
Introduction

Rheology is a most sensitive tool to study the onset of
structure formation which eventually results in sample
spanning connectivity at the gel point. Most commonly,
this transition has been studied with isotropic network
materials. However, if the structure is anisotropic, the
connectivity develops preferably in one direction while
perpendicular connectivity remains low. Such anisotrop-
ic solidification process has been established in electro-
rheological suspensions (ERS) of semiconducting or

dielectric particles in a non-conducting fluid (Winslow
1949; Block and Kelly 1988). When mounting an ERS
between two parallel electrodes, an electric field can
induce string-like particulate structures parallel to the
field lines. The connectivity between the particles in
the strings arises from their field-induced dipoles. The
particle interaction greatly affects the rheology of the
ERS, resulting in an increase of the shear viscosity and, if
the developing structure is strong enough, in a liquid-to-
solid transition. Linear viscoelastic material functions
such as storage modulus, loss modulus, and phase angle
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Abstract Electro-rheological sus-
pensions (ERS) are known to un-
dergo liquid-to-solid transition
under the application of an electric
field. Long-range interaction be-
tween neighboring particles results
in sample-spanning particulate
structures which behave as soft sol-
ids. Here, we studied the rheological
expression of this field-induced
transition which has many similari-
ties with chemical gelation. This
similarity shows in mechanical
spectroscopy on a suspension of
monodisperse silica in PDMS as
model ERS. Upon application of the
electric field, dynamic moduli G¢, G¢¢
grow by orders of magnitude and
evolve in a pattern which is other-
wise typical for gelation of network
polymers (random chemical or
physical gelation). At the gel point,
the slow dynamics is governed by
power-law relaxation behavior (fre-
quency-independent tan d). A low
field strength is sufficient to reach

the gel point and, correspondingly,
the percolating particle structure
at the gel point is still very fragile. It
can be broken by the imposition of
low stress. For inducing a finite yield
stress, the field strength needs to be
increased further until the long-
range electrostatic interaction gen-
erates string-like particle alignments
which become clearly visible under
the optical microscope. The onset of
fragile connectivity was defined ex-
perimentally by the tan d method.
The ERS was probed dynamically at
low frequencies where the transition
is most pronounced, and also in
steady shear where the rate of
structure formation equals the rate
of internal breaking.
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depend on electric field strength, solid concentration,
strain amplitude, frequency, and direction of probing.
Pan and McKinley (1997) viewed ERS as anisotropic

particulate networks and compared the viscoelasticity of
model ERS with that of particle gels, showing the very
small critical strain to failure. Pan’s proposed model
network consists of a primary structure spanning
between the electrodes in the direction of the field and
a secondary structure of short strings of particles tilted
with the field direction (due to many-body effects). Two
key factors were found to determine the suspension
structure: the attractive force between the particles and
the strain level at which the rigidity of the particle
structure can persist. Linear viscoelasticity maintained
by the preserved structure is restricted to very low strain
levels (ce=4 · 10)4 to 0.03, Parthasarathy and Klingen-
berg 1996; ce¼ 0.003–0.008, Pan and McKinley 1997).
Field-induced forces between particles depend on the

dipole moments and the particle distance. Under the
point-dipole approximation, the total electrostatic force
F e
i acting on a sphere i is given by F e

i ¼
P
j 6¼i

F e
ij where the

electrostatic interaction force (F e
ij) between two adjacent

particles (particle i and j, diameter a) is (Klingenberg
and Zukoski 1990)

F e
ij ¼ 12pe0esb
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where e0 is the permittivity of free space (8.85 ·
10)12 C2 J)1 m)1), rij is the center-of-mass separation
between two particles, hij is the angle between the line
of centers and the applied electric field E, and eijr , e

ij
h are

the unit vectors along the axis of r and h, respectively.
Obviously rj � ri ¼ rijeijr . The relative polarizability b is
defined as (ep–ec)/(ep+2ec), where subscripts p,c denote
the particle and continuous phase. The predicted value
of stress from the electrostatic force model, Eq. (1), is
significantly smaller than experimental values. This
might be due to a multipole effect (Klingenberg 1993)
which significantly increases the electrical force between
particle pairs aligned with the field. Due to the short-
range force between neighboring chains, string-like
structures attract one another and merge eventually
into thick, closely packed columns rather than main-
taining a dispersed set of strings (Halsey 1992). The
coarsening of individual strings is very pronounced and
can be observed in the optical microscope, especially at
increased field strength. Not considered in Eq. (1) is the
phenomenon that the finite electrical conductivity of
ERSs allows charges to migrate across adjacent parti-
cles. This effectively screens out some of the dipoles
within the particles. The concept of complex permittiv-
ity has been introduced for such semi-conducting
particles (Davis 1992).

The polarization force in Eq. (1) is decaying as r)4,
which is evidently a long-range interaction (Halsey 1992),
unlike the short-range interