to be 0.25, 0.5, 0.75, 1, and 1.2
kV/mm, respectively. For instance, whenh054 mm, the ap-
plied voltages are 1, 2, 3, 4, and 5 kV, respectively. Also,
compressive speed is kept constant i.e.,v50.4167 mm/s. All
the experiments have been done at room temperature 2

If the tested compressive force isF, the compressive
stressP during the compressive process can be represe
as

P5F/S. ~2!

The compressive straing is expressed as

FIG. 1. Schematic of the experiment apparatus.
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wheret is the compressive time. The instantaneous dista
between the two platesh can be calculated from the com
pressive timet, the computer controlled compressing spe
v, and the deformation of the force sensor as

h5h02vt1F/K. ~4!

The instantaneous electric fieldE during the compression
process is calculated by

E5
V

h
. ~5!

Also, as mentioned above, when ER fluids are compresse
a small compressive speed, the contribution of the visc
force to the compression stress can be neglected. In this
vestigation, the nominal compressive speed is as low
0.4167 mm/s, the viscosity of the ER fluid under no field
about 8 Pa s at room temperature 25 °C. Neglecting the
cous force at the small compressive speed, the compres
stress during compression can be looked as all contribute
the field induced yield stress of the ER fluid, so the nomi
yield stress of the ER fluid during compressions can be
proximated by the following equation:

t05
3Ph

D
. ~6!

III. RESULTS AND DISCUSSIONS

The compressive stress versus the instantaneous ele
field of compressions whenh054 mm is shown in Fig. 2.
The compressive stress increases quickly with the increas
the instantaneous electric field. Because the applied vol
is constant during compressions, the decrease inh causes the

FIG. 2. Compressive stressP of compressions at an initial ga
distance of 4 mm.
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increase in electric fieldE. Also, under a certain instanta
neous electric field, compressive, stress of compression
plied at a higher applied voltage is obviously lower than t
applied at a lower applied voltage but experienced a lar
compressive strain. This can be explained by the fact that
compression experienced by a larger compressive strain
a smallerh and a higherD/h. The ER fluid have the samet0
under the same instantaneous field; then according to Eq~6!,
the later compressive stress will be higher than the form
one. The nominal yield stress calculated according to Eq.~6!
whenh054 mm is shown in Fig. 3. The curves applied d
ferent voltages overlap over most of the ranges, showing
the five compressions can be well described by the princ
represented by Eq.~6!. The overlapped curves can be fitte
by the following equation, whose curve is also shown
Fig. 3:

t05331026E2. ~7!

The equation shows that the nominal yield stress is prop
tional to the square of the external electric field. This squ
relationship is usually reported for static yield stress of
fluids to the applied electric field@17#. Many experimental
reports about shear yield stress of ER fluids show an ex
nent of about 1.4–1.6@18#. Therefore we call the stress ob
tained from Eq.~6! nominal yield stress rather than she
yield stress. However, whatever it is called, Fig. 3 shows t
the compressions at this gap distance can be well descr
by the traditional principles of the continuous media theo
that can be simplified to Eq.~6! at small compressive speed
Also, Figs. 2 and 3 show that there is a very small nomi
yield stress during compression until the field has increa
substantially and it seemed to disagree with the fact that
higher the field the stronger the ER fluid. This can be
cribed to the elasticity of ER fluids before they yield. E
fluids usually experience a little strain to reach their yie
stress that can be described by the biviscosity mo

FIG. 3. Nominal yield stresst0 of compressions at an initial ga
distance of 4 mm.
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@14–15,19#. The compressive strain change corresponds
the field increase in our experiment. This part has
reached the yield stress and is not discussed in this inv
gation. The phenomenon is also observed in other comp
sions of ER fluids@6,9#.

