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Electrorheological(ER) and dielectric properties under high electric fields were measured simultaneously on
hydroxypropylcellulose suspension. When measuring these properties as a function of frequency of the electric
field, we found a positive peak in each spectrum of the ER effect and the first-order dielectric permittivity
while a negative one in the spectrum of the third-order dielectric permittivity with these peak frequencies
nearly equal tosshear rated /4p. Referring to the well-known results for the particle rotation in the sheared
suspension, it is suggested that the observed peaks are due to shear-induced particle rotation and the rotation
occurs even under high electric field. On the basis of these results, effects of the particle rotation on the ER and
the dielectric properties are discussed.
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I. INTRODUCTION

If an electric field of a few kV/mm is applied to an elec-
trorheological(ER) suspension composed of dielectric par-
ticles and electrically nonconducting liquids, a large increase
in the apparent viscosity is observed[1]. Owing to its large
and fast rheological change, the ER suspensions have been
suggested to be potential functional materials applicable to
some mechanical devices, such as ER clutch, ER shock-
absorber, and ER valve[2]. The ER effect occurs as a result
of a field-induced structural change; the application of the
electric field induces an interfacial polarization on the par-
ticle, and the resultant dipole-dipole interaction between the
particles gives rise to chainlike and/or column structures re-
sponsible for the rheological change[3–6]. The induced po-
larization, thus, plays an important role for the ER effect, and
many studies have been made to clarify the relationships
between the dielectric properties and the ER effect[3–9]. Of
these studies, frequency dependence of the ER and the di-
electric properties has given us important information. If the
frequency of the electric field is increased, the ER effect in
most ER fluids decreases above a certain frequency, which is
consistently interpreted in terms of the relaxation effect of
the interfacial polarization[3,7–9]. Furthermore, the strength
of the ER effect has been suggested to be associated with the
relaxation strengthD«8=«s−«h8, where«s is the static dielec-
tric permittivity and«h8 is the dielectric permittivity at high
frequency, where the contribution from the interfacial polar-
ization disappears[8,9]. In addition, it is indicated that if the
ER effect is measured as a function of the frequency of the
electric field, a peak appears at a certain frequency in the ER
effect. This phenomenon, ER resonance, is observed in some
suspensions showing a weak ER effect, such as the TiO2
suspension, and is understood to occur as a result of the
shear-induced particle rotation[10]. The ER mechanism,
thus, has been clarified in some aspects, but its understanding
is not enough to get much stronger ER fluids. For further
understanding of the ER mechanism, the dielectric measure-
ment will continue to play an important role. Up to now,
however, most of the dielectric properties have been mea-

sured at low fields in the absence of shear flow. If we con-
sider that the ER effect appears at high electric fields in the
presence of shear flow, dielectric measurement under both
high electric field and shear flow would be desirable because
it is expected that the dielectric property in such a condition
would be different from that under low electric field and no
shear flow. In the present study, simultaneous measurements
of the ER and dielectric properties were made on hydrox-
ypropylcellulose(HOPC) suspension. In our measurements
on the frequency dependence of the ER effect and the dielec-
tric properties, a resonance peak was observed in each spec-
trum of the ER effect and first- and third-order dielectric
permittivities. From the relationship between the peak fre-
quencies and the shear rates, it is suggested that a shear-
induced particle rotation occurs in the ER suspension even at
high electric fields. On the basis of these results, effects of
the particle rotation on the ER and the dielectric properties
are discussed.

II. EXPERIMENTAL

The HOPC suspension(20 vol%) was prepared by dis-
persing HOPC(H0475, Tokyo Kasei, Japan) particles into 50
cS silicone oil (TSF451-50, Toshiba Silicone, Japan). The
particles are 50µm in average diameter and contain about 2
wt% of water. The ER and the dielectric properties were
measured simultaneously with a double cylinder type of vis-
cometer[11]. A small ac voltage from a function-generator
(1946, NF Electric Instr., Japan) was amplified up to a few
kV with a high-voltage amplifier(664, Trek, USA). The high
voltage thus obtained was applied to the gap(1 mm) between
the inner and the outer cylinders of the viscometer to gener-
ate a high electric fieldsE=E0e

ivtd perpendicular to the flow
direction. The dielectric property of the ER fluids at high
fields is generally nonlinear. To obtain the harmonics of the
complex electric displacements ofD* svd and D* s3vd,
phase sensitive detection of the current passing through the
fluid was made with a lock-in amplifier(7260, EG&G Instr.,
USA). In the nonlinear dielectric response, the electric dis-
placements are expressed by following equations:D* svd
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=«1
*E0+shigher-order termsd and D* s3vd=s«3

*E0
3d /4

+shigher-order termsd, where«1
* and «3

* are first- and third-
order complex dielectric constants, respectively, andE0 is the
amplitude of the electric field[12]. In the present study, ne-
glecting the higher-order terms of the above equations, ap-
parent first- and third-order dielectric constants were ob-
tained. All the measurements were made at room temperature
(300 K). The electric field strength is expressed in rms.

