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Time scales for structural formation in an electrorheological suspension probed by optical
and electrical responses

Katsufumi Tanaka,* Kenji Nakamura, and Ryuichi Akiyama
Department of Polymer Science and Engineering, Kyoto Institute of Technology, Matsugasaki, Kyoto 606-8585, Japan

~Received 1 May 2000!

Responses of the diffuse transmitted light intensity and the current passing through an electrorheological
suspension to the stepwise electric field were measured in the quiescent state, and the time scales for the
structural formation of the polarized particles were reported. It was found experimentally that both of the
responses consist of plural modes, the faster and slower modes even in the quiescent state. The optical response
was also expressed as an exponential function with two modes, which take place in succession.

PACS number~s!: 83.80.Gv, 83.85.Ei, 83.90.1s, 83.70.Hq
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I. INTRODUCTION

The electrorheological~ER! effect of the suspension is th
stress response to the electric field. It is considered that
stress response is directly related to the structural forma
of the polarized particles under shear deformation. In
previous paper, we reported the stress response to the
wise electric field, which was measured under different
perimental conditions@1#. The stress response was expres
as an exponential function with three modes, mode 0, 1,
2, which take place in succession. It is considered that m
1 is closely related to the aggregation process of the po
ized particles, and mode 2, the slowest mode among
three, corresponds to the yielding process of the aggreg
chains of particles. Mode 0, the fastest mode, can be rel
to the polarization of the particles immediately after the a
plication of the electric field. However, an artificial facto
may also be related to mode 0 such as impulsive electros
attractive forces between two electrodes immediately a
the onset of the electric field with a time scale of the reso
tion of the rheometer. It is still unclear what these modes
the stress response should be assigned to.

On the other hand, it has been clarified theoretically a
experimentally by Taoet al. that the structure in the quies
cent state is a body-centered-tetragonal~bct! lattice acting as
the ground state of the ER suspension@2,3#. The structural
formation of the ER suspension was also investigated th
retically in the quiescent state. Halsey and Toor considere
model of the competition between electric forces and ther
effects and they pointed out a two-step process of struct
formation of an ER suspension, initial aggregation of p
ticles parallel to the electric field~chain formation!, and later
densification of the chains perpendicular to the electric fi
~column formation! @4#. Furthermore, Taoet al. reported the
temporal evolution of three-dimensional structure in
molecular-dynamics simulation and showed the equilibri
and nonequilibrium structures. They also showed that
chain formation time~the faster response! and the solidifica-
tion time ~the slower response! in the ER suspension depen
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mainly on the ratio of the viscous force to the dipolar for
@5,6#. The faster and the slower responses are predicted
theory even in the quiescent state.

Experimentally, there are only a few reports to investig
the temporal evolution of the ER suspension in the quiesc
state. As described above, Taoet al. determined the bct lat-
tice structure using laser beam diffraction, the mechanism
which is totally different from conventional x-ray scatterin
@3#. The incident laser beam propagates through the sus
sion of glass spheres and silicone oil via stable optic mo
along a regular array of transparent spheres, and then
duces diffraction patterns. Martinet al. performed a real-
time, two-dimensional light-scattering study of the evoluti
of structure in a nearly index-matched single-scattering
suspension@7#. They reported the presence of an unsta
concentration fluctuation in the direction orthogonal to t
electric field, indicating the slow mode for the segregation
chains into columns. In these two methods, transparent
ticles should be used for the suspension. On the other h
Ginder applied the method of the diffuse transmittance
light, in which multiple scattering is taken into account, to
commercially available ER suspension, and showed that
kinetics of aggregation of the particles can be probed by
increase in the transmittance of light parallel to the elec
field @8#. The obtained time scale of the aggregation of t
particles was of the order of 1023 s, and the increase in th
diffuse transmittance was fitted to a biexponential funct
only when the suspension was applied to the ac electric fi
Further, Ginderet al. also reported the current response
the ER suspensions under shear deformation and a chara
istic time scale for the ER suspensions@9#. The methods of
the diffuse transmittance of light and the current respo
would be effective for probing the structural formation in th
quiescent ER suspensions, especially for the fast respo
because there are no mechanical artifacts such as ine
effect in these measurements.

In the present paper, the responses of the diffuse trans
ted light intensity and the current passing through an e
trorheological suspension with cation exchange resin p
ticles to the stepwise electric field were measured in
quiescent state, and the time scales for the structural for
tion of the polarized particles are discussed. It should
noted that both of the responses consist of plural modes
faster and slower modes even in the quiescent state.
ic
5378 ©2000 The American Physical Society
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response times obtained in the present paper, especiall
the faster modes, can be compared with the response t
obtained by rheological measurement, because the shea
formation is negligible at the time immediately after app
cation of the electric field. That is, the time scale of the fas
modes will be much shorter than the reciprocal of the sh
rate. Further, the time scale of the slower mode gives a
ful piece of information, because the slower mode in
present paper is obtained without shear deformation w
the slower mode of the stress response was also found u
shear deformation@1#.

II. THEORY

The diffuse transmittance,T, is approximately given by
the following equation if the sample cell is sufficiently thic
@8#: For L* l abs,

T5
I

I 0
5

10l *

3L
expS 2

L

l abs
D , ~1!

whereL is the thickness of a sample cell,l * is the transport
mean free path for a random walk of photons,l abs is the
effective absorption length for photons diffusing in the m
dium, I is the intensity of the diffuse transmitted light, andI 0
is the intensity of the incident light.

Assuming that the aggregation of the particles in the s
pension induced by an external electric field causes an
crease in the diffuse transmittance andL is larger thanl abs,
the normalized change in the diffuse transmittan
DT/T(0), or thenormalized change in the transmitted lig
intensity, DI /I (0), induced by the electric field can be e
pressed as the following equation@8#:

DI ~ t !

I ~0!
5

1

2 S 11
L

l abs
DD l * ~ t !

l * ~0!
, ~2!

whereDX(t)@5X(t)2X(0);X5T,I ,l * # is the change inX
obtained as a function of the time after application of t
electric field, andX(0) is the value ofX under no electric
field. In derivation of the above equation,I 0 is also assumed
to be constant. In practice, we adjusted the power of the l
and checked the value ofI (0) and the proportional value o
I 0 using an attenuator. In the present paper, the abso
value of the transmittance cannot be determined becaus
the absorption of light at the surface of the particles us
which are a weak pale shade of brown. Therefore, we
discuss only the normalized changes in the diffuse trans
ted light intensity and the normalized changes in the m
free path of photons. However, we can discuss sufficie
the time scales for the structural formation in terms of
normalized changes in the diffuse transmitted light intens

III. EXPERIMENT

Cation exchange resin particles were used as reporte
the previous paper@1#. The particles were suspended at
volume fraction of 0.33 in a silicone oil with a viscosity o
0.02 Pas. The suspension was sandwiched between a p
parallel panes of glass covered with a transparent conduc
layer of tin-doped indium oxides.

Figure 1 shows the block diagram of our system for
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measurement of optical and electrical responses. The l
beam with a wavelength of 488 nm was generated by
argon-ion laser~Spectra-Physics, Model 2016!. The power of
the laser beam was adjusted to 50 mW. The beam was
panded and collimated by a pair of lenses,L1 andL2, and
the diameter of the collimated light was reduced to 1 cm
an aperture. Then, the sample was illuminated by the co
mated light. The incident direction of the light was perpe
dicular to the electrodes and parallel to the direction of
electric field. The incident light was scattered diffuse
through the sample. The lens just before the detector,L3,
was used originally in the present experiment so that
portion of the transmitted light parallel to the incident lig
was focused. The intensity of the focused light was detec
by a photodiode instead of a photomultiplier tube~PMT! for
the static measurement of the sample-thickness depende
and by the photomultiplier tube for the dynamic measu
ment of the changes induced by the electric field. The sig
of the intensity was amplified by a current amplifier~Kei-
thley, Model 428! and stored in an eight-bit digital storag
oscilloscope~LeCroy, LS140! as a function of time. In the
present paper, the time of 0 s was defined as the time of th
onset of application of the electric field. The responses
tained on each experimental condition were added at e
time and averaged for the purpose of reducing random n
in the responses.

