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Time scales for structural formation in an electrorheological suspension probed by optical
and electrical responses
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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 numbse(s): 83.80.Gv, 83.85.Ei, 83.98-s, 83.70.Hq

[. INTRODUCTION mainly on the ratio of the viscous force to the dipolar force
[5,6]. The faster and the slower responses are predicted by
The electrorheologicdER) effect of the suspension is the theory even in the quiescent state.

stress response to the electric field. It is considered that the Experimentally, there are only a few reports to investigate
stress response is directly related to the structural formatiofhe temporal evolution of the ER suspension in the quiescent
of the polarized particles under shear deformation. In thétate. As described above, Tabal. determined the bt lat-
previous paper, we reported the stress response to the stdf:€ structure using laser beam dlﬁracpon, the mechams_m of
wise electric field, which was measured under different exVhich is totally different from conventional x-ray scattering
perimental condition§l]. The stress response was expressed3)- The incident laser beam propagates through the suspen-
as an exponential function with three modes, mode 0, 1, angion of glass spheres and silicone oil via stable optic modes
2, which take place in succession. It is considered that mod long a regular array of transparent spheres, and then pro-

1 is closely related to the aggregation process of the pola cuces dlffrgcnon_ patterns. Martlaf[ al. performed a realj
: i time, two-dimensional light-scattering study of the evolution
ized particles, and mode 2, the slowest mode among th

o 5t structure in a nearly index-matched single-scattering ER
three, corresponds to the yielding process of the aggregate spensiorf7]. They reported the presence of an unstable

chains of particles. Mode 0, the fastest mode, can be relateg\ontration fluctuation in the direction orthogonal to the
to the polarization of the particles immediately after the ap-g|ecric field, indicating the slow mode for the segregation of
plication of the electric field. However, an artificial factor chains into columns. In these two methods, transparent par-
may also be related to mode 0 such as impulsive electrostatif:|es should be used for the suspension. On the other hand,
attractive forces between two electrodes immediately aftegsinger applied the method of the diffuse transmittance of
the onset of the electric field with a time scale of the resolu1ight, in which multiple scattering is taken into account, to a
tion of the rheometer. It is still unclear what these modes otommercially available ER suspension, and showed that the
the stress response should be assigned to. kinetics of aggregation of the particles can be probed by an
On the other hand, it has been clarified theoretically andncrease in the transmittance of light parallel to the electric
experimentally by Tacet al. that the structure in the quies- field [8]. The obtained time scale of the aggregation of the
cent state is a body-centered-tetragdibal) lattice acting as  particles was of the order of 18 s, and the increase in the
the ground state of the ER suspensf@3]. The structural diffuse transmittance was fitted to a biexponential function
formation of the ER suspension was also investigated theanly when the suspension was applied to the ac electric field.
retically in the quiescent state. Halsey and Toor considered Rurther, Ginderet al. also reported the current response of
model of the competition between electric forces and thermathe ER suspensions under shear deformation and a character-
effects and they pointed out a two-step process of structurastic time scale for the ER suspensidi®§. The methods of
formation of an ER suspension, initial aggregation of par-the diffuse transmittance of light and the current response
ticles parallel to the electric fielgchain formation, and later  would be effective for probing the structural formation in the
densification of the chains perpendicular to the electric fieldquiescent ER suspensions, especially for the fast response,
(column formation [4]. Furthermore, Taet al. reported the because there are no mechanical artifacts such as inertial
temporal evolution of three-dimensional structure in aeffect in these measurements.
molecular-dynamics simulation and showed the equilibrium In the present paper, the responses of the diffuse transmit-
and nonequilibrium structures. They also showed that theed light intensity and the current passing through an elec-
chain formation timethe faster respong@and the solidifica-  trorheological suspension with cation exchange resin par-
tion time (the slower respongén the ER suspension depend ticles to the stepwise electric field were measured in the
quiescent state, and the time scales for the structural forma-
tion of the polarized particles are discussed. It should be
* Author to whom correspondence should be addressed. Electronitoted that both of the responses consist of plural modes, the
address: ktanaka@ipc.kit.ac.jp faster and slower modes even in the quiescent state. The
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response times obtained in the present paper, especially fo Aperture
the faster modes, can be compared with the response time
obtained by rheological measurement, because the shear dt
formation is negligible at the time immediately after appli- ’

cation of the electric field. That is, the time scale of the faster :::::(I:"iif o - (I
L1 R
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modes will be much shorter than the reciprocal of the shea
rate. Further, the time scale of the slower mode gives a use:
ful piece of information, because the slower mode in the
present paper is obtained without shear deformation while
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Amplifier
the slower mode of the stress response was also found unde
shear deformatiofd].
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The diffuse transmittancel, is approximately given by i i
the following equation if the sample cell is sufficiently thick
[8]: For L=1 s, I
T | 10* L 1 '\Dﬂigital
- — exp — —/|, emory
lo 3L labs

FIG. 1. Schematic representation of our system for the measure-

wherelL is the thickness of a sample cdlf, is the transport . :
ments of optical and electrical responses.

mean free path for a random walk of photohg, is the

effective absorption length for photons diffusing in the me- _ )
dium, I is the intensity of the diffuse transmitted light, ahd measurement of optical and electrical responses. The laser
is the intensity of the incident light. beam with a wavelength of 488 nm was generated by an

Assuming that the aggregation of the particles in the sus@rgon-ion lase(Spectra-Physics, Model 20L@he power of
pension induced by an external electric field causes an iffhe laser beam was adjusted to 50 mW. The beam was ex-

crease in the diffuse transmittance dnds larger than ,,,, ~ Panded and collimated by a pair of lensed, andL2, and

the normalized change in the diffuse transmittancethe diameter of the collimated light was reduced to 1 cm by
AT/T(0), or thenormalized change in the transmitted light @n aperture. Then, the sample was illuminated by the colli-
intensity, A1/1(0), induced by the electric field can be ex- mated light. The incident direction of the light was perpen-

pressed as the following equatifsi: dicular to the electrodes and parallel to the direction of the
electric field. The incident light was scattered diffusely

Al(t) 1 L \AI*(t) through the sample. The lens just before the detedi8r,
|(—0)= 5( ES)W (2 was used originally in the present experiment so that the

portion of the transmitted light parallel to the incident light
where AX(t)[=X(t) —X(0);X=T,l,1*] is the change irx ~ Was focused. The intensity of the focused light was detected
obtained as a function of the time after application of theby a photodiode instead of a photomultiplier tulMT) for
electric field, andX(0) is the value ofX under no electric the static measurement of the sample-thickness dependence,
field. In derivation of the above equatio, is also assumed and by the photomultiplier tube for the dynamic measure-
to be constant. In practice, we adjusted the power of the laséRent of the changes induced by the electric field. The signal
and checked the value 6(0) and the proportional value of ©f the intensity was amplified by a current amplifigtei-
I, using an attenuator. In the present paper, the absolutéley, Model 428 and stored in an eight-bit digital storage
value of the transmittance cannot be determined because 8fcilloscope(LeCroy, LS140 as a function of time. In the
the absorption of light at the surface of the particles usedPresent paper, the timef 6 s was defined as the time of the
which are a weak pale shade of brown. Therefore, we willonset of application of the electric field. The responses ob-
discuss only the normalized changes in the diffuse transmit@ined on each experimental condition were added at each
ted light intensity and the normalized changes in the meafime and averaged for the purpose of reducing random noise
free path of photons. However, we can discuss sufficientlyn the responses. _
the time scales for the structural formation in terms of the The current response was also measured in the present

normalized changes in the diffuse transmitted light intensityStudy. The current response was obtained from the current
output of a high voltage amplifiefTreck, Model 609D-§

driven by a function generator. The gain of the high voltage
amplifier is 18, and the bandwidth of-3 dB for small
Cation exchange resin particles were used as reported signals is guaranteed by the supplier for 35 kHz. The high
the previous papefl]. The particles were suspended at avoltage amplifier was also calibrated in our laboratory and
volume fraction of 0.33 in a silicone oil with a viscosity of the —3 dB bandwidths for input peak-to-peak voltages of 8
0.02 Pas. The suspension was sandwiched between a pairVf 4 V, and 2 V were 10 kHz, 20 kHz, and 35 kHz, respec-
parallel panes of glass covered with a transparent conductintively. The signal of the current was stored in a digital oscil-
layer of tin-doped indium oxides. loscope mainly for the fastest response and in a digital
Figure 1 shows the block diagram of our system for thememory via a 12-bit analog-to-digital converter mainly for

IIl. EXPERIMENT
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FIG. 2. The intensity of the diffuse transmitted light under no  FIG. 3. The intensity of the diffuse transmitted light plotted
electric field plotted semilogarithmically against the thickness of theagainst time. The intensity of the noise level and the applied step-
sample cells. The results with solid symbols were fittedlas Wise electric field are also shown in the figure. The thickness of

=0.0194 exp{-2.84.). sample cells was 1.0 mm.

the slower responses. In the present paper, the differendBitted light is expressed as an exponential function with two

between the current response of the sample in a cell and thetodes, which take place in succession. The plural modes are

of the empty cell was discussed for removing an artificial@!SO €ssential for the curve fitting of the present results. The

response of the measuring system. biexponential increase induced by the stepwise electric field
is much different from the result reported by Gind8t for

the response to static electric fields, and it shows that the

IV. RESULTS AND DISCUSSION structural formation with plural steps induced by the step-

wise electric field is probed by the intensity of the diffuse

) ] ) ) _transmitted light. The fitted curves by Eg8) and (4) are

_ Figure 2 shows the intensity of the diffuse transmittedshown in the figure. Mode 1 and mode 2 obtained at 2.0

Ilght_ under no electric field plotted semﬂoganthmlcally kV/mm are also shown for example.

against the thickness of the sample cells. In the figure, the

A. Response of diffuse transmitted light intensity

results obtained with the four thicker sample cells were fitted Al(t) Al; t—t;

by Eq. (1) very well. The effective absorption length calcu- I(_O):E. 100) 1—exp( T ) ; ()
lated from the exponent was 0.35 mm, which is consistently

smaller than the thickness of the sample cells fitted. Further, Al

the effective absorption length is consistently larger than the ! for t;>t, (4)

sample thickness of the unfitted result in the figure. The dif- 1(0)

fuse transmitted light intensity of the unfitted result would be ,
described by another equation in which the diffuse transmit?Vhereali/1(0), t;, and; are adjustable parameters of the

ted light intensity essentially varies inversely with the !th mode. The parameters obtained by the curve fitting are
sample thickness in the case b |, [8]. Therefore, the summarized in Table I. We will discuss below the param-
thickness of the sample cells was fixed to 1.0 mm, which is
much larger than,,, for the measurement of the response
of the diffuse transmitted light to the electric field. 1
Figure 3 shows the intensity of the diffuse transmitted
light plotted against time. The intensity of the noise level and
the applied stepwise electric field with a strength of 2.0
kV/mm are also shown in the figure. The intensity of the
diffuse transmitted light after application of the electric field
increases and then saturates with time. According to(Bg.
the increase in the intensity of the diffuse transmitted light,

Al@)/ 1(0)

mode 1

which was induced by the electric field, corresponds to the mode 2

increase in the mean free path of photons parallel to the > , . . . ,

electric field because the sample thickness was fixed. There- 0 0.2 0.4 0.6 0.8

fore, the diffuse transmitted light probes the aggregation of TIME (s)

the polarized particles by the electric field in the present

experiment. FIG. 4. The changes in the normalized intensity of the diffuse

Figure 4 shows the changes in the normalized intensity ofransmitted light plotted against time after application of the electric
the diffuse transmitted light plotted against time after appli-field. The thickness of the sample cells was 1.0 mm. The fitted
cation of the stepwise electric field. Similar to the rheologi-curves by Eqs(3) and (4) are shown in the figure. Mode 1 and
cal responsgl], the normalized intensity of the diffuse trans- mode 2 obtained at 2.0 kV/mm are also shown for example.
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TABLE |. Parameters obtained by the curve fitting and the satu- 102 - . . . T
rated value of the normalized changes in the mean free path of
photons of each mode. 3'<V/f1m\
< 10° F > .
2 kV/imm 3 kV/mm 4 kV/mm r_’
pa
7 (M9 8.3 6.5 4.7 Wyt
75 (M9 150 120 94 03:
t; (M9 0 0 0 (@]
t, (M9 16 11 7.0 < q0°
Al;/1(0) 0.25 0.29 0.48
Al,/1(0) 0.23 0.40 0.41 10® ‘ .
ok *
,/'2 4 . . . TIME s
errof 0.075 0.13 0.13 ©

