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Electrorheological (ER) fluids are suspensions of polarizable particles dispersed in
insulating liquids. They exhibit a rapid and reversible transition from a liquid-like to a
solid-like state upon the application of an electric field. The observed shear stress—shear
rate hysteresis makes the precise control of the ER mechanical devices very difficult.
Hysteresis behavior of TiO, ER fluids were observed by varying particle concentration,
electric field strength, maximum shear rate, and the time of the hysteresis loop. In the
absence of an electric field, the stress level of the up curve exceeds that of the down curve.
The presence of an electric field reverses this trend. The extent of hysteresis becomes more
significant with increasing electric field strength, particle concentration, and maximum
shear rate. Hysteresis behavior of TiO, ER fluids seems to arise mainly due to the change
of the particle structure during shearing. To describe the complex rheological behavior of
ER fluids, a kinetic theory is presented. Model predictions show qualitative agreement

with the experimental hysteresis data. © 2006 American Institute of Chemical Engineers
AIChE J, 52: 2350-2355, 2006
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Introduction

Electrorheological (ER) fluids are suspensions of polarizable
particles dispersed in insulating liquids. They exhibit a rapid
and reversible transition from a liquid-like to a solid-like state
upon the application of an electric field. The ER phenomena
arise from the changes in the particle structures, aligning into a
fibrous structure in the direction of the field due to electrostatic
forces. The ER effects can potentially be suitable for various
engineering applications, such as dampers, clutches, and adap-
tive structures.!-?

ER fluids exhibit a rather complex rheological behavior,
such as yield stress, shear thinning, and thixotropy. This de-
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pends on the combination of particles and liquids and the
applied electric field strength. The shear stress—shear rate hys-
teresis makes the precise control of ER mechanical devices
very difficult® and may cause inevitable degeneration of control
performance associated with the lack of actuator position ac-
curacy, for example.# In this regard, the information and pre-
diction of the hysteresis behavior of ER fluids would be very
helpful.

Hysteresis behavior in ER fluids was reported for ER sus-
pensions of organic particles.*® Hysteresis was considered to
be related to the loss rate of chain structure caused by the
applied shear and to the rate of structure build-up by an applied
electric field.> Aizawa et al.° associated the hysteresis in ER
fluids to different extents of cluster breaking and lamellae
formations. Following hysteresis measurements, they observed
particle agglomeration. Field-dependent hysteresis was also
observed for polymethylaniline-based ER fluids.*
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Concentrated suspensions, polyelectrolytes, biological flu-
ids, and many other fluids widely used in industry exhibit very
complex rheological properties, such as (anti)-thixotropy, shear
thinning, shear thickening, and viscoelasticity. Various models
have been proposed to describe such complex rheological
properties. Many current theories are either too complicated or
unable to effectively describe material behavior for a variety of
flow situations in terms of a realistic number of model param-
eters. Soong and Shen” and Liu et al.® proposed a structural
model in which they related the viscosity change to shear-
induced structural breakdown. This was further developed by
De Kee and Chan Man Fong,”!° to include shear-induced
structural buildup and to be able to describe the behavior of
complex structural fluids.

Here we look at the applicability of this proposed kinetic
approach for describing the complex rheological behavior of
ER fluids, especially hysteresis behavior. Hysteresis behavior
of TiO, ER fluids was observed by varying particle concentra-
tion, electric field strength, maximum shear rate, and the time
of execution of the hysteresis loop. Model predictions are
compared to the experimental hysteresis data.

Experimental Procedures

ER fluids were prepared by dispersing TiO, (Aldrich, ~325
mesh) particles in silicone oil (Fluka, n, = 100 cP, p. = 0.967
g/cm?). The suspensions were allowed to equilibrate for at least
3 days prior to performing the experiments.

The experiments were performed at 25°C using a TA Instru-
ment AR-2000 rheometer fitted with parallel plates, and mod-
ified for the application of large electric fields. Potential dif-
ferences were supplied via a high-voltage d.c. power supply
(Glassman High Voltage Inc). Samples were placed between
the parallel plates and sheared for 1 min at a (large) shear rate
of ~80 s~ ' and zero field strength to ensure a uniform particle
distribution. The desired electric field was then applied for 1
min under zero shear prior to the measurements. Experiments
were performed with increasing shear rates to obtain the steady
shear viscosity and primary normal stress differences as a
function of shear rate. In a hysteresis loop experiment, the
shear rate ¥ is linearly increased from zero to a maximum value
7, and then linearly decreased from 7,, to zero in a time of 21,,.
The corresponding shear stress 7 is measured.