The current response was also measured in the pre
study. The current response was obtained from the cur
output of a high voltage amplifier~Treck, Model 609D-6!
driven by a function generator. The gain of the high volta
amplifier is 103, and the bandwidth of23 dB for small
signals is guaranteed by the supplier for 35 kHz. The h
voltage amplifier was also calibrated in our laboratory a
the 23 dB bandwidths for input peak-to-peak voltages o
V, 4 V, and 2 V were 10 kHz, 20 kHz, and 35 kHz, respe
tively. The signal of the current was stored in a digital osc
loscope mainly for the fastest response and in a dig
memory via a 12-bit analog-to-digital converter mainly f

FIG. 1. Schematic representation of our system for the meas
ments of optical and electrical responses.
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5380 PRE 62TANAKA, NAKAMURA, AND AKIYAMA
the slower responses. In the present paper, the differe
between the current response of the sample in a cell and
of the empty cell was discussed for removing an artific
response of the measuring system.

IV. RESULTS AND DISCUSSION

A. Response of diffuse transmitted light intensity

Figure 2 shows the intensity of the diffuse transmitt
light under no electric field plotted semilogarithmical
against the thickness of the sample cells. In the figure,
results obtained with the four thicker sample cells were fit
by Eq. ~1! very well. The effective absorption length calc
lated from the exponent was 0.35 mm, which is consiste
smaller than the thickness of the sample cells fitted. Furt
the effective absorption length is consistently larger than
sample thickness of the unfitted result in the figure. The
fuse transmitted light intensity of the unfitted result would
described by another equation in which the diffuse transm
ted light intensity essentially varies inversely with th
sample thickness in the case ofL, l abs @8#. Therefore, the
thickness of the sample cells was fixed to 1.0 mm, which
much larger thanl abs, for the measurement of the respon
of the diffuse transmitted light to the electric field.

Figure 3 shows the intensity of the diffuse transmitt
light plotted against time. The intensity of the noise level a
the applied stepwise electric field with a strength of 2
kV/mm are also shown in the figure. The intensity of t
diffuse transmitted light after application of the electric fie
increases and then saturates with time. According to Eq.~2!,
the increase in the intensity of the diffuse transmitted lig
which was induced by the electric field, corresponds to
increase in the mean free path of photons parallel to
electric field because the sample thickness was fixed. Th
fore, the diffuse transmitted light probes the aggregation
the polarized particles by the electric field in the pres
experiment.

Figure 4 shows the changes in the normalized intensit
the diffuse transmitted light plotted against time after app
cation of the stepwise electric field. Similar to the rheolo
cal response@1#, the normalized intensity of the diffuse tran

FIG. 2. The intensity of the diffuse transmitted light under
electric field plotted semilogarithmically against the thickness of
sample cells. The results with solid symbols were fitted aI
50.0194 exp(22.84L).
ce
at
l

e
d

ly
r,
e

f-

t-

s

d

t,
e
e

re-
f
t

f
-
-

mitted light is expressed as an exponential function with t
modes, which take place in succession. The plural modes
also essential for the curve fitting of the present results. T
biexponential increase induced by the stepwise electric fi
is much different from the result reported by Ginder@8# for
the response to static electric fields, and it shows that
structural formation with plural steps induced by the ste
wise electric field is probed by the intensity of the diffu
transmitted light. The fitted curves by Eqs.~3! and ~4! are
shown in the figure. Mode 1 and mode 2 obtained at
kV/mm are also shown for example.

DI ~ t !

I ~0!
5(

i

DI i

I ~0! F12expS 2
t2t i

t i
D G , ~3!

DI i

I ~0!
50 for t i.t, ~4!

whereDI i /I (0), t i , andt i are adjustable parameters of th
i th mode. The parameters obtained by the curve fitting
summarized in Table I. We will discuss below the para

e
FIG. 3. The intensity of the diffuse transmitted light plotte

against time. The intensity of the noise level and the applied s
wise electric field are also shown in the figure. The thickness
sample cells was 1.0 mm.

FIG. 4. The changes in the normalized intensity of the diffu
transmitted light plotted against time after application of the elec
field. The thickness of the sample cells was 1.0 mm. The fit
curves by Eqs.~3! and ~4! are shown in the figure. Mode 1 an
mode 2 obtained at 2.0 kV/mm are also shown for example.
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eters obtained, except the time scales of the structural for
tion in the quiescent ER suspension. Time scales such at i
( i 51,2) are discussed separately in a later section.