III. RESULTS

A. ER effect

Changes in the shear stress versus shear rate relationships
on application of dc and ac electric fieldss2 kV/mmd are
given in Fig. 1. In the absence of the electric field, the flow is
Newtonian with the shear stress being proportional to the
shear rate. The application of dc field results in an increase of
the shear stress with its magnitude decreasing with increase
in the shear rate. On the other hand if ac fields are applied,
the ER behavior is largely modified with its behavior de-
pending on the frequency of the electric field. At 11 Hz, the
induced shear stresssDtd has a peak at a certain shear rate
and becomes smaller at both lower and higher shear rate
regions, while at 1 kHz the ER effect is small at all shear
rates.

To make clear how the induced shear stressDt depends
on the electric field strengthE, Dt is measured as a function
of E at a shear rate of 329.5 s−1 (Fig. 2). As shown in Fig.
2(a) (linear plot), under the dc fieldDt once decreases to
negative values and then increases with increase in the elec-
tric field strength, which is contrasted to the monotonous
increases inDt caused by the ac fields. Although the origin
of the negative ER effect under the dc field is not clear at
present, the Quincke rotation of the particle would be a pos-
sible mechanism; it is reported that the Quincke rotation is
easier to occur in a dc field than in an ac field to give rise to
a negative ER effect[13]. In Fig. 2(b), log-log plots forDt
versusE are given. The induced shear stressDt is nearly
proportional toE2 at high fields, as expected from the inter-
action between the induced dipoles, but at low fieldsDt
depends onE with the coefficientmsDt~Emd larger than 2.

The deviation fromDt~E2 is larger under the dc field com-
pared to those under the ac fields, which can be understood if
we consider that the Quincke rotation at low fields is gradu-
ally suppressed to form a chainlike structure with increase in
the electric field strength. To verify whether the Quincke
rotation is responsible for these behaviors, further investiga-
tion is necessary.

To know the frequency dependence of the ER effect,Dt is
measured as a function of frequency of the electric fields(1.0
and 2.0 kV/mm) at a constant shear rate 329.5 s−1 (Fig. 3).
As obvious from this figure, a peak is observed, followed by
a steep decrease inDt above the peak frequency. The peak
position is not affected by the change in the electric field
strength, although the height of the peak is affected. To un-
derstand the origin of the peak, varying the shear rate, fre-
quency dependence ofDt is measured at 2 kV/mm(Fig. 4).
As the figure shows, the peak shifts to higher frequencies
with increase in the shear rate. Such a behavior has been
reported in TiO2 suspension and has been interpreted to oc-
cur as a result of the ER resonance; matching of the fre-
quency of the electric field to that of the shear-induced par-
ticle rotation causes a peak in the ER effect[10]. The
observed peaks in Figs. 3 and 4, thus, can be attributed to the
shear-induced particle rotation.

B. dc conductivity

The dc current densityJ passing through the suspension is
measured at 2 kV/mm as a function of the shear rate(Fig.

FIG. 1. Changes in rheology(shear stress vs shear rate) under
application of electric fields2 kV/mmd. Results under no electric
field, dc field, and ac fields(11 Hz and 1 kHz) are given.

FIG. 2. Induced shear stress(measured at a shear rate of
329.5 s−1) vs amplitude of the electric field. Results under dc field
and ac fields(11 Hz and 1 kHz) are given:(a) linear plot and(b)
log-log plot. The straight line in Fig. 2(b) represents a relation of
Dt~E2.
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5). With an increase in the shear rate, the current density
decreases and becomes almost constant above,700 s−1.
This behavior is similar to that of the induced shear stress
under the dc field(Fig. 1), indicating that a same mechanism
may govern the shear-rate dependence of the dc conductivity
and the ER effect. To make clear theJ-E relationship, dc
current density is measured as a function of the electric field
strength at a constant shear rate 329.5 s−1. As Fig. 6 shows,
the current density increases nonlinearly with the electric
field strength with a relation ofJ~E1.6. The nonlinear elec-
trical conduction is generally observed in ER active suspen-
sions with the nonlinear coefficientasJ~Ead less than about
5 (Refs. [3,14–16]). The mechanism of the nonlinear con-
duction of the ER suspension is not well understood, but it
reflects that with an increase in the electric field strength the
interparticle attraction becomes stronger, giving rise to an
enhancement of the interparticle charge transfer.

C. Dielectric permittivity

Varying the shear rate, the dielectric permittivity at
2 kV/mm is measured at 11 Hz and 1 kHz(Fig. 7). In the
case of 11 Hz, a peak is observed around 140 s−1, whereas no
peak in the case of 1 kHz. These behaviors are similar to

those observed in the induced shear stressDt in Fig. 1. In
order to make clear the origin of the peak, varying the shear
rate, first- and third-order dielectric permittivities are mea-
sured as a function of the frequency of the electric field. As
shown in Fig. 8(a), in the absence of the shear flow«18 de-
creases monotonously with increase in the frequency, but
under the shear flow a clear positive peak is observed in«18
with its peak position depending on the shear rate. This fig-
ure also shows that the peak position shifts to higher fre-
quency if the shear rate is increased. While in«38, Fig. 8(b), a
negative peak is observed under a shear flow with a similar
shear rate dependence of the peak position to that of«18.
Under no shear flow,«38 is almost zero without depending on
the frequency of the electric field, which clearly indicates
that the observed peaks are caused by the steady shear flow.
When the electric field strength is varied, the peaks in dielec-
tric permittivities are affected, which are depicted in Fig. 9,
with first- and third-order dielectric permittivities given in
Figs. 9(a) and 9(b), respectively. With an increase in the
electric field strength,«18 increases nonlinearly in the low-
frequency region with small change in the shape of the peak,
while the peak in«38 becomes smaller as recognized from this
figure.

IV. DISCUSSION

As mentioned above, frequency dependence of the ER
and the dielectric properties of the HOPC suspension is char-

FIG. 4. Induced shear stress(measured at a shear rate of
329.5 s−1) vs frequency of the electric fields2.0 kV/mmd at some
shear rates. Lines are drawn to guide the eye.

FIG. 5. dc current density vs shear rate, measured at an electric
field of 2.0 kV/mm.

FIG. 6. dc current density vs amplitude of the electric field,
measured at a shear rate of 329.5 s−1.

FIG. 3. Induced shear stress(measured at a shear rate of
329.5 s−1) vs frequency of the electric field at 1.0 kV/mm and
2.0 kV/mm.
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acterized by the peaks, which depend on the shear rate. To
make clear the origin of these peaks, the peak frequenciesfp
of the ER and the dielectric permittivities are plotted against
shear rateġ (Fig. 10). A solid line in this figure represents a
well-known relationship off = ġ /4p [17,18]; in the absence
of the electric field, if a steady shear flow is applied to a
suspension, then a particle rotation occurs with its rotational
frequency equal toġ /4p. As can be seen from this figure, the
peak frequencies of the ER effect and the first- and third-
order dielectric permittivities are well characterized byfp
< ġ /4p, suggesting that the steady shear flow induces a par-
ticle rotation even at high fields, where the chainlike and/or
column structures are formed. The facts that the peak fre-
quencies are somewhat lower thansshear rated /4p can be
understood as a consequence of a suppression of the particle
rotation under the high electric field[8].

In order to clarify the effect of the particle rotation on the
ER effect and the dielectric permittivities, an interfacial po-
larization under influence of particle rotation is considered.
Here, it is assumed the particle rotates around thex-axis at an
angular frequency ofV and the electric fieldE=E0expsivtd
is applied along thez-axis as depicted in Fig. 11. As has been
well known, under a shear flow the angular frequencyV is
related to the shear rateġ asV= ġ /2. In such a condition, the
polarizations are induced not only along thez-axis, but also
along the y-axis. Of these polarizations, the polarization
along the electric fieldPz is so important for the ER effect
that we consider onlyPz in the present analysis. The angular
frequencysvd dependence ofPz can be expressed by Eq.(1)
[19,20]

FIG. 7. Dielectric permittivity vs shear rate measured at an elec-
tric field of 2 kV/mm. Results at 11 Hz and 1 kHz are given.

FIG. 8. Dielectric permittivities vs frequency of the electric field
s2.0 kV/mmd at some shear rates.(a) first-order dielectric permit-
tivity and (b) third-order dielectric permittivity. Lines are drawn to
guide the eye.

FIG. 9. Dielectric permittivities vs frequency of the electric field
measured at shear rate of 329.5 s−1. Results at 1.0 kV/mm and
2.0 kV/mm are given:(a) first-order dielectric permittivity and(b)
third-order dielectric permittivity.