FIG. 5. The subtracted current passing through the samples plot-
B . L ; logarithmically against time after application of the electric
!n F'g', 4, 0<t<0.38 s, for .the relative deviation of the normallzed field. The thickness of the sample cells was 0.5 mm, and the area of
intensity measured experimentally from that calculated using Edsya electrodes was 5.9 @niThe broken lines for mode 0,1 and 2
(3) and(4) with parameters listed above at each sampling point Ofare speculative ones.

time t, {[A1(t)/1(0)Imeas [A1(t)/1(0)Jcad/[A1(1)/1(0)]cac-

aThe root mean square throughout the sampled points of data ShOV\{gd

eters obtained, except the time scales of the structural formd® samplerﬁcglls was 0.5 mm and the area of the electrodes
tion in the quiescent ER suspension. Time scales such as Was 5.9 cm in the present experiment. In the figure, the
(i=1,2) are discussed separately in a later section. subtracted current shows a peak on the shorter time scales at

In Fig. 4, it is seen that the saturated value of the overalp given strength of the electric field, and the subtracted cur-
change in the normalized intensityAl;+Al,)/I(0), in-  rent decreases with time. It should be noted that the sub-
creases with an increase in the strength of the electric field. Aracted current after the decrease is not constant but increases
similar tendency of the fitted parametexs; /1 (0) is found  again gradually with time. The peak of the subtracted current
for each mode. The saturated value of the overall change ii$ related to the polarization of the suspension, mode 0, while
the mean free path of photong\I¢t + Al%)/1*(0), is calcu- the gradual increase in the subtracted current is related to the
lated to be 0.25 at 2.0 kv/mm and 0.46 at 4.0 kV/mm. Theconducting current passing through the suspension, mode 2.
discussion above is essentially based on(Ey.in which the ~ Between the peak and the gradual increase in the subtracted
isotropic distribution of the particles is assumed. On thecurrent, an intermediate region can be found, which would
other hand, strongly anisotropic distribution of the particlesPe related to the aggregation of the polarized particles in-
would be induced by the electric field, especially at the high-duced by the electric field, mode 1. In the figure, the broken
est strength of 4.0 kv/mm: The chains of the polarized parlines are also shown for modes 0, 1, and 2 as speculative
ticles parallel to the electric field and the two-dimensionalOnes.
localization of columnar structure would be induced in the ~Quantitatively, the bandwidths of the high voltage ampli-
suspension. Therefore, quantitative discussion that related g limit the discussion of absolute value of the subtracted
the mean free path of photons might be unreasonable in tHeUrrent below a time scale of 10 s, because the band-
present paper. Qualitatively, however, the electric-field dewidths are 20 kHz and 35 kHz for input peak-to-peak volt-
pendence of &1,+ Al,)/1(0) would be related to the aggre- ages of 4 V and 2 V, respectively, and the gap between
gated structure of the polarized particles not only parallel tg?léctrodes was 0.5 mm. However, the existence of the peak-
the electric field but also orthogonal to the electric field. Inlike response on the shorter time scales is qualitatively evi-
such a case, the structure would be nonequilibrium becaugtent in the present experiment. Further, the subtracted cur-
the aggregation of the particles is so fast under strong electri€nt at a given time increases with an increase in the strength
fields. Further, the molecular-dynamics simulation alsoof the electric field, which is consistent with the electric-field
showed nonequilibrium structure under strong electric fieldglependence odl(t)/1(0) shown in Fig. 4 at a given time.
[6]. The two-dimensional localization of columnar structure (The subtracted current at 4.0 kv/mm cannot be calculated
orthogonal to the electric field would cause the relative in-Pecause of the electrical breakdown of the empty cell at the
crease in the mean free path of photons parallel to the ele@lectric field. However, we can suppose the consistent ten-

tric field, to which the intensity of the diffuse transmitted dency from the current response itselfhe time scales of
light is highly sensitive. the subtracted current will also be discussed separately in the

next section.

In addition, corresponding response to the peaklike re-
sponse of the subtracted current, mode 0, was not found in
Figure 5 shows the subtracted current passing through thiae normalized intensity of the diffuse transmitted light. This
samples plotted logarithmically against time after applicatiorresult consistently shows that the attribution of each mode is
of the electric field. As described in Sec. lll, the subtractedreasonable because the current response is highly sensitive to
current is the difference between the current response of thiae response related to the polarization of the suspension,

sample in a cell and that of the empty cell. The thickness ofvhile the diffuse transmitted light is not.

B. Current response
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C. Time scales of optical and electrical responses present paper would sensitively probe the onset of the re-

The peaklike response of the subtracted current that jgPonse of mode 2. Further, it should be noted that mode 2

related to the polarization of the suspension is found ad/as found even in the quiescent state while mode 2 of the
tress response was also found under shear defornjafion

shown in Fig. 5. The time scale for the response is aroun(?’herefore, it should be taken into account that mode 2 is

75_ 4 . . _
\}v(i)dth 115Tth shimhc\)/urltER Sl::plﬁrsr'?:& Altrhoigt?] thre ??irr]r? induced by shear deformation as well as other factors such as
of the high voltagé ampliifier may screen he rea €the thermal effect. In fact, a gradual increase in the sub-
scale of the response, the obtained time scale of mode 0 {Pacted (conducting current was found in Fig. 5. The con-
the fastest among the other time scales, as discussed belo cting current gives Joule’s heat in the I.ER-suspension
Ginderet al. also reported the peaklike response to b'p°|.arJouIe’s heating would induce the later densification of the.

excitation of the square waves and a characteristic eIeCtrIC"?Jytlggregated chains, which causes the formation of a columnar
time constantr,, which was defined as a change of the

transient current to decay toelbf its peak value, ranging structure.
. o Finally, the adjustable parametgralso decreases with an
from 104 s to 102 s[9]. The time scale obtained in our y ) P R

. . . . .. increase in the strength of the electric field. The adjustable
experiment is well consistent with the shorter characteristi g )

. X L ; . ram is rel he on fm 2. In th rvi
electrical time constant. The characteristic electrical tim ara etex, is related to the onset of mode the curve

constant was also assigned to the charging process of the B[ 2ased on Egd3) and(4), it is basically assumed that
suspensiong9] g gingp ode 2 does not occur befarge The assumption is essential

A . to fit the experimental results, in good agreement with the
As shown in Fig. 4 and Table k; obtained by the nor- : : : : :
malized intensity of the diffuse transmitted light is of the experimental equations. Around the corresponding time in

. . . . Fig. 5 to the time scale fot, of 102 s, the subtracted
3 2 ]
order of 10°° s. The time scale is consistent with not on_ly current gradually increases, which would be the onset of

$hode 2. Furthermore, the existence of aggregated chains
ould be essential before the formation of a columnar struc-

. ) . . . Qire, which is caused by the densification of the aggregated

the polarized particles. Further; given in Table | is pro- chains. Therefore, the successive response of each mode is

i -0.8 H 1
portional toE~" The sublinear dependence of ~ on the ¢ ,ajitatively reasonable to describe the structural formation
strength of the electric field also suggests the electrophoreti, he ER suspension.

motion [8] although no macroscopic electrophoresis was
found by optical microscopic observation. The decreasg in
with an increase in the strength of the electric field was pre-
dicted by Taoet al. in a molecular-dynamics simulation us-  The responses of the diffuse transmitted light intensity
ing the parameteA in which the electric field is includel®].  and the current passing through an ER suspension to the
The tendency was also found in the rheological responsestepwise electric field were measured in the quiescent state,
which becomes faster as the strength of the electric fieldind the time scales for the structural formation of the polar-
increases$1,10]. ized particles were obtained. It should be noted that both of

In the present experiment, mode 2 was also found in théhe responses consist of plural modes, faster and slower
optical and electrical responses. The time scale is of the omodes, which took place in succession even in the quiescent
der of 10! s, which is much shorter than the time scale ofstate. The time scales obtained were discussed relating to the
10% s reported by Martiret al.[7]. However, the time scale structural formation in the ER suspension. The successive
of mode 2 of the optical response,, is consistent with the evolution of the aggregation of the particle and densification
time scale of the gradual increase in the subtracted curremf the aggregated chains is proposed. The responses of the
shown in Fig. 5. As shown in Fig. 5, no saturation of thediffuse transmitted light and the current are effective for
subtracted current is found, which shows that the response @irobing the structural formation in the quiescent ER suspen-
mode 2 would be much slower. The results obtained in theions.

scale obtained by the electrical response of mode 1. Ther
fore, it is reasonable to assign mode 1 to the aggregation

V. CONCLUSIONS
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