In Fig. 4, it is seen that the saturated value of the ove
change in the normalized intensity, (DI 11DI 2)/I (0), in-
creases with an increase in the strength of the electric fiel
similar tendency of the fitted parametersDI i /I (0) is found
for each mode. The saturated value of the overall chang
the mean free path of photons, (D l 1* 1D l 2* )/ l * (0), is calcu-
lated to be 0.25 at 2.0 kV/mm and 0.46 at 4.0 kV/mm. T
discussion above is essentially based on Eq.~2!, in which the
isotropic distribution of the particles is assumed. On
other hand, strongly anisotropic distribution of the partic
would be induced by the electric field, especially at the hig
est strength of 4.0 kV/mm: The chains of the polarized p
ticles parallel to the electric field and the two-dimension
localization of columnar structure would be induced in t
suspension. Therefore, quantitative discussion that relate
the mean free path of photons might be unreasonable in
present paper. Qualitatively, however, the electric-field
pendence of (DI 11DI 2)/I (0) would be related to the aggre
gated structure of the polarized particles not only paralle
the electric field but also orthogonal to the electric field.
such a case, the structure would be nonequilibrium beca
the aggregation of the particles is so fast under strong ele
fields. Further, the molecular-dynamics simulation a
showed nonequilibrium structure under strong electric fie
@6#. The two-dimensional localization of columnar structu
orthogonal to the electric field would cause the relative
crease in the mean free path of photons parallel to the e
tric field, to which the intensity of the diffuse transmitte
light is highly sensitive.

B. Current response

Figure 5 shows the subtracted current passing through
samples plotted logarithmically against time after applicat
of the electric field. As described in Sec. III, the subtrac
current is the difference between the current response o
sample in a cell and that of the empty cell. The thickness

TABLE I. Parameters obtained by the curve fitting and the sa
rated value of the normalized changes in the mean free pat
photons of each mode.

2 kV/mm 3 kV/mm 4 kV/mm

t1 ~ms! 8.3 6.5 4.7
t2 ~ms! 150 120 94
t1 ~ms! 0 0 0
t2 ~ms! 16 11 7.0
DI 1 /I (0) 0.25 0.29 0.48
DI 2 /I (0) 0.23 0.40 0.41
Dl 1* /l * (0) 0.13 0.15 0.25
Dl 2* /l * (0) 0.12 0.21 0.21
errora 0.075 0.13 0.13

aThe root mean square throughout the sampled points of data sh
in Fig. 4, 0<t<0.8 s, for the relative deviation of the normalize
intensity measured experimentally from that calculated using E
~3! and ~4! with parameters listed above at each sampling poin
time t, $@DI (t)/I (0)#meas2@DI (t)/I (0)#calc%/@DI (t)/I (0)#calc.
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the sample cells was 0.5 mm and the area of the electro
was 5.9 cm2 in the present experiment. In the figure, th
subtracted current shows a peak on the shorter time scal
a given strength of the electric field, and the subtracted c
rent decreases with time. It should be noted that the s
tracted current after the decrease is not constant but incre
again gradually with time. The peak of the subtracted curr
is related to the polarization of the suspension, mode 0, w
the gradual increase in the subtracted current is related to
conducting current passing through the suspension, mod
Between the peak and the gradual increase in the subtra
current, an intermediate region can be found, which wo
be related to the aggregation of the polarized particles
duced by the electric field, mode 1. In the figure, the brok
lines are also shown for modes 0, 1, and 2 as specula
ones.

Quantitatively, the bandwidths of the high voltage amp
fier limit the discussion of absolute value of the subtrac
current below a time scale of 1025 s, because the band
widths are 20 kHz and 35 kHz for input peak-to-peak vo
ages of 4 V and 2 V, respectively, and the gap betwe
electrodes was 0.5 mm. However, the existence of the pe
like response on the shorter time scales is qualitatively e
dent in the present experiment. Further, the subtracted
rent at a given time increases with an increase in the stre
of the electric field, which is consistent with the electric-fie
dependence ofDI (t)/I (0) shown in Fig. 4 at a given time
~The subtracted current at 4.0 kV/mm cannot be calcula
because of the electrical breakdown of the empty cell at
electric field. However, we can suppose the consistent
dency from the current response itself.! The time scales of
the subtracted current will also be discussed separately in
next section.

In addition, corresponding response to the peaklike
sponse of the subtracted current, mode 0, was not foun
the normalized intensity of the diffuse transmitted light. Th
result consistently shows that the attribution of each mod
reasonable because the current response is highly sensiti
the response related to the polarization of the suspens
while the diffuse transmitted light is not.