When h052 mm, the nominal yield stress is shown
Fig. 4. The nominal yield stresses under different appl
voltages are no longer well overlapped as that shown in F
3. Fitting the curves in Fig. 4 with exponential functions, t
equations for the curves aret05231022E2.83 ~0.5 kV!, t0
5231027E2.42 ~1 kV!, t05631027E2.27 ~1.5 kV!, t052
31027E2.45 ~2 kV!, and t05131026E2.18 ~2.5 kV!. The
nominal yield stress is no longer proportional to the squ
of the external electric field.

With the further decrease inh0 to 1 mm, the difference
between curves becomes more significant, as is show
Fig. 5. Curves are obviously different from each other a
have no overlap parts. Figure 5 also shows a trend that
exponent increases with increase in the applied voltage.
exponential function for the curve of 1 kV ist051
31026E5.52. t0 depends much strongly on the electric fie
than that of 0.25 kV given byt05131027E2.73. Figure 6
shows the results whenh050.5 mm. A nearly straight in-
crease in nominal yield stress with increase in electric field
shown. When the applied voltage increased from 0.125 kV
0.375 kV, the increase in nominal yield stress versus elec
field accelerated. When an applied voltage 0.5 kV is us
the electric field changed very little during the compressi
Due to the accuracy of the elasticity of the force sensor,
compressive feeding speed and the compressive disp
ment, the instantaneous field even decreases a little in
beginning when the ER fluid is compressed for 0.375 and
kV. In fact, the compressive displacement is approximat
totally compensated by the deformation of the force sen
remaining a constant instantaneous field. Due to the ab
system error, a very small negative compressive strain

FIG. 4. Nominal yield stresst0 of compressions at an initial ga
distance of 2 mm.
1-3



e
rt
te
g
.
,
.2

in
is

t

is
is

res-
for-
eds

The
al
ield

p

p
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been calculated and thus shows a small decrease in th
stantaneous field. But, as it should be recognized, this pa
a straight increase in the normal yield stress at approxima
constant instantaneous fields in the beginning, showin
very strong stiffness of the ER fluid under the conditions

For each initial gap distance,E0 has been, respectively
set to 0.25, 0.5, 0.75, 1, and 1.25 kV/mm. Except for 1
kV/mm when h051 mm and h050.5 mm, the ER fluid
showed too strong stiffness. Comparing the tested nom
yield stresses of compressions at different initial gap d
tancesh0 , the nominal yield stresses whenE050.5 and 0.75
kV/mm are shown in Figs. 7 and 8, respectively. The nom
nal yield stress at a smallerh0 is obviously higher than tha
at a largerh0 under the same instantaneous field.

FIG. 5. Nominal yield stresst0 of compressions at an initial ga
distance of 1 mm.

FIG. 6. Nominal yield stresst0 of compressions at an initial ga
distance of 0.5 mm.
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In this investigation, the nominal compressive speed
0.4167 mm/s. The viscosity of the ER fluid under no field
about 8 Pa s at room temperature of 25 °C. During comp
sions, the force sensor has a low stiffness and a large de
mation. At the end of compressions, the compressive spe
are, respectively, 0.183 mm/s (h054 mm, 5 kV!, 0.069
mm/s (h052 mm, 2.5 kV!, 0.038 mm/s (h051 mm, 1 kV!
and '0.007 mm/s (h050.5 mm, 0.5 kV!. According to the
theoretical calculation@14,15,19#, the contribution of the vis-
cous force to the compressive stress is less than 0.5%.
viscous force contributes very little to the tested nomin
yield stress and can be neglected. The tested nominal y

FIG. 7. Nominal yield stresst0 of ER fluids at an initial electric
field of 0.50 kV/mm and different initial gap distances.

