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Characteristics and Mechanisms of
Electrorheological Fluids

Hans Conrad' and Arnold F. Sprecher’

Electrorheological (ER) fluids consist of suspensions of fine polarizable particles
in a dielectric medium, which upon application of an electric field take on the
characteristics of a solid in times of the order of milliseconds and reversibly
return to liquid behavior upon removal of the field. The rheology, electrical
characteristics, and structure of typical ER fluids are here reviewed. The
proposed mechanisms and their accord with experimental data are discussed.
Some directions for future research are mentioned.
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1. INTRODUCTION

Electrorheological (ER) fluids consist of suspensions of fine polarizable
particles in a dielectric liquid, which upon application of an electric field
take on the characteristics of a solid. This occurs reversibly, and in times
of the order of milliseconds, and in general with low power requirements.
Some examples of suspensions which exhibit ER behavior include corn
starch in corn oil, silica gel in mineral oil, cellulose in transformer oil,
and zeolite in silicone oil. Water adsorbed on or within the particles is
important to the ER response of these systems; however, ER behavior has
also been observed in systems which are essentially anhydrous, e.g., lithium
polymethacrylate in chlorinated hydrocarbon oil and polymer-coated metal
particles in silicone oil.
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The ER phenomenon was discovered by Winslow around the mid-
19405 and is often termed the Winslow effect. Earlier reviews of the ER
effect are given in refs. 3-8. The objective of this paper is to review the
current state of our knowledge regarding this interesting phenomenon. We
will draw upon data in the literature by others as well as our own work.

2. RHEOLOGICAL CHARACTERISTICS

2.1. Experimental Apparatus and Terminology

Three types of equipment are generally employed in the laboratory to
measure the rheological properties of an ER fluid: (a) a lateral shearing
device attached to a conventional mechanical testing machine,®*? (b) a
Couette cell,"*'® and (c) parallel plate shear.'”) The lateral shearing
device is generally employed for measurements at small shear strains and
shear rates and the other two at high shear strains and rates. However,
either type of equipment can be modified to cover a wider range of strains
and rates.

An example of data obtained using the lateral shear device is shown
in Fig. 1, that using a Couette cell in Fig. 2. The former is a plot of the

600 [— . . . ;
¥=8.5x10"% s
C=34 (%)
5001 r_gooc 1
= E=2kV/mm
Q400 - W 1
/7]
(/2]
(]
= 300 1
b7
= A L g
[y]
2 a0 .
7
100 1
~ A,
: ]
3 4 5

Shear Strain
Fig. 1. Shear stress vs. shear strain curves for an ER fluid consisting of 34 wt % zeolite
particles in silicone oil as a function of electric field E at 80°C and a shear rate of
8.5x 10 2sec!. A method used to define the static yield stress t, is shown. From Conrad
etal.®?
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Fig. 2. Shear stress vs. shear rate as a function of electric field at 30°C for an ER fluid
consisting of 8.9 wt % cellulose (10 wt % H,0) in transformer oil. The common method
for obtaining the dynamic yield stress is shown. From Uejima.(*

shear stress 7 vs. shear strain y as might be determined for a structural
material, the latter a plot of the shear stress t vs shear rate § as might be
determined for a liquid. In some cases the transition from behavior at low
shear strains to the steady-state type of behavior at large strains is not as
smooth as shown in Fig. 1, but exhibits a “yield point” in which the stress
first goes through a maximum and then decreases before reaching the
steady-state condition,®!? the extrapolation of which is one definition
of the static yield stress 7, shown. Likewise, in Couette flow tests, the
beginning of shear flow (the dynamic yield stress) may not be as well-
defined as in Fig. 2, but may approach the steady state gradually or
through a yield-point-type behavior. The shear stress 7 vs. shear rate j
behavior illustrated in Fig. 2 approximates that of a Bingham solid:

t=1,(E)+ 1,7 (1)

where 7, is the viscosity of the suspension without an electric field E.

For purposes of comparison and for significance of the data, if is
important in both the lateral shear and Couette types of tests to define the
yield stress (flow stress) as the shear stress at a given shear strain, strain
rate, and temperature, as 1s done for structural materials. In this context,
the yield stress 7, (static) as defined in Fig. 1 approximately equals the
yield stress 7, (dynamic) as defined in Fig. 2.
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2.2. Effects of Electric Field Magnitude and Frequency,
Composition, and Temperature on T,

2.2.1. Electric Field. The effect of electric field strength £ on 7,
generally fits an equation of the form

t,= AE" (2)

where 4 and n may be fluid and field dependent. n typically has values
between 1 and 2.5, depending on the magnitude or range of field strengths
considered. A similar effect of £ on 7, occurs for the dynamic yield stress.
The most common value of n for a wide range of field strengths is
20.413-19). 4y — 1 often occurs at relatively high values of £, and n>2
at low values.