FIG. 10. Peak frequencies of the ER effect and first- and third-
order dielectric permittivities vs shear rate. The solid line represents
a relation off =sshear rated /4p.
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Pz
*svd =

1 + vtr

1 − sv2 − V2dtr
2 + 2ivtr

DaE0. s1d

Here, Da is the difference in the polarizability betweenv
=0 andv=`, andtr is the relaxation time of the interfacial
polarization. In Eq.(1), Pz

*svd is composed of real and
imaginary parts, of which the real partPz8svd corresponds to
the dielectric permittivity and is associated with the magni-
tude of the ER effect. If we make the angular frequency and
the relaxation time dimensionless, thenṽ=v /V and t̃r
=trV , Pz8svd is converted toPz8sṽd as Eq.(2),

Pz8sṽd =
1 + sṽ2 + 1dt̃r

2

f1 − sṽ2 − 1dt̃r
2g2 + 4ṽ2t̃r

2DaE0. s2d

The profile ofPz8sṽd under variation oft̃r is given in Fig. 12.
As obvious from this figure, ift̃r !1, Pz8sṽd shows a relax-
ation type of spectrum; a dielectric dispersion appears char-
acterized by the relaxation timet̃r. While if t̃r @1, the spec-
trum changes to a resonance type with its peak atṽ<1 and
the magnitude of the polarization is considerably reduced as
recognized in this figure. Comparing these calculated results
to the observed ER effects(Figs. 3 and 4) and the dielectric
permittivities [Figs. 8(a) and 9(a)], we find thatt̃r is in the
range of 1,t̃r ,10 when the shear rate is 329.5 s−1. This
indicates that in the HOPC suspension the relaxation time of
the interfacial polarization is not so fast, leading to the reso-
nance type of spectra in the ER effect and the dielectric
permittivities. The peaks in the ER effect(Fig. 1) and the
dielectric permittivity(Fig. 7) obtained at 11 Hz can also be
interpreted to occur as a result of the particle rotation, which
is evidenced by the fact that these peaks appear at a shear
rate of about 4pf. In addition, the shear rate dependence of
the ER effect under the dc field(Fig. 1) can be qualitatively
understood if we consider that Eq.(2) is reduced toPzs0d
=DaE0s1+t̃r

2d−1 at ṽ=0. It is also expected that the shear
rate dependence of the dc current(Fig. 5) is due to the shear-
induced particle rotation, since its shear rate dependence is
similar to that of the ER effect under the dc field(Fig. 1). In
such a way, the ER effect and the dielectric permittivities are
qualitatively understood on the basis of Eq.(2) derived as a
linear dielectric permittivity. However, at high electric field,
nonlinear effects appear; the dielectric permittivity and the
relaxation time of the interfacial polarization vary with the
electric field strength. For quantitative understanding of the

ER and the dielectric properties, a theoretical approach in-
cluding the nonlinear effects is necessary.

As mentioned above, the anomalous behaviors of the ER
effects, dielectric permittivities, and electrical conductivity in
HOPC suspension can be almost consistently interpreted in
terms of shear-induced particle rotation. The effect of the
particle rotation, however, is modified if the relaxation time
tr becomes shorter. In other suspensions, such as carbon and
starch suspensions[21,22], the ER effect and the first-order
dielectric permittivity show relaxation type of spectra with-
out giving the resonance peak as observed in HOPC suspen-
sion. In these suspensions, the relaxation time of the interfa-
cial polarization is shorter, i.e.t̃r ,1, which gives rise to a
relaxation type of polarization as shown Fig. 11. However, in
the third-order dielectric permittivity, a resonance-type spec-
trum as in Fig. 8(b) is observed in each suspension, indicat-
ing that the shear-induced particle rotation occurs also in
these suspensions.

The higher-order dielectric permittivities, which are stud-
ied only in limited research fields, give us meaningful infor-
mation[12,23–27]. For instance, in the third-order dielectric
permittivity, not only the polarization but also some other
order coupling to the polarization is responsible for the spec-
trum, giving us more information on the microscopic envi-
ronment of the polarization than the first-order permittivity
[24,27]. Such a sensitive property of third-order permittivity
may lead to the detection of the resonance peak caused by
the shear-induced particle rotation. For the negative reso-
nance peak in the third-order dielectric permittivity, follow-
ing qualitative explanation may be possible. When an elec-
tric field is increased, the interparticle dipolar interaction
becomes stronger, resulting in the suppression of the shear-
induced particle rotation(i.e., reduction of the dielectric sus-
ceptibility associated with the particle rotation). This phe-
nomenon occurs equivalently under the reversed field.
Therefore, the dielectric permittivity under the electric field
is expressed as«sEd=«1+«3E

2 with «3,0. For understand-
ing the exact mechanism for the resonance peak in the third-
order dielectric permittivity, theoretical analysis is necessary
and now in progress.

The shear-induced particle rotation under high electric
fields, thus, is recognized in most of the ER suspensions,

FIG. 12. Calculated results for the polarizationPz8 vs dimension-
less angular frequencyṽ=v /V under variation of dimensionless
relaxation timet̃r =trV.

FIG. 11. Coordinate system specifying the directions of the par-
ticle rotation and the electric field.
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indicating that it would be a general property of the ER
suspension. As described above, the particle rotation thus
induced influences the magnitude of the interfacial polariza-
tion along the electric field and, hence, the strength of the ER
effect. For developing higher-performance ER fluids, it
would be necessary to take into account the effect of the
shear-induced particle rotation.
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