FIG. 8. Nominal yield stresst0 of ER fluids at an initial electric
field of 0.75 kV/mm and different initial gap distances.
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stress can be considered totally contributed by the field
duced resistance of the ER fluid. The deviation of the no
nal yield stresses from the description by Eq.~6! is dealt with
the field induced yield stresses. As mentioned above, sim
deviations have also been reported by Noresson and Oh
@8#. They found that the Bingham parameters tested fr
shear-flow mode are not valid for the calculation of t
squeeze-flow mode behavior employing the continuous
dia theory. Different from our simplified calculation, the
method is an accurate numerical calculation based on
traditional principles of fluids. They also found that the Bin
ham parameters directly obtained from the squeeze-fl
mode are valid for one amplitude and one frequency only
we still want to describe the squeeze-flow of ER fluids
employing the Bingham parameters and the traditional c
tinuous media theory, such as experiments done by us an
Noresson and Ohlson, the Bingham parameters should
a different set of values at different conditions. This is not
accord with the fact that there is only one set of Bingh
parameters for a given ER fluid. These experiments sh
that the description of compressive behavior of ER flu
with the continuous media theory and the Bingham mo
might not have reflected the essential property of the
effect during compression.

Considering the basic phenomena in the ER effect,
suspensions are composed of fine particles and insula
oils; when an external electric field is applied on the susp
sions, the particles are polarized and strongly interact w
each other to form regular chains and columns along the fi
direction. Similar to the sheared ER fluids involving the i
teraction forces between particles along the shear direc
and the deformation of particle chains along the shear di
tion perpendicular to the applied field, the mechanical pr
erty of ER fluids under compression is also determined
the chain strength and the deformation of the chains un
compression. For an ER fluid compressed at a small c
pressive speed, the compression stress is mainly contrib
by the resistances of the chains induced by the external e
tric field. As the employed particles in ER fluids are usua
of the size of micron scale, and the gap distance is of m
meter scale, so the particle chains can be seen as slim
According to the mechanics of compressing slim rods,
rod strengthPL is determined by the rod lengthl and rod
diameterd by the following equation@20#:

PL5kGS d

l D
2

, ~8!

where kG is a material parameter, which, for ER fluid
should be tightly related to the particle interactions. The
fore, for ER fluids under compression, if the diameter of
chains is constant, the chain strength will be greatly i
proved by increasingkG through increasing the applied ele
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tric field and the decrease in the chain lengthl 5h. At some
places, for instance, when the applied initial field strength
0.25 kV/mm, the square relationship between the comp
sive stress and the chain length or the gap distance is s
fied. But as shown in Figs. 7 and 8, the square relationshi
not always satisfied. This can be ascribed to the fact that
assumption of single chain is not always applicable; for
fluids under high electric fields, columns composed of s
eral chains are usually observed. This has an effect of
creasing the rod diameterd. Also, compression may decreas
the distance between particles that can greatly increase
interaction force between particles and may shape more c
pact structures that bring a higher yield stress of ER cha
and thus increase the material property factorkG . This struc-
ture strengthening effect is similar to that reported by Ta
et al. @21#. The yield stress of ER fluids and magnetorhe
logical ~MR! fluids can be significantly strengthened by a
plying a pressure. They also showed that images of the
ticle chains get shorter and are pushed close to form a cl
packed structure. This close-packed structure has the sim
effect of increasing column diameter. The structure trans
mation during the compression of ER fluids should be sim
lar to that of MR fluids. The description of the compressi
of ER fluids directly from the chain strength under compre
sion is reasonable and attractive. But to derive the comp
sion stress from the chain strength, much work still need
be done.

IV. CONCLUSION

In this investigation, compressions of ER fluids based
zeolite and silicone oils have been carried out under differ
initial gap distances and different applied voltages at a s
compressive speed. At an initial gap distance of 4 mm,
compressive curves of nominal yield stress overlapped w
and can be well described by the traditional continuous m
dia theory. With the decrease in gap distance, the nom
yield stresses are no longer overlapped. The difference
tween the nominal yield stress curves increased with a
crease in the gap distance and an increase in the ap
voltages. Also compared with the reports of other resear
ers, it shows the failure of the traditional description of t
compression of ER fluids based on the Bingham model
the continuous media theory. Directly analyzing the co
pression of particle chains in ER fluids, whose strength
affected by the field strength, the diameter and the length
the particles chains are considered nearer to the esse
property of ER fluids under compression than that descri
by the traditional models.
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