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While severe multiple scattering precludes direct observation of the spatial arrangement of the parti-
Jle _uspended in most electrorheological (ER) fluids, both diffuse optical transmittance and diffusing-
wave spectroscopy are useful noninvasive probes of particle motion in these materials. The temporal
variation of the diffuse transmittance of a commercial ER fluid provides a measure of the time scale for
field-induced structure formation. The response times observed with low static fields and with alternat-
ing fields are consistent with the expected induced-dipole attraction between particles. However, the
field dependence of the response times measured with high static fields suggests that monopole forces
play a role in the aggregation process in this fluid. The relevance of particle charge is confirmed by a
novel application of diffusing-wave spectroscopy: detection of the oscillatory electrophoretic motion of
the particles induced by alternating electric fields. Possible consequences of particle charge for the
behavior and performance of electrorheological fluids are discussed.

PACS number(s): 82.70.Dd, 82.45.+z, 66.90.+r

I. INTRODUCTION

Electrorheological (ER) fluids, suspensions of polariz-
able particles dispersed in relatively nonpolar media, may
soon allow the commercialization of novel elec-
tromechanical technologies based on the reversible fluid-
to-viscoelastic solid transitions that they undergo upon
exposure to large (~kV/mm) electric fields [1-3].
Winslow [4], who is credited with the discovery and pop-
ularization of the ER effect over four decades ago, first
recognized that both the dielectric mismatch between the
suspended particles and the suspending fluid and the ap-
pearance of field-induced fibrillar structures are impor-
tant in obtaining ER behavior. While potential applica-
tions of ER fluids have been explored nearly continuously
since that time, both the nature of the interparticle in-
teractions and the role of the field-induced structure per-
sist as central scientific issues in the field [5-7].

Recent progress in describing the polarization-induced
interparticle forces has included semianalytical [8,9] and
numerical [10-12] approaches to treat the local-field
effects and multipole moments that are important in
dense suspensions; these effects can substantially enhance
the field-induced interparticle attraction over that pre-
dicted from the dipole approximation alone [11]. More-
over, it has recently been appreciated that field-induced
particle polarization can result not only from a dielectric
mismatch between particle and suspending fluid, but also
from a conductivity mismatch [8,13] that leads to particle
polarization through the transport of charge carriers to
or around the particle surface.

The ground-state structure of the solid formed when
ER fluids are exposed to high electric fields has also at-
tracted considerable attention recently. Within the di-
pole approximation, a body-centered-tetragonal (bct) lat-
tice was found to be the minimum energy structure
[14,15], while in the high-dielectric-contrast limit where
the dipole approximation fails, the bct structure is degen-
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erate with face-centered-cubic and body-centered-cubic
lattices [16]. The bct structure has recently been ob-
served in a light-scattering study of an ER fluid contain-
ing large glass spheres [17].

The mechanism by which the ER solid is formed is also
of great scientific and technical interest. The kinetics of
structure formation largely determines the response time
of the field-induced rheological changes, an important
figure of merit [18] for ER device design [19]. The most
technologically important features of ER fluids, their
dramatically field-dependent shear and longitudinal [20]
moduli and yield stresses, are presumably also affected by
the nature of the solid structure, though the role of disor-
der on ER rheology has not been widely studied.

Optical microscopy has been widely used to character-
ize the kinetics of chain formation in two-dimensional
aqueous colloids undergoing electric- [21] and magnetic-
field-induced [22] aggregation. In the nonaqueous media
more typical of practical ER fluids, the time required to
form the first percolating chain upon the application of
electric fields was recently measured [18]; poor reproduci-
bility of the percolation time values apparently reflected
their sensitivity to variations in the initial arrangement of
the aggregating particles. Several optical studies of chain
formation and aggregation in three-dimensional systems
have also been reported. Model suspensions of sterically
stabilized silica particles have been used in studies of
chain formation through the induced anisotropy of the
suspension refractive index [23], and were utilized in a re-
cent light-scattering study [24] that probed the kinetics of
the eventual coalescence of chains into larger three-
dimensional structures. In less ideal suspensions, field-
induced turbidity changes have been correlated with par-
ticle alignment and chain formation [25,26].

A comparison of recent theoretical models of ER
structure growth and evolution suggests that the nature
of this process depends sensitively on the volume fraction
of suspended particles and on the dimensionless interac-
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tion strength A, which is defined as the ratio of the
dipole-dipole attraction energy between pairs of touching
particles to the thermal energy. For A <1, no aggrega-
tion takes place. For dilute suspensions in which AR 1,
Halsey and Toor [27] have shown that structure forma-
tion occurs in two steps: initial and effectively instan-
taneous chain formation, followed by the gradual coales-
cence of the chains into columns of particles ordered in
three dimensions. By contrast, Hass’s molecular-
dynamics (MD) simulations [28] of dense suspensions in
the A >>1 limit show that the suspended particles are ki-
netically trapped into nonequilibrium structures that pos-
sess no obvious lateral order. Qualitatively similar struc-
tures were observed in MD simulations by Melrose [29].

It is of great importance to understand and control the
structure-formation process in real three-dimensional ER
fluids, particularly in light of the complex and poorly
characterized interparticle interactions within them. Un-
fortunately, two-dimensional microscopic studies obvi-
ously involve systems of reduced dimensionality and gen-
erally sample a limited number of particles. Moreover,
the deliberately simplified properties of three-dimensional
model colloids may lead to interparticle interactions quite
different in nature and strength than those of practical
ER fluids. Given the limitations of these approaches,
more generic techniques to study directly the structural
properties of real ER fluids are desirable. This paper
demonstrates the utility of diffuse optical probes [30]—
diffuse transmittance and diffusing-wave spectroscopy —
in inferring the kinetics of structure formation, the
motion of the particles in dense ER suspensions, and the
nature of the electrostatic interactions responsible for ER
solid formation [31].

The results of a detailed study of the optical and dielec-
tric properties of a commercial ER fluid are presented.
The suspension incorporated particles whose complex re-
fractive index differed substantially from the suspending
fluid, leading to severe multiple scattering and a diffuse
visual appearance typical of most practical ER fluids.
The length dependence of the diffuse optical transmit-
tance of the unelectrified fluid was consistent with that
expected for an absorbing, multiply scattering material.
The sensitivity of diffuse transmittance to the spatial rela-
tionship between scatterers was exploited by measuring
the time-resolved increase in diffuse transmittance caused
by field-induced structure formation in this suspension.
In particular, the dependence of the time scale 7, for
structure formation in an applied field E, was inferred.
For low fields, 7, « E 5 %, consistent with the expected role
of induced-dipole attractive forces between particles.
The seemingly paradoxical crossover at high fields and
short times to a regime in which 7, < E; ! implies that
structure formation is affected by another process; that
the corresponding rate is linearly proportional to the ap-
plied field suggests that monopole forces play a role in
particle aggregation. The relevance of particle charge
was confirmed by measurements of the electrophoretic
mobility in dilute suspensions as well as by the observa-
tion of particle motion in the original suspensions using
diffusing-wave spectroscopy.

The contents of this paper are as follows: First, the
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characteristics of the ER fluid and the experimental pro-
cedures utilized to study it are described. Second, the re-
sults of the optical and electrical measurements are
presented. Third, discussions on the inferred structure
formation kinetics and the existence of monopole effects
are incorporated. Speculation on the broader conse-
quences of particle and counterion charge are included in
the summary.

II. MATERIALS
AND EXPERIMENTAL METHODS

The electrorheological fluid used in this study was ob-
tained commercially from Advanced Fluid Systems (AFS)
[32]; it consisted of particles of the hydrated lithium salt
of poly(methacrylic) acid suspended at a volume fraction
¢=0.35 in a chlorinated hydrocarbon oil, Cereclor SOLV
from ICI. While this suspension was not stabilized
against sedimentation, the sedimentation rate was low
enough—on the order of mm/week—that individual
measurements were not affected. Some care was taken,
however, to thoroughly mix the stock suspension before
undertaking new sets of measurements. The suspended
particles were shaped like rather irregular polyhedra and
were broadly distributed in size: an average length
L=2.6+0.6 um and width W=1.9+0.5 um was deter-
mined from optical and electron micrographs of thin lay-
ers of diluted suspension [33]. Independent estimates of
the particle size were obtained from dynamic light-
scattering (DLS) [34] measurements on suspensions of the
particles diluted in cyclohexane. Scattered light from a
sample was collected using a Brookhaven Instruments
BI-200SM goniometer-detector assembly; the time auto-
correlation function of the scattered light intensity was
computed by a Brookhaven Instruments BI-2030AT digi-
tal correlator. The measured correlation function decays
were analyzed by the method of cumulants to obtain the
average and variance of the decay time distribution. The
resulting effective particle hydrodynamic diameter,
2.24+0.4 pm, was in good agreement with that expected
[34] for the translational diffusion of prolate ellipsoids
having major and minor axes lengths given by the above
values of L and W. Where necessary for later analyses,
the particles were modeled as spheres of diameter
2a=(L WH3=2.1 um.

The suspending fluid was isolated by centrifugation
and subsequent filtration to enable determination of
several base fluid properties at room temperature, 298+t1
K. Using a Carri-Med controlled stress rheometer, the
room-temperature viscosity was found to be n,=0.089
Pas. An Abbe refractometer was used to measure a re-
fractive index n,=1.495, while measurements of the fluid
absorbance yielded an attenuation coefficient a,=0.11
cm ! at a wavelength A,,, =488 nm. The dielectric prop-
erties of the fluid were measured in a cell possessing
stainless-steel disk electrodes attached to a Solartron
1260 impedance analyzer; the high sample impedance re-
quired that the sample current be amplified by a Keithley
427 current-to-voltage converter. The measured
frequency-dependent impedance was described by a
parallel resistor-capacitor circuit and was consistent with
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a frequency-independent conductivity o r=4.6X 107°
Q~'m™! and a relative dielectric permittivity € ,=8.1.

The electrophoretic mobility of the particles was deter-
mined using light-beating spectroscopy [35]. The experi-
mental configuration followed that of Uzgiris [36]; the
sample was placed in a rectangular glass cuvette and
parallel platinum electrodes with separations between 1
and 2 mm were inserted. The electrodes were driven by
square waves of frequency between 0.1 and 1 Hz and field
amplitudes of less than 100 V/mm in order to induce
electrophoretic motion. Light scattered by the moving
particles was mixed with that scattered from the exit face
of the cuvette; the resulting light-beating or heterodyne
autocorrelation decay was detected using our DLS ap-
paratus. Uniform particle motion produces oscillations
in the autocorrelation function at a Doppler frequency
proportional to the particle velocity, while a velocity
variance gives rise to a Gaussian temporal decay en-
velope [37,38]. From these observed behaviors, the mag-
nitude of the average mobility was found to be
|ul =4X 1077 cm?/Vs, in reasonable agreement with pre-
vious mobility measurements on a similar colloidal sys-
tem [39]. The relatively large measured standard devia-
tion of the mobility, V' Au?~2.2X10"7 c¢m?/V's, may
reflect the random distribution of orientations of these
nonspherical particles [40]. Given the absence of elec-
trode polarization phenomena in the base fluid at the fre-
quencies used, as well as the details of the cell geometry,
the electrophoresis measurements were not likely to be
affected substantially by electrode polarization, conduc-
tivity effects, or other causes of electric field or particle
velocity nonuniformity [41].