-
of

wn

s.
f

FIG. 5. The subtracted current passing through the samples
ted logarithmically against time after application of the elect
field. The thickness of the sample cells was 0.5 mm, and the are
the electrodes was 5.9 cm2. The broken lines for mode 0, 1, and
are speculative ones.
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C. Time scales of optical and electrical responses

The peaklike response of the subtracted current tha
related to the polarization of the suspension is found
shown in Fig. 5. The time scale for the response is aro
1025–1024 s in our ER suspensions. Although the ban
width of the high voltage amplifier may screen the real tim
scale of the response, the obtained time scale of mode
the fastest among the other time scales, as discussed b
Ginder et al. also reported the peaklike response to bipo
excitation of the square waves and a characteristic elect
time constanttel , which was defined as a change of t
transient current to decay to 1/e of its peak value, ranging
from 1024 s to 1022 s @9#. The time scale obtained in ou
experiment is well consistent with the shorter characteri
electrical time constant. The characteristic electrical ti
constant was also assigned to the charging process of th
suspensions@9#.

As shown in Fig. 4 and Table I,t1 obtained by the nor-
malized intensity of the diffuse transmitted light is of th
order of 1023 s. The time scale is consistent with not on
t1 obtained by the rheological response, but also the t
scale obtained by the electrical response of mode 1. Th
fore, it is reasonable to assign mode 1 to the aggregatio
the polarized particles. Further,t1 given in Table I is pro-
portional toE20.8. The sublinear dependence oft1

21 on the
strength of the electric field also suggests the electropho
motion @8# although no macroscopic electrophoresis w
found by optical microscopic observation. The decrease int1
with an increase in the strength of the electric field was p
dicted by Taoet al. in a molecular-dynamics simulation us
ing the parameterA in which the electric field is included@6#.
The tendency was also found in the rheological respon
which becomes faster as the strength of the electric fi
increases@1,10#.

In the present experiment, mode 2 was also found in
optical and electrical responses. The time scale is of the
der of 1021 s, which is much shorter than the time scale
102 s reported by Martinet al. @7#. However, the time scale
of mode 2 of the optical response,t2, is consistent with the
time scale of the gradual increase in the subtracted cur
shown in Fig. 5. As shown in Fig. 5, no saturation of t
subtracted current is found, which shows that the respons
mode 2 would be much slower. The results obtained in
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present paper would sensitively probe the onset of the
sponse of mode 2. Further, it should be noted that mod
was found even in the quiescent state while mode 2 of
stress response was also found under shear deformation@1#.
Therefore, it should be taken into account that mode 2
induced by shear deformation as well as other factors suc
the thermal effect. In fact, a gradual increase in the s
tracted~conducting! current was found in Fig. 5. The con
ducting current gives Joule’s heat in the ER suspens
Joule’s heating would induce the later densification of
aggregated chains, which causes the formation of a colum
structure.

Finally, the adjustable parametert2 also decreases with a
increase in the strength of the electric field. The adjusta
parametert2 is related to the onset of mode 2. In the cur
fitting based on Eqs.~3! and~4!, it is basically assumed tha
mode 2 does not occur beforet2. The assumption is essentia
to fit the experimental results, in good agreement with
experimental equations. Around the corresponding time
Fig. 5 to the time scale fort2 of 1022 s, the subtracted
current gradually increases, which would be the onset
mode 2. Furthermore, the existence of aggregated ch
should be essential before the formation of a columnar st
ture, which is caused by the densification of the aggrega
chains. Therefore, the successive response of each mo
qualitatively reasonable to describe the structural format
in the ER suspension.

V. CONCLUSIONS

The responses of the diffuse transmitted light intens
and the current passing through an ER suspension to
stepwise electric field were measured in the quiescent s
and the time scales for the structural formation of the po
ized particles were obtained. It should be noted that both
the responses consist of plural modes, faster and slo
modes, which took place in succession even in the quies
state. The time scales obtained were discussed relating to
structural formation in the ER suspension. The succes
evolution of the aggregation of the particle and densificat
of the aggregated chains is proposed. The responses o
diffuse transmitted light and the current are effective
probing the structural formation in the quiescent ER susp
sions.
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