In general, the yield stress of hydrous ER fluids (particles contain
adsorbed water) remains relatively constant or shows only a modest
decrease as the frequency f of the electric field is increased from DC to
about 10° Hz; thereafter 7, falls off rapidly. In one case an increase in t,
with frequency initially occurred before passing through a maximum®?
(zeolite particles in a condenser oil). An increase in 7, with f has been
reported for anhydrous ER fluids containing polymer-coated metal par-
ticles.*

2.2.2. Composition. The strength of ER fluids generally increases
with volume fraction ¢ of particles. However, beyond a certain concentra-
tion the effect may saturate or even decrease.!') The initial increase in 7,
with ¢ is often of the form

T, =Bg" 3)

where B is a constant and m = 2/3 to 3/2.0-13:20)

It has been established that water adsorbed onto the particles is
necessary for ER behavior in many fluids."-*!*'421) Similar to the effect of
¢, an increase in the amount of adsorbed water first leads to an increase in
strength, but then the effect generally saturates and ultimately may lead to
a decrease in strength. %19

2.2.3. Temperature. An example of the effect of temperature on
the static yield stress of an ER fluid is presented in Fig. 3. The strength of
the fluid initially increases as the temperature is raised, goes through a
maximum, and then decreases with further increase in temperature. This
type of behavior is characteristic of hydrous ER fluids.
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Fig. 3. Effect of temperature on the static yield stress 7, as a function of electric field for
34 wt % zeolite particles in silicone oil. From Conrad et al.'?

2.3. Viscoelastic Properties

Only limited data are available on the viscoelastic properties of ER
fluids.® %2 Jordon and Shaw® reported that the logarithm of the storage
component of the shear modulus G' of a commercial fluid and a model
fluid of polystyrene beads increased in a parabolic fashion with E up to
5kV/mm, whereas Brooks et al."® found that the values of G (from
torsional shear wave velocity) and of the storage modulus G’ and loss
modulus G” (from attenuation of the shear waves) all passed through a
sharp maximum as a function of E. The frequency of the shear wave in the
latter work was 1200 rad/sec.

3. ELECTRICAL CHARACTERISTICS

A knowledge of the electrical characteristics of ER fluids is important
from both scientific and technological viewpoints. From a scientific
viewpoint they provide information needed to identify the operative
mechanisms; from the technological side, they are important regarding
power requirements and for control and switching.
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3.1. Current Density

For the efficient operation of devices employing ER fluids it is
desirable to have a current density j that is of the order of yA/cm?. In static
tests, j may remain relatively constant during straining'?) or decrease with
strain.'") Generally j increases more rapidly with E than Ohmic behavior
(Fig. 4), giving

j=aE® (4)

where b has been found to have values between 1 and 5. Again, as in the
case of 7, the value of the exponent b will depend on the ER system and
the magnitude of E. For zeolite particles in silicone oil, j has been found
to increase with temperature {up to 100°C) according to an Arrhenius-type
behavior. For this ER fluid (zeolite particles in silicone oil), it was found
that 7, increased with j according to

t,=4,;j° (5)

where ¢ =1/5.""" On the other hand, Block and Kelley®® reported that t,
attained a maximum value at an intermediate electrical conductivity, the
variation in conductivity being obtained by different poly(acene quinones)
particles in chlorinated paraffin.
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Fig. 4. Effect of electric field on the current density of an ER fluid consisting of lithium
polymethacrylate in chlorinated hydrocarbon oil. From Brooks.“”)
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3.2. Dielectric Constants

References pertaining to the frequency dependence of the permittivity
of ER fluids are given in ref. 6. In general, at low shear rates the dielectric
constant ¢ decreases continuously with frequency f. However, with increase
in shear rate a hump may occur in the curve of & vs. f, reflecting
resonance.®> For spherical particles, the frequency f,, at which resonance
occurs was related to the shear rate j by*

Jm=7/47 (6)

Considering the dielectric loss constant ¢”, this property generally passes
through a maximum at some intermediate frequency, the value of which
depends on the ER fluid system.*

The dielectric constant of an ER fluid has been found to be in
reasonable accord with a linear rule of mixtures,!*?*?) namely

e;=e, 0+ (1—9)e (7)

where ¢, is the dielectric constant of the particles, ¢ their volume fraction,
and ¢, the dielectric constant of the liquid phase. Further, both ¢ and &”
tend to increase with increase in temperature.®

4. ER FLUID STRUCTURE

Winslow" reported in his early work that upon application of an
electric field the particles in an ER fluid align along the direction of the
field in a chainlike or fibrous structure. He attributed the increased strength
of the fluid to the force required to rupture the chains or fibers. Practically
all known ER fluids exhibit this characteristic chainlike or fibrous
structure. Optical microscopy®?” and the optical properties'’>?® have
been employed to characterize the structure under both static (no shear)
and dynamic (during shearing) conditions.

4.1. Static Structure

The development of the chainlike structure with increasing electric
field in a model ER fluid of 27-um glass beads in silicone oil is illustrated
in Fig. 5. At small electric fields the particles begin to cluster, with a
tendency to align along the field. This clustering increases with field until
at £E=0.5kV/mm complete chains first form across the gap between the
electrodes. Further increase in E leads to an increase in the number of com-
plete chains and less debris between the chains; also the thickness of the
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chains increases. Figure 6 lists the stereological parameters pertaining to
the model ER fluid structure which were measured. In the micrograph of
Fig. 6a the meaning of some of the parameters is illustrated, namely A.(L),
the free spacing between chains; X, (L), the thickness of a chain; and 1.(]|),
the free spacing of cross links. Figure 6b shows that the degree of alignment
of the particles ©,, increases rapidly with field to about | kV/mm and then
levels off at higher fields, a slight decrease in the high-field value occurring
with increase in area fraction 4, (volume fraction) of the glass beads. In

400pm

E=1.5kV/mm E=3.0kV/mm 400um

Fig. 5. Development of the chainlike structure in a model ER fluid (0.2 vol fraction of 27-um
glass beads in silicone oil) with increasing DC electric field: (a) E=0, (b) E=0.15kV/mm,
(¢) E=03kv/mm, (d) E=0.5kV/mm, (¢) E=1.5kV/mm, and (f) E=3kV/mm. Electrodes
are at the top and bottom of each photomicrograph. From Conrad ei al.®”
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Fig. 6c it is seen that the remaining parameters which refer to the com-
pleted chains are relatively independent of E between 0.5 and 3 kV/mm,
but depend sensitively on the volume fraction of beads. Since chain forma-
tion was only complete for £ 0.5 kV/mm, these parameters could only be
determined for E greater than this critical value. Worthy of mention is that
the main features of the structure developed in times faster than the eye

A L), Ay and X (L) (um)

@
s Definiti
Ay The area fraction glass beads.
le(L) The average spacing between chain
centers taken perpendicular to E.
Acld) The average free spacing between chains
taken perpendicular to E.
Xl The average thickness of the chains taken
perpendicular to E,
ity The average maximum diameter in a
direction parailei to E of the cells formed
by cross-linking of the chains,
Q. The aspect ratio of the celis formed by
the chain network, Qe= Ac(NV/A(L).
Py, Nurber of points of the feature of
interest per unit length, paraltel P (i) and
- . perpendicular Py (L),
Glass Beads/Silicone Oil
d=27.2um Q2 The degree of orientation or anisotropic
arrangement of the particies,
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Fig. 6. Stereological parameters used to characterize the structure of the model ER fluid and
the effects of electric field £ and volume fraction of beads A4, on some of these parameters.
Data from Conrad et al.??



1082 Conrad and Sprecher

could follow. However, adjustments and movements of isolated beads
occurred for some time thereafter.

Smith and Fuller®® studied the structure of suspensions of 49- and
130-nm silica spheres in cyclohexane by measurements of birefringence and
dichroism as a function of time following application of the electric field
and the magnitude of the field. The time to reach 50% of the steady-state
value of birefringence or dichroism decreased with field from about 0.1 sec
at E=1kV/mm to about 0.05sec at 4 kV/mm. The steady-state values
increased rapidly with field to about 1 kV/mm and then changed only little
thereafter, similar to what was observed for the orientation parameter Q,
for 27-um glass beads in silicone oil (Fig. 6). Also similar to the behavior
observed for the glass beads by optical microscopy, the degree of alignment
of the fine silica particles determined by the optical property measurements
decreased as the volume fraction of particles was increased.

4.2. Dynamic Structure

Only scant studies have been made of the structure of ER fluids during
shearing. An example of the results obtained by the present authors is
shown in Fig. 7. The left side of the bottom part of the figure gives the
velocity profile, the right side the fluid structure. At the lower fields and
shear rates (y<1sec '), the chains continually ruptured and reformed,
maintaining a homogeneous fiber structure across the electrode gap. With
increase in field, a zone devoid of fibers developed in the middle of the gap
and shearing mainly took place in this central region. An electrodynamic
effect occasionally occurred, especially at high fields (1-2 kV/mm?),
destroying the fibrous structure, which, however, reformed if shearing was
ceased. At higher shear rates (7 > 1 sec™!) fluid motion was more turbulent
and the formation of a zone without fibers was not well defined. Moreover,
the turbulence frequently destroyed the fibrous structure completely.

5. MECHANISMS

5.1. Theory

Two basic phenomena have been proposed to explain the increase in
shear strength of ER fluids, namely water bridging and polarization of the
particles. In the bridging phenomena it is assumed that water molecules
associated with mobile ions are within the pores of the particles. Upon
application of an electric field the mobile ions move to one end of the par-
ticle, carrying the water with them, which then forms a bridge with an
adjacent particle. The interfacial tension between ‘the water and the ER
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Fig. 7. Schematics of the structure of a model ER fluid (27-um glass beads in silicone oil)
under dynamic shearing. From Sprecher et al.®®

carrier fluid then provides a source of shear resistance. Since the bridging
mechanism is covered in some detail by Stangroom, we will restrict our
discussion to mechanisms based on polarization.

The force between dipoles has been calculated rigourously for the case
of two point dipoles in a uniform electric field separated by a distance R
much greater than their radii a:

6 \ p?
= £ 8
Ja <4nsf> R* (®)

where p is the dipole moment and &, the total permittivity of the fluid. p is
given by

K,— K
p=dnsoa’EKy [E’:z*é‘} ©)
P /-
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where ¢, is the permittivity of free space and K =¢/¢, is the total relative
permittivity, the subscripts p and f referring to the particie and fluid,
respectively. Combining Egs. (8) and (9) and recognizing that K=
K'+iK", where K" =¢/w (0 =conductivity) and w =2nf (f = frequency),
we obtain

where
B=(K,—K/)/(K,+2K) (11)

The value of £, given by Eq. (10) is for particles aligned in the direction of
the applied field. By considering the angle 8 with respect to the field it is
found that f, is a maximum and attractive when 6 =0, i.e., when the par-
ticles are aligned in the field, and repulsive when 8 =90°, i.e., when the par-
ticles are aligned perpendicular to the field. The theory is thus in qualitative
accord with the chainlike structure observed in ER fluids.

To quantitatively check the predictions of Egs. (8)—(10), the present
authors measured the force required to deform and rupture in shear a
chain of particles consisting of 3-5 glass beads in silicone 0il.*®) Figure 8
shows that the force to rupture the chain varied as E* However, the dipole

— —_
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Fig. 8. Shear force required to rupture a chain of 3-5 particles (156-um humidified glass
beads) in silicone oil vs. the electric field. The solid line represents the shear force being
proportional to E% From Sprecher et al.®®



Electrorheological Fluids 1085

moment derived from these measurements was about an order of
magnitude larger than predicted by Eq. (9); see Fig. 9. It was concluded
that this discrepancy between the measured values of the dipole moment
and the prediction of Eq. (9) resulted from the fact that the theory is based
on two widely-spaced point dipoles in a uniform electric field, whereas the
measurements are made on a chain of nearly contacting particles. The inter-
action force between particles aligned in a chain has been calculated
employing an expansion of the potential which satisfies the Laplace equa-
tion.®” The calculations predict the possibility of an order of magnitude
concentration of the electric field near the particle contact region and in
turn a two orders of magnitude higher interaction force than that given by
Eq. (10). The following expression was obtained for the force of attraction
F, between nearly contacting spherical particles in a chain:

Fd=0.9(x2fd (12)

where o = E,/E is the ratio of the local field to the applied field between the
electrodes and £, is given by Eq. (10). The agreement of the measured force
to rupture the chain of glass beads with the prediction of Eq. (12) com-
pared to Eq. (10) is shown in Fig. 10.
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Fig. 9. Experimentally derived dipole moment vs. electric field for humidified glass beads.
Also given are the values calculated for spheres consisting entirely of silica or of water. From
Sprecher et al.®
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Fig. 10. Logarithm of the normalized particle-particle interaction force vs. B° for the
following: point-dipole approximation, nearly contacting spheres in a chain, and measured
force to rupture a chain of glass beads in silicone oil. Details regarding the calculations given
in Chen et al.®®

5.2. Application to Rheological Behavior

It is expected that the yield stress may be proportional to the force
required to rupture the chain structure and therefore according to Eq. (10)
that 7, be proportional to E?, which is frequently observed. Klingenberg
and Zukoski®" developed the following expression for the yield stress:

_ (n/6)""2
7, = 18¢F {1 ~ Tt W} (13)

where F, ., is the maximum restoring force, / is the electrode spacing, and
Omax 18 the angle between the line of centers of the particles and the field
at which rupture of the chains occurs. They obtained reasonable agreement
between the data of Marshall et al.®® and Eq. (13).

Employing Eq. (12) and assuming that the polarized particles are
aligned in a chainlike structure and that each chain consists of a single row
of contacting particles, the present authors obtained for the shear strength
of an ER fluid®*3?

1, = deo K (aEB)* (14)
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The agreement between the measured values of 7, as a function of
temperature for zeolite particles in silicone oil given in ref 32 and those
predicted by Eq. (14) is shown in Fig. 11.

Another approach employed to compared rheological behavior with
theoretical predictions is to consider the apparent viscosity #,=1/7.
Starting with the observation that ER fluids approximates a Bingham
solid, we obtain upon dividing both sides of Eq. (1) by 7

P =T,/7 1, (15)

Further, upon dividing both sides of Eq.(15) by 5, and taking t,= AF
(where A is a constant) gives

6 2 2
n_q:<A247za‘ eOE"1 Kp )+1 (16)
s s R

or, dividing by #;,
Na_ <A24na6£0E2Kfﬁ2> L (17
ny meR ny
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Fig. 11. Measured vs. predicted values of 7, for zeolite particles in silicone oil. Data from
Conrad et al.®?
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where 7, is the viscosity of the carrier fluid. Equations (16) and (17) reduce
to

aftls=B/Mn+1 (16a)
or
’la/’?sz/M”+’75/77f (173)

where B=A24na®K,/2R* and Mn=1n,/2¢,E*B?, the so-called Mason
number, which gives the ratio of the viscous flow force to the polarization
force.?® Since n,~n,, Eqs.(16a) and (17a) are essentially equivalent.
Moreover, a log-log plot of n,/n, vs § should yield a curve with initial
slope —1 and approach a value of 1 at high shear rates, i.e., at large values
of Mn. By this means Marshall et al.?® were able to correlate the effects of
v, E, T, and ¢ on the rheological behavior of an ER fluid consisting of
lithium polymethocrylate particles in chlorinated hydrocarbon oil; see, for
example, Fig. 12.

The concept of the Mason number has also been employed by
Bonnecaze and Brady®® in their computer simulation of the rheology
of ER fluids. The simulation was applied to an unbounded monolayer of
spherical dielectric particles in a Newtonian fluid subjected to simple shear
flow with an orthogonal electric field. Reasonable agreement was obtained

o 025C
10° S 030C
u@,%; A35C

Ma/My

1071071010710 77107107 1 10
Mn
Fig. 12. Relative viscosity vs. Mason number for an ER fluid (0.23 vol fraction lithium
polymethocrylate in chlorinated hydrocarbon oil) tested at 25, 30, and 35°C. From Marshall
et al'?”



Electrorheological Fluids 1089

between the simulated curve of the relative velocity vs. Mn as a function of
electric field and the experimental data of Marshall et al.?®

Turning to the shear modulus of ER fluids, only modest success has
been achieved in deriving the storage and loss moduli from a consideration
of polarization forces.!>'¢)

Finally, very little is known regarding the detailed atomic mechanisms
by which polarization of the particles is achieved and its time dependence.
Of interest in this regard is the finding!>3? that the activation energy for
the effect of temperature on the current density and yield stress in ER fluids
containing zeolite particles is the same as that for the diffusion of the Na*
ions along the zeolite channels. This suggests that in this ER system the
polarization and its rate dependence are governed by the mobility of the
Na™ ions.

6. CONCLUSIONS

a. Many of the characteristics of ER fluids have been identified.

b. There exists considerable evidence that polarization forces are
responsible for the increased shear resistance of many ER fluids.

¢. A refinement of the point dipole approximation which takes into
account the alignment of particles by the electric field into a chainlike
structure gives reasonable agreement with experimental measurements of
the shear strength of ER fluids under quasistatic conditions.

d. Additional experimental investigations are needed to check the
general validity of the derived theoretical equations for both static and
dynamic shearing conditions. Also needed are studies to define the atomic
mechanisms by which polarization occurs.
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