Theory

A first order kinetic model previously introduced by De Kee
and Chan Man Fong!® is used to describe the rheological
properties of the ER fluids. Next we briefly review the ap-
proach. The rheological properties depend on n, a structural
parameter that represents the number density of structural units
associated with the ER fluid. The structural changes in the ER
fluids arise from the interaction of the hydrodynamic force, due
to the applied shear, and the electrostatic force, due to the
applied electric field.!" When an ER fluid is deformed under an
applied electric field, the structure changes and the rate of
change of n can be written as

dn
E =k/n,—n) + kinf, — knf, (D
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where k_, k;, and k; are constants; n, is the initial number of
“structural elements”; and f; and f, are functions of a macro-
scopic variable such as, for example, the second invariant of
the rate-of-deformation tensor. The first two terms on the right
side refer to a structural buildup due to the electrostatic force,
diffusion, and deformation, respectively. The last term ac-
counts for the loss rate of structure due to deformation. This
continuum mechanics approach is very flexible in that different
choices for the functions f; and f, are possible.

Equation 1 describes the structural changes of the ER fluid.
In addition, we need to introduce a constitutive equation relat-
ing the macroscopic dynamic variables to the kinetic variables.
ER fluids, as many complex structured fluids, exhibit viscoelas-
tic properties.'13

To describe the viscoelastic behavior of an ER fluid, a
generalized Maxwell model is introduced as follows®:

T+ A,

| f‘])

=3 2

where 7 and 7 are the stress and rate-of-deformation tensors,
respectively, and A,, and m,, are functions of the structural
parameter n. 7 is the Gordon-Schowalter derivative of 7, and is
given by B

oz

4=
= o0t

F V- (Vo) r— 1 (Vo) + 5[0 3+ 30 1]

3

where v is the velocity and « is a slip parameter. The upper/
lower Oldroyd convected derivatives and the Jauman deriva-
tive are obtained by setting a equal to zero, two, and one,
respectively.

The solution of Eq. 1, subject to the initial condition n = n,
at t = 0, yields:

i) = e 00 1 + k, J e dx “4)
0

where H(1) = [ a,dé with a, = k(1 + bf, — cf,) = k.[1
+ (k/k.) f, — (k,/k.) f>]. Assuming the viscosity n (y, f) to
be proportional to n, the transient viscosity after the onset of
the shear (7y) is given by:

o

n I3
n(y, ) =m, - =mn,it) = me’””(l + k. f e"dx | (5)
0

where 7, is the “constant” zero shear viscosity. Equation 5
reduces to:

Nok.
a()

n(y, 1) = [1 + (bfi — cfr)e ] (6)

when v is independent of time.
The steady shear viscosity is then given by:
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Figure 1. Steady shear viscosity as a function of shear
rate for a 20 wt.% TiO, ER fluid at different
electric field strengths.

—: Predictions of Eq. 8.

N no
n(y) 155 - (7

We choose to define f; and f, as rational functions of 7y, such
that

n(}
n(y) = By (®)

where 3 and m are constants. The parameters m,, 8, and m can
be determined by fitting Eq. 8 to the steady shear viscosity—
shear rate data.

In simple shear flow, the steady shear viscosity 1 (), and the
primary and secondary normal stress coefficients ¥, and ¥,
can be derived from Eqs. 2 and 3 and are given by'+:

nl'ﬂ

n(y) = T

¥ 1+ a2 — a)\2y? ©)
Wy(y) = —al,m(y) (11)

The value of WV, is difficult to obtain and is usually small. In the
case where a = 0 it follows that

Ny =M (12)

A,, can be determined from n and W,, which can be written
as a rational function of y:

v,

Y=y

(13)

where « and r are constants.
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Substituting m,, and A,, into Eq. 2, we obtain the shear
stress T.

0 0

where G(1) = [ g(§)d§, g(x) = 1/A,,.
For A,, = 0 (that is, no elasticity), Eq. 14 reduces to

Mo
T =
eH(r)

1+ k. J e"Odg | y(1) (15)
0

Results and Discussion
Steady viscometric data

Figures 1 and 2 show steady shear viscosity—shear rate data
and primary normal stress coefficient—shear rate data, as well
as model predictions of Egs. 8 and 13, respectively, at different
electric field strengths for a 20 wt.% TiO, ER fluid. Table 1
lists the obtained model parameters for the 10 and 20 wt.%
TiO, ER fluids.

In the absence of an electric field, both the 10 and 20 wt.%
TiO, ER fluids showed no appreciable primary normal stress
differences. In the presence of an electric field, the TiO, ER
fluids exhibited apparent negative primary normal stress dif-
ferences at all shear rates (up to 80 s~ ') in our experiments.
The magnitudes of the negative primary normal stress differ-
ences decrease with increasing electric field strength. The neg-
ative primary normal stress differences are due to an electro-
static attractive force between the electrodes and the stress
increases are due to an induced particle network.'?> To obtain
just the electrically induced primary normal stress difference
increments as a function of shear rate, the measured primary
normal stress difference data were adjusted by considering the
effect of the electrostatic attractive force.

Figure 3 shows shear stress—shear rate hysteresis curves for

10° gror . T T
N m E=05kV/mm
& 10°F ® E=1 kV/mm 3
= A E=15kvV/mm
S 10°k ® E=2 kV/mm ]
§ 102_5 3
w
@ 1
g 10 F 3
(%] 3 3
g 10° E
5 3
=z ]
> 10 F 3
© E
g 10'2 l ¥l 1 il
e 10" 10° 10' 102

Shear Rate (s™)

Figure 2. Steady primary normal stress difference as a
function of shear rate for a 20 wt.% TiO, ER
fluid at different electric field strengths.

—: Predictions of Eq. 13.

July 2006 Vol. 52, No. 7 AIChE Journal



Table 1. Model Parameters of Eqs. 8 and 13 for 10 and 20
wt.% TiO, ER Fluids

10 wt.% TiO,

Electric Field 20 wt.% TiO,

(V/mm) Parameters ER Fluids ER Fluids

0 n, (Pa-s) 50 1400

B 40 300

m 0.6 0.67
500 n, (Pa-s) 700 9500

B 130 330

m 0.9 0.87

W, (Pa-s ?) 2100 28500

@ 110 310

r 1.91 1.91
1000 n, (Pa-s) 1900 13000

B 165 300

m 0.93 0.93

W, (Pa-s ?) 5700 39000

@ 150 280

r 1.93 1.92
1500 n, (Pa-s) 3200 14000

B 190 250

m 0.94 0.945

W, (Pa-s?) 9600 42000

@ 150 220

r 1.92 1.92
2000 n, (Pa-s) 6220 18000

B 250 225

m 0.96 0.95

W, (Pa-s ?) 18600 54000

a 170 190

r 1.91 1.91

a 20 wt.% TiO, ER fluid at E = 1500 V/mm, for 7, values of
25, 50, and 100 s, and v,, is 20 s~ ! For all values of t,, the
stress associated with the up curves is lower than for the down
curves and the change in 7, does not influence the extent of
hysteresis; that is, the areas described by the hysteresis loops
are almost comparable. The magnitudes of the stress increase
with increasing .

Figure 4 shows shear stress—shear rate hysteresis behavior
for a 20 wt.% TiO, ER fluid at E = 1500 V/mm, for v,, values
of 20, 30, and 40 s~ ' and ¢, = 50 s. For all values of 7, the
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Figure 3. Shear stress-shear rate hysteresis of a 20
wt.% TiO, ER fluid at E = 1.5 kV/mm.
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Figure 4. Shear stress-shear rate hysteresis of a 20
wt.% TiO, ER fluid at E = 1.5 kV/mm.

t, = 50 s. The open symbols refer to the down curves.

stress values in the down curves exceed those in the up curves.
The transient behavior becomes more significant with increas-
ing v,,, and as a result, the extent of hysteresis increases.

Hysteresis prediction

In a hysteresis experiment, the shear rate vy is linearly in-
creased at a constant rate vy, from zero to a maximum value v,,
and then linearly decreased at the same rate to zero in a time of
2t,,. This is expressed as:

. ’y(T’ 0 S IS lO
y= { _ (16)

7)71 - %(f - tg), to = 2t0

Model predictions for the hysteresis behavior of ER fluids
are via Eq. 14. The model describes hysteresis loops in terms
of seven parameters: m,, B, m, ¥,, «, r, and k... The first three
parameters are determined via the viscosity—shear rate data and
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Figure 5. Shear stress-shear rate hysteresis of a 10
wt.% TiO, ER fluid at different electric field
strengths.

@®: Up curve, O: down curve; model predictions: —: up curve,
---: down curve.
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Figure 6. Shear stress-shear rate hysteresis of a 20
wt.% TiO, ER fluid at different electric field
strengths.

® : Up curve, O: down curve; model predictions : —: up
curve, --- : down curve.

Eq. 8. Three other parameters (W, «, and r) are determined via
the steady primary normal stress coefficient data and Eq. 13.

Figure 5 shows the experimental and predicted hysteresis
curves for a 10 wt.% TiO, ER fluid. The shear rate y is linearly
increased from zero to a maximum value ,, of 20 s~ ' and then
linearly decreased from v, to zero in a time of 2z, where ¢, is
25 s. In the absence of an electric field, the ER fluid shows very
small, almost insignificant, hysteresis and the up curve (in-
creasing rate) is associated with larger stress values than the
down curve. With the application of an electric field, the
hysteresis behavior is significant and changes; that is, the down
curves achieve larger stress values than the up curves for all
electric fields. Also, the extent of hysteresis becomes more
significant with increasing electric field strength. That is to say,
the area between the up and down curves increases.

When E = 0, no primary normal stress differences were
observed (that is, A,, is zero) and Eq. 15 was used to predict the
hysteresis. The value of k. was determined to be 0.18 in the
presence of an applied electric field and 1 in the absence of an
electric field. The model qualitatively predicts larger stress
values for the down curve as well as an increasing extent of
hysteresis with increasing electric field strength. In the absence
of an electric field, the model also predicts the insignificant
hysteresis behavior.

Figure 6 shows the experimental and predicted hysteresis
curves for a 20 wt.% TiO, ER fluid. The values for v,, and ¢,
are as in Figure 5. Again, when E = 0, no primary normal
stress differences were observed (that is, A,, is zero) and Eq. 15
was used to predict the hysteresis. In the absence of an electric
field, the model qualitatively predicts the hysteresis behavior
(larger stress values for the up curve) as for the 10 wt. % case.
In the presence of an electric field, the model qualitatively
predicts the larger stress values for the down curve as well as
the increasing extent of hysteresis with increasing electric field
strength. The value of k. was determined to be 0.18 in the
presence of an applied electric field and 0.006 in the absence of
an electric field.

To our knowledge, no other hysteresis predictions are avail-
able in the literature.
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Comparing Figures 5 and 6, we observe that the extent of
hysteresis increases with increasing particle concentration. The
hysteresis dependence on particle concentration was also ob-
served by Hyun et al.’> Also, the stress overshoot in the up
curve decreases and the shape of the up curve becomes more
parabolic with increasing electric field strength. The first part
(on the up curve) of the hysteresis behavior is associated with
elastic behavior of the sample. At the same time, the viscous
behavior can become apparent in the first tendency to flatten
out.’> With increasing electric field strength, ER fluids become
more elastic and, as a result, the stress in the hysteresis up
curve increases to generate a more parabolical curve.

In the absence of an electric field, the down curve is asso-
ciated with lower stress values than the up curve. Without an
applied electric field, ER fluids become more viscous, leading
to an easier structural breakdown during the up curve part of
the experiment. The restoration of structure takes place slowly
during the second half (down curve) of the experiment, leading
to smaller stress values.

Thixotropy becomes significant when the characteristic time
of the fluid becomes significantly larger than the characteristic
time of the flow, that is, when the elastic properties of the fluid
gain importance.'® The increasing extent of hysteresis arises
from the increasing elastic properties of ER fluids with increas-
ing electric field strength. Aizawa et al.® reported that the larger
stress values of the down curve were due to different extents of
cluster breaking and lamellae formations. However, in our
experiments, we did not observe any lamellae formation during
the hysteresis experiment and we postulate that the phenome-
non arises mainly due to cluster formation, that is, due to the
change of particle structure during shear. Filisko et al.'? re-
ported that under the simultaneous stimulus of an electric field
and shear, the particle chains aligned in tightly packed geo-
metric structures consistent with the flow field. In this case,
shear dissipation is not associated with chain breaking but by
the structures maintaining their integrity and by shearing within
the structures. Shearing flocculated suspensions can densify
individual flocs, causing a reorganization within the flocs.!”
Thus, the magnitudes of the stress in the down curve exceed
that of the up curve in the presence of an electric field due to
a reorganization of particle chains, which maintain their integ-
rity during shearing.

Conclusions

ER fluids, as well as other structured materials, exhibit rather
complex rheological behavior, such as yield stress, shear thin-
ning, and thixotropy, which depend on the combination of
particles and liquids and on the applied electric field strength.
The observed hysteresis behavior renders the precise control of
ER mechanical devices rather difficult.

The hysteresis behavior of TiO, ER fluids was determined
by varying particle concentration, electric field strength, max-
imum shear rate, and the time of the hysteresis loop. In the
absence of an electric field, the stress values of the up curve are
larger than those of the down curve. This situation is reversed
in the presence of an electric field. The extent of hysteresis
becomes more significant with increasing electric field
strength, particle concentration, and maximum shear rate at a
fixed hysteresis loop time. It is almost independent of the time
of hysteresis loop. Hysteresis behavior of TiO, ER fluids seems
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to arise mainly as a result of cluster formation, that is, the
change of the particle structure during shearing.

To predict the hysteresis behavior of ER fluids, a kinetic

theory approach proposed earlier for describing the rheological
properties of structured fluids is employed. Model predictions
are in qualitative agreement with experimental hysteresis data.
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