The diffuse transmittance of the ER fluid was mea-
sured using an arrangement shown schematically in Fig.
1 [31]. The sample was held between a pair of parallel,
semitransparent conducting glass electrodes sealed by a
latex rubber membrane. The front electrode was mount-
ed on a two-axis translation stage allowing the applica-
tion of shear and longitudinal stresses to the sample. The
sample cell was illuminated by linearly polarized light
with wavelength A,,.=0.488 um from an argon-ion laser;
the laser beam was expanded by a lens pair, then aper-
tured to produce a collimated beam of diameter ~ 1.5 cm
that impinged on the front electrode. Mounted just
behind the rear electrode was an apertured silicon photo-
diode detector to detect a portion of the light that

A2

Laser PD

FIG. 1. Sketch of the diffuse transmittance apparatus. Laser,
argon-ion laser; L1, L2, lenses; A1, A2, apertures; S, sample
and transparent electrodes; XY, two-axis translation stage; HV,
high-voltage amplifier; PD, silicon photodiode detector.
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was diffusely transmitted through the sample; the
photodetector-preamplifier bandwidth was estimated at
greater than 10 kHz. High voltage was applied to the
sample electrodes via a Trek 10/10 high-voltage amplifier
driven by a Wavetek 75 arbitrary function generator.
The temporal variation of the incident intensity,
transmitted intensity, applied voltage, and current were
recorded using an 8-channel, 100-kHz, 12-bit analog-to-
digital converter controlled by a personal computer.

The diffuse transmittance of the sample, T, was calcu-
lated as the ratio of the intensity transmitted by the sam-
ple to the incident intensity; corrections were made for
the angular variation of the photodiode response—
necessary because diffusely transmitted light is spread in
a nearly Lambertian distribution [42] throughout 27
solid angle—as well as for the reflectance of the electrode
faces. The electric-field-induced change in T for light in-
cident normal to the electrodes, i.e., parallel to the ap-
plied electric field E,, were normalized to the zero-field
transmittance by  calculating AT(¢)/T(0)=[T(¢)
—T(0)]/T(0), a measure of the transmittance change
that is independent of the system geometry if the angular
distribution of transmitted light was unaltered by the
field-induced structural change.

Fluctuations in the speckle intensity of multiply scat-
tered light exiting the sample were studied using
diffusing-wave spectroscopy (DWS) [30,43-46]. The ER
fluid was held in a cuvette into which conducting glass
electrodes had been inserted; a portion of the light
transmitted or reflected diffusely from the sample was im-
aged by a 10-cm focal length biconvex lens through a
sheet polarizer onto the face of a 50-um core diameter
nonpolarization-preserving multimode optical fiber.
Light exiting the opposite end of the fiber was directed to
the photomultiplier tube also used in DLS measurements,
allowing the measurement of intensity autocorrelation
decays in the multiple-scattering regime.

III. EXPERIMENTAL RESULTS

The room-temperature dielectric response of the ER
fluid mixture, Fig. 2, exhibited a more strongly
frequency-dependent complex permittivity than that of
the suspending fluid. The dramatic variation of €’ and €’
as the frequency was varied is consistent with well-known
double-layer polarization effects [47,48] and is in agree-
ment with the response observed previously in similar
systems [49].

The path-length dependence of the diffuse transmit-
tance of the ER fluid, Fig. 3, was dominated by an ex-
ponential decrease with increasing sample length L. Al-
though this exponential dependence is suggestive of the
Lambert-Beer law for absorbing media, that the transmit-
tance extrapolated to L =0 is less than unity is symp-
tomatic of multiple scattering. For L <0.7 mm, the
transmittance varied approximately inversely with L, as
shown in the inset to Fig. 3. While the incident light was
linearly polarized, the transmitted light was observed to
be completely depolarized, providing additional evidence
for severe multiple scattering in this material [44].

The time-resolved change in diffuse transmittance for a
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FIG. 2. Frequency dependence of the relative permittivity of
the ER fluid at room temperature: €' (@) and €’ (M) are the
real and imaginary parts of the permittivity, respectively, and
€c=€"—0(0)/€w (O).

sample with L =2.0 mm induced by static electric fields
having magnitudes ranging from 0.05 to 2.4 kV/mm is
shown in Fig. 4. The AT(¢)/T(0) initially increased
upon the application of the field at time ¢ =0, then sa-
turated at a field-dependent level of order 10%; this
steady-state transmittance change persisted for tens of
minutes after removing the field, though the original
transmittance was regained by applying shear or normal
stresses, stirring, etc., apparently destroying the residual
field-induced structure. The transmittance change initial-
ly increased quadratically with time, Fig. 5, particularly
at high fields.

The increase of the diffuse transmittance upon applica-
tion of ac electric fields was qualitatively different; com-
pared to the static field behavior, the response was slower
and the steady-state transmittance change was smaller
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FIG. 3. Sample-length dependence of the diffuse transmit-
tance 7. Inset: the dependence of 1/7 on L for short path
lengths; the solid line is a guide to the eye.
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FIG. 4. The field-induced change in transmittance
AT(t)/T(0) measured at several fields: 50 V/mm (0O); 200
V/mm (A); 350 V/mm ({); 500 V/mm (V); 1000 V/mm (O );
2400 V/mm ().

for, e.g., 300-Hz sine wave excitation in this system. The
growth of AT /T (0) was fitted to a biexponential func-
tion [31], allowing the extraction of rise times and limit-
ing transmittance changes. For ac excitation, the associ-
ated times and transmittance changes were obtained from
the shorter of the two exponentials fitted to AT /T (0).
For static fields, the characteristic response time 7, was
defined as the time required to reach 1/e of the steady-
state transmittance change; these times and the values of
the steady-state transmittance change are shown in Fig.
6. The relevant time scales decreased by over three or-
ders of magnitude as the static field was increased from
50 to 3000 V/mm. The characteristic times varied as
Ey 2 for low-field dc and 300-Hz ac excitation, while they
were proportional to E ! for high static fields.
Diffusing-wave spectroscopy was performed in order to
gain more insight into the particle motion induced by ap-
plied electric fields. The intensity autocorrelation func-
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FIG. 5. Same as Fig. 4, except on a logarithmic scale. Note
that AT (¢)/T(0) grows quadratically with time at short times,
as the solid lines indicate.
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FIG. 6. Electric field dependence of (a) the inferred response
time 7, where the power-law exponents describing the field
dependences are indicated; (b) the steady-state transmittance
change AT (t— 0 )/T(0) for static field (solid symbols) and
300-Hz sine wave (hollow symbols) excitation.

tion g,(7) was measured in transmission with zero ap-
plied field and with 10-Hz sine wave fields of varying am-
plitudes, Fig. 7. Similar autocorrelation decays were ob-
served in a backscattering geometry. To ensure that the
transmitted light was multiply scattered, scattered light
having polarization orthogonal to that of the incident
beam was detected. The data were generally collected
and averaged over 5—10 min; potential transient effects
associated with the initial stages of particle aggregation
were avoided. No steady-state modulation of the (angle-
averaged) diffuse transmittance was observed, so the os-
cillations present in the measured autocorrelation func-
tions represent speckle intensity variations produced by
interference among various light paths inside the sample.

IV. DISCUSSION

The difficulties that arise in treating the multiple
scattering of light in homogeneous media can be avoided
in the strong-scattering limit, in which the photons exe-
cute a random walk through the sample
[30,42-46,50-53]. In this limit, the spatial variation of
the photon density can be described by a diffusion equa-
tion with diffusion constant D =cl* /3, where c¢ is the
speed of light in the medium and /* is the transport mean
free path or average step size of the random walk. Solv-

(b)

(c)
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(e)
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FIG. 7. The temporal evolution of the normalized homodyne
autocorrelation function g,(7) measured in the transmission
geometry for a sample of length L =3 mm in (a) zero field and
with 10-Hz sine wave electric fields of amplitude (b) 100 V/mm,
(c) 167 V/mm (d) 500 V/mm, and (e) 1000 V/mm. The range of
each ordinate is 0 <g, < 1. The solid lines are least-squares fits
to the autocorrelation decay predicted from Eq. (14).

ing the diffusion equation can be complicated by the
boundary conditions: the nature of the conversion of col-
limated incident photons to diffusing photons [51], the
consequences of reflectivity at the sample boundaries
[52], etc. Two regimes of diffuse photon transport are
identifiable [53]. For sample lengths L such that
Lys > L R 1*, where I,,,=V'I*/3a is an effective absorp-
tion length for photons diffusing in a medium having an
absorption coefficient a, the diffuse transmittance is given
by

*
Tzﬁé-l— ; (1)
3L +41*
the transmittance essentially varies inversely with the
sample length, analogous to electronic conduction in
Ohmic materials. For sample lengths L X /,,, the diffuse
transmittance is approximately
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*
T~ ;?’ exp(—L /1) ; @

abs

the transmittance decreases exponentially with sample
length, reminiscent of the Lambert-Beer law.

The measured length dependence of the diffuse
transmittance, Fig. 2, exhibited both the absorptive and
photon conductance regimes; a transport length /* =450
pm and an absorption length /,, =~2.0 mm was obtained
from the former. The calculated absorption coefficient
a~0.35 cm~ ! at 488 nm, somewhat larger than that
measured directly for the base fluid. A best fit of T(L) in
the latter regime to Eq. (1) yielded /* =440 um, in good
agreement with that obtained in the dominant absorptive
regime.

Upon differentiating Eq. (2), one obtains

AT() 1

T(0) 2

L
14 -
!

Al*(1) 3)

1*(0)

abs

Consequently, the increase in diffuse transmittance upon
the application of an electric field is consistent with an in-
crease in the transport length /*; since /,,, ~L =2.0 mm,
the diffuse transmittance changes in Fig. 4 imply in-
creases of order 10% in the transport length.

The sensitivity of the transport length /* to the spatial
arrangement of scatterers gives rise to the observed
changes in diffuse transmittance, making them a useful
structural probe. For identical scatterers that are spatial-
ly uncorrelated, [*=1/ n,o, where n, is the number den-
sity of scatterers and o is the transport cross section.
The transport cross section and the corresponding trans-
port length are determined by the integral over scattering
angle 6 of the scattered intensity, which is proportional
to the particle scattering form factor F(q) [54], weighted
by 1—cos0:

1 2k; 3
'F“%L dg ¢°F(q) , @)
where |g|=(27/A,)sin(8/2) is the magnitude of the
scattering wave vector. When particle correlations are
important, such as in dense or interacting suspensions,
the scattered intensity for wave vector ¢ is given by the
product of the form factor and the structure factor S(q),
where the latter is given by

N N

(R;—R,)
S e, (5)

jEi=1i=1

-1
S(q)= N

where R; is the position of the ith particle and N is the
total number of particles. The transport length is thus
determined by the structure factor through its weighted
average over the scattering angle [44,45,55]:

1 2k; 3
e, fo dq ¢°F(q)S(q) , (6)
where an isotropic S(q) has been assumed. The sensitivi-
ty of I* to S(g) has been demonstrated repeatedly in
diffuse optical studies on dense suspensions of hard-
sphere colloids [44,45,55].

Existing treatments of photon transport in multiple-

scattering media assume that the structure factor—and
thus the transport length—is independent of the scatter-
ing direction; however, field-induced chain formation
leads to a strongly anisotropic structure factor [56]. In
lieu of a detailed theory relating changes in the diffuse
transmittance to modifications of the structure factor, the
inferred time scale for structure formation can be com-
pared with the temporal evolution of the structure ob-
tained in a recent three-dimensional molecular-dynamics
simulation [28]. This study revealed that a characteristic
time for structure formation is ~ 101'f, where the pair-
formation or flocculation time 7, for spherical particles
experiencing induced-dipole attraction and Stokes drag
forces is given approximately by [28,57]

5/3
—1 ] , 0))

where B=(€, —€,)/(€, +2¢,) is the relative polarizabili-
ty of the particles. The above expression for the floccula-
tion time is an improvement over the dilute-limit form
used previously [31,57], although it was derived without
inclusion of multipole and many-body electrostatic
effects, which are likely to reduce Ts, as well as many-
body hydrodynamics, which would presumably increase
Ty. Within the simulation, several events characteristic
of the structure formation process occur at ~ 107 oo first,
it is the stage of particle aggregation at which the average
coordination number reaches 2, signaling that each parti-
cle is incorporated on average in a single chain; second, it
is roughly the time at which the first percolating chain
appears; third, and most relevant to the present analysis,
it is an approximate rise time for field-induced changes in
the structure factor.

The 7, measured for ac and low-field dc excitation (Fig.
6) vary as E %, confirming that induced-dipole attractive
forces are responsible for structure formation in this ER
fluid. Assuming that 7, is comparable to the characteris-
tic structure formation time 107, the relative polarizabil-
ity B can be estimated since the solvent viscosity and
dielectric constant are known; for low static fields,
|B(0)|*~0.39, while for ac excitation a value |B(300
Hz)|?~0.037 is inferred. The 300-Hz relative polariza-
bility can be compared with that predicted solely on the
basis of the measured complex relative permittivity of the
suspending fluid, €,(300 Hz)~8,1+0.9i, and of the ER
fluid suspension, €(300 Hz)=~9.4+2.2i. Utilizing the
Maxwell relation [58] to describe the suspension permit-
tivity, e~e€,(1+2B¢)/(1—B¢), the squared magnitude of
the relative polarizability |3(300 Hz)|?~0.041 is estimat-
ed. While the good agreement between the polarizability
inferred from the response time measurements and that
obtained from the dielectric properties of the ER fluid is
encouraging, other factors such as many-particle hydro-
dynamics and electrostatics undoubtedly influence the in-
terparticle forces, affecting the aggregation process in
poorly understood ways.

To a first approximation, the particle velocities in-
duced by the field are determined by a balance between
electrostatic and viscous drag forces. While the rate
1/7, < E} at low fields is thus consistent with induced-

T
Tr= ">+ -
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dipole forces, that 1/7, < E, at high fields suggests that
monopole forces are present, i.e., that the particles pos-
sess a nonzero surface charge. The counterintuitive
crossover to a rate with a weaker field dependence as the
field is increased is explainable by the existence of two
temporally distinct aggregation processes that conse-
quently have nonadditive rates.

To understand why such a crossover might occur, the
origin of the field-induced particle polarization required
for the existence of ER phenomena in this suspension
must be considered. ER fluids have recently been
grouped into two classes that are distinguished by
differences in the way that the necessary polarization is
developed [11,13,58]: those that rely on a dielectric con-
stant mismatch between particle and fluid, and those that
depend on a conductivity mismatch. While in the former
systems the polarization charge appears on each particle
surface almost instantaneously upon the application of an
electric field, the latter rely on the transport of charge
carriers—ions or electrons—to or around the interface
between the particle and suspending fluid in order to de-
velop real charge polarization and the resulting interpar-
ticle attractive forces. For systems containing spherical
particles and possessing constituents with frequency-
independent permittivities, the surface charge distribu-
tion is established on a time scale 7,=[2¢,+€,—¢(e,
—€)]/[20,+t0,—¢lo,—0,)] [59]. An approximate
lower bound on 7, is the carrier relaxation time of the
suspending fluid, €,€ /0 ; =~ 16 ms, which is within a fac-
tor of 2 of the response time at which the crossover
occurs (Fig. 6). The existence of the crossover thus sug-
gests that for low fields, when 7 er, the structure
evolves slowly enough to allow ion transport and thus the
maximum induced-polarization forces. At high fields, no
substantial particle polarization can occur when 7, S7,,
so that the latent surface charge largely determines the
nature and strength of the electrostatic force on each par-
ticle. Implicit in this scenario is that electrophoretic
motion induced by monopole—external-field or
monopole-dipole interactions can promote particle aggre-
gation; the role of such mechanisms in colloidal aggrega-
tion has not been widely explored.

The possibility that field-induced orientational align-
ment of the anisotropic particles in this ER fluid is the
origin of the observed transmittance increase can be ruled
out on a number of grounds: First, the linear dependence
of the structure formation rate on electric field obtained
at high fields suggests that the particles possess a per-
manent dipole moment, but this is not borne out by the
dielectric properties of the suspension. Second, an ex-
ponential growth of AT (¢)/T(0) is expected in light of
previous studies of the field-induced orientation of ellip-
soidal particles [59], while a power-law growth was ob-
served under dc excitation. Third, the rotational time
constant 7, for the orientation of isolated particles can be
estimated, 7,= —7/[2¢,€,P(B,L /W)Ej], where P is a
function of the particle’s relative polarizability and shape
anisotropy [60]. Given the measured L /W and the in-
ferred values of B, 7, /T¢>3 is obtained. Since the pair
formation rate is therefore faster than the rate at which
isolated particles align with the field, and since interparti-
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cle contact presumably hinders the continued rotation of
individual particles, the observed changes in diffuse
transmittance are not likely to be affected substantially by
rotational effects.

The measured response times are also much shorter
than those expected for the eventual coarsening of the
field-induced chains into columns, a process that has been
observed in a very different colloidal system [24]. Since
the dimensionless interaction strength [3] appropriate to
the particles in the AFS fluid, A=3me,€o(BE,)?/
kpT <10° with 2a=2.1 um, the esuinated coarsening
time [24] 7,2 n;a’/A*’ky T 530 s is orders of magni-
tude longer than the time scale over which the transmit-
tance evolves at high fields.

The linear increase in the rate of aggregation with elec-
tric field in high fields suggests that the particles possess
nonzero charge Q-—resulting in monopole forces F
=QE—and thus undergo electrophoretic motion.
Indeed, electrophoretic light-scattering experiments
confirm the existence of particle charge in dilute suspen-
sions and fix its magnitude. The effective electrophoretic
mobility of charged particles depends on the concentra-
tion of counterions in suspension, or equivalently on the
screening or Debye length L, [61]. An order-of-
magnitude estimate of L, can be made after considering
the dielectric response of the ER suspension, Fig. 2. The
existence of a peak in the imaginary part of the dielectric
response €., is consistent with models of the polarization
response of the counterion cloud about charged particles
in dilute suspension [47,48]. Several approaches predict a
maximum in €, at a characteristic frequency w, depen-
dent on the ability of the ions to diffuse around the cir-
cumference of the particle; thus w,~D,,, /2ma?, where
D;,, is the ion diffusion constant and a is a typical parti-
cle radius. With 2a~2.1 ym and o.~1 s~!, D,,
~3X 10~ 8 cm?/s. Using the Stokes-Einstein relation, the
ion mobility is estimated as p;,,~eD,,,/kzT ~1.2
X107® cm?/Vs; the base fluid conductivity
Oion = Mion€Mion 1S then consistent with a total ion density
Rion~2.4X 10" cm™3 The associated Debye length
Lp=(eseokpyT /e*n;,,)'>~0.22 um is consistent with an
intermediate degree of screening, a /Ly, ~5 [61]. In this
screening-length regime the mobility and surface or § po-
tential are approximately related by the Hiickel equation
[61], which yields |§]=3n,|ul/2¢e,~63 mV. The
surface potential sets an upper bound on Q through sim-
ple electrostatics, §{ R Qe /4me r€ya, implying a substantial
particle charge: |Q] $400e ™.

It is of interest to consider the consequences of this
particle charge in the highly concentrated suspensions
typical of practical ER fluids. To measure the degree to
which particle motion is influenced by electrophoresis in
the parent fluid, diffusing-wave spectroscopy was per-
formed under 10-Hz ac excitation, Fig. 7. DWS mea-
sures the normalized intensity autocorrelation function
for multiply scattered light,
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(T(OI(t+7))
= 1, (8)
g2(7) (I%(1))
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where (y(t))=1imTﬁwfonty(t)/T is a time average.
For fields whose fluctuations obey Gaussian statistics, the
intensity autocorrelation is related to the normalized field
autocorrelation function g,(7) by the Siegert relation
[34], g,(7)=g(7)I?, where

_(E*WE(t+7))
(E*(DE(1))

The variation of the phase of the electric field upon
suffering multiple scatterings gives rise to the sensitivity
of DWS to particle motion; the magnitude and phase

g:(7) 9)

=|E'"(0)|exp[ —i®"(7)], where ®"=3"_ q.-r,(7),
q; is the ith scattering wave vector, and the sum is over a
series of n scattering events. The phase change can be
rewritten [46] as 37_ k,-[8r; (1) —8r,(7)], where k; is
the incident wave vector of the (i +1)th scattering event
and Or,(7) is the change in position of the ith scatterer.
It is relevant to consider deterministic motion of the
scatterers, i.e., the oscillatory motion produced by veloci-
ties v,(2)=v;coswt as expected for electrophoretic
motion in ac fields. For such motion, the average contri-
bution from paths of n scatterering events to the field au-

of the field «can be written as E"(7) tocorrelation function is
|
k% ké n
g = 1—-—7(cos29>(Av2)(l—cosz)+F(cos49)((Av4)+3<sz)2)(1——cosw1-)2+ N (10)
o ®

here k, is the magnitude of the photon wave vector in the fluid and (Av?) and (Av*) are the peak velocity variance
and kurtosis, respectively. These terms are equivalent to the first two terms of a cumulant expansion of

gl me 2D 11
where the argument f(7) is given by
k3 K
fn=o= 5 (cos?0) { Av?) (1 —coswT)+ > T [€(Av?)2(4(cos?0)2—3(cos*0))— ( Av*) (cos*0) J(1—coswr)®+ - - -
) )
(12)

The function f(r) is directly proportional to the
mean-square particle displacement in dilute suspensions
[62]; for diffusive particle motion, f(7)=7/7p, where
75 =1/Dk} is the Brownian time scale and D is the parti-
cle diffusion coefficient. For linear deterministic motion,
f(7) <12 [46], while f is corrected by an additional com-
ponent [*/2l,, when absorption is important [44].
These various contributions to f(7) are additive if the
diffusive and deterministic motions are uncorrelated [46].
Assuming that the contribution from paths of different
orders add incoherently, the total field autocorrelation
function is determined by a sum over all paths; in the lim-
it of large n, the sum is replaced by an integral over pho-
ton paths of length s =n/* weighted by the probability
P (s) that each path length contributes [43]

g(1)= [ds P(s)e =/, (13)

where P(s) and g,(7) can be obtained from the solution
of the diffusion equation for the appropriate experiment
geometry. For transmission through a slab of length
L >>1* illuminated by a collimated source it has been
shown that [44]

li*vsf(f)

gi(m)= (14)

sinh

IL*\/_Gf(T)

The large oscillatory component observed in the DWS
spectra—periodic at the frequency v of the applied
Jfield—demonstrates unambiguously that electrophoretic

[

motion is substantial even at moderate fields in these
dense ER suspensions. Only at the highest field is a com-
ponent at 2v detected that could be interpreted as evi-
dence of motion produced by dipole interactions, though
it may simply reflect the nonzero particle velocity vari-
ance and kurtosis. It is emphasized that these DWS mea-
surements are sensitive to relative motion of the scatter-
ers [46]: if all the scatterers translated uniformly in
response to the applied field, then the phase relationships
of the electric fields scattered from them would be un-
changed, and the autocorrelation function would not
vary with time. Fits to Eq. (14) with /* /1, ,~0.23 allow
the field dependence of the standard deviation in peak ve-
locity and the apparent Brownian time scale to be deter-
mined, Fig. 8, where motion along the field direction has
been assumed, so that {cos®0) =1 [46]. The standard de-
viation of the particle velocity increases linearly with
electric field, consistent with an apparent standard devia-
tion of the mobility V/Au2 =V Av2/E~2.3X1078
cm?/Vs at the lowest fields used. The extreme sensitivity
of DWS to small relative motions of the particles [44] in-

duced by electric fields is demonstrated by the peak-to-
peak position standard deviation inferred from the veloci-

ty variance at 100 V/mm: V' Ar’=V Av?/w~7 nm.
Since the velocity of the ith particle is determined by
the product of its mobility and the local electric field,
v, =u;E(r;), the apparent mobility variance reflects con-
tributions from both of these factors: (AuZ,)
~(Au?)+{u)*(AE?)/E% In addition to the varia-
tions of particle size, orientation, and surface charge that
give rise to nonzero {Au?) in dilute suspensions, both
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FIG. 8. Particle velocity standard deviation (O ) and Browni-
an time scale () inferred from electrophoretic DWS measure-
ments. The straight line demonstrates the roughly linear depen-
dence of the velocity standard deviation on applied electric field;
the curved line is a guide to the eye.

(Au?) and (AE?) are strongly affected by many-body
interactions at high concentrations: for example, many-
body hydrodynamics reduces the sedimentation rate [63]
(sedimentation is the gravitational analog of electro-
phoretic motion) and induces a velocity variance even in
suspensions of identical spheres [64]. Moreover, many-
body and local-field effects produce a substantial electric
field variance in dielectric composites [65]. Indeed, it is
conceivable that electrophoretic DWS could be used to
determine directly the local electric field variance in
well-controlled colloidal systems.

That the apparent Brownian time scale 75 increases
substantially with the amplitude of the applied field (Fig.
8) demonstrates one way in which electrophoretic DWS
is sensitive to ER structure formation. The increase in 75
is qualitatively consistent with the incorporation of a
field-dependent fraction of the suspended particles into a
network structure, thereby reducing the number of parti-
cles undergoing diffusive motion, the effective particle
diffusion coefficient, or both [66]. The dramatic increase
in the apparent time scale may signal the formation of a
colloidal glass [44,67]. However, that electrophoretic
motion is observed even at high fields suggests that either
the sample is not homogeneously rigid [69] or that the
network itself translates in response to the applied field.

It has been demonstrated above that the kinetics of
structure formation in ER fluids is obtained through the
time scale of the diffuse transmittance increase, and that
electrophoretic DWS can reveal the motion of the parti-
cles induced by alternating fields. Does the initial quad-
ratic time dependence of AT (¢)/T(0), Fig. 5, also con-
tain useful information on the process of field-induced
structure formation?
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A reasonable starting point in addressing this issue is
the time-dependent structure factor, which can be written
as

S(q,t)=-1— s 2eiq-(Ri—Rj)eiq~[ri(t)—rj(t)] ’ (15)
i i
where r,;(2) is the change in position of the ith particle
from its zero-time position R;. Since each particle in a
dense random suspension of uniform spheres has roughly
12 neighbors [Ref. 69] in the first coordination shell, it is
reasonable to assume that r; is uncorrelated with R;.
One then has
S(q,1)=S(q,0)(e 177y
~8(q,0)(1—1{{q-[r,()—r;()]}*);+ -+ ),
(16)

where the average { - - - ),-j is over all particle pairs. In-
serting Eq. (16) into the expression for the scattering
length, Eq. (6), yields a relation between the increase in
scattering length and the change in interparticle separa-
tion:

2k,
Al*(¢t) f() dqq3F(q)S(q)({q[r,(t)—rj(t)]}z)g
= 7%, .
1*(0) ! 3
2L dq ¢°F(q)S(q)

17

Note that uniform particle translation, r;(¢)=r ;(2), does
not alter the scattering length or diffuse transmittance.
The averages over scattering angle () and particles
yield {([q-(r,—1;)]*)F=2¢>Ar%(t){cos’0). Here Ar(t)
={rX(t)) —(r(¢))?if the particle displacements r; and I;
are uncorrelated, as is likely before substantial aggrega-
tion has occurred. One then obtains a scattering length
change
*
Mz—fArz(t)(coszé)) , (18)
1*(0)
where g? is the average of g2 weighted by g3F(¢)S(g,0).
In light of the above derivation, the quadratic increase
of the diffuse transmittance with time implies that the
mean-square relative particle displacement Ar?«t?, as
expected for deterministic particle motion. Such a deter-
ministic regime has been identified from MD simulations
of the early-time particle displacements [28], and is
presumably a reflection of the ballistic (i.e., nondiffusive)
nature of the aggregation process in ER fluids. The rela-
tionship derived between the change in scattering length
and the mean-square particle displacement, Eq. (18), en-
ables one to calculate the velocity standard deviation if g
is known. Using Mie scattering theory for spherical par-
ticles, and assuming that the structure of the quiescent
fluid is describable by the Percus-Yevick structure factor
[70], upper and lower bounds on the particle refractive
index 1.43(n,)1.53 produce a scattering length con-
sistent with the measured /* ~460 um; for particles with
this range of refractive index, g>~(0.5+0.04)k2. The
so-inferred standard deviation in particle velocity, Fig. 9,
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FIG. 9. Standard deviation of particle velocity inferred from
the temporal dependence of the diffuse transmittance change for
static fields. The power-law exponents describing the field
dependences are indicated.

exhibits two regimes: at low fields, it increases quadrati-
cally with field, while at high fields, it increases linearly
wit an apparent mobility standard deviation
V/ Ap2,,~3.1X107% cm?/Vs. This value is in reason-
able agreement with that obtained from DWS under
alternating-field excitation, suggesting that the temporal
variation of AT (¢)/T(0) does reflect the motion of the
scatterers as they aggregate via electrostatic forces.
Therefore, the earlier supposition that electrophoresis
can promote particle aggregation at high fields is seem-
ingly confirmed by the existence of this mobility variance.

V. CONCLUSIONS AND SUMMARY

Time-resolved diffuse optical transmittance has been
used to infer the kinetics of structure formation in practi-
cal ER fluids. The commercial ER fluid under study ex-
hibited a field-induced increase in transmittance; that the
time scale for the increase varied as E ~2 for low fields
and ac excitation is completely consistent with the ex-
pected role of polarization forces in chain formation. At
high fields, the time scale varied as E !, suggestive of la-
tent monopole forces due to the inevitable surface charge
on the suspended particles. The observed crossover in
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the field dependence of the structure formation times
likely reflects the nonzero time required to form substan-
tial dipole moments in these particles, since the polariza-
tion results from ion transport to or at the particle-
solvent interface. The relevance of surface charge was
confirmed by electrophoretic light scattering in dilute
suspensions, as well as by electrophoretic diffusing-wave
spectroscopy on the parent ER fluid. These observations
provide evidence that the overall rate of structure forma-
tion can be negatively affected in “extrinsic” ER fluids
[71], such as that presently studied, which rely on the
transport of ions to develop a substantial ER effect. On
the other hand, the results do qualitatively confirm the
predictions for the characteristic structure formation
time due to induced polarization forces, enabling the pre-
diction of ER response in a wide range of materials, and
showing that submillisecond responses are readily obtain-
able in the appropriate fluids.

The extent to which particle charge and the concomi-
tant monopole forces affects ER phenomena is unclear.
While screened Coulomb interactions are commonly used
to stabilize aqueous suspensions against unwanted aggre-
gation [61], their role in the structure formation process
in ER suspensions is not obvious. The present observa-
tions suggest that monopole-external field or monopole-
dipole interactions can promote some form of particle ag-
gregation; unfortunately, models or simulations of ER
fluids that include both interacting monopoles and di-
poles are not available. Monopole forces might be used
advantageously to densify [72] or “anneal” the imperfect
structures grown by the rapid application of high fields,
perhaps leading to improved rheological properties. In
addition to increasing its conductivity, the requisite coun-
terions and co-ions in the suspending will screen not only
monopole but also dipole and multipole interactions, thus
affecting the electrostatic energy stored in these suspen-
sions. Thus a fruitful, albiet challenging, subject for
study might be to describe the interaction of polarized
double layers about pairs of particles. The associated
screening length adds another length scale over which the
interparticle energy varies, and thus may enhance the
spatial derivatives of that energy, i.e., the elastic moduli
of the induced ER solid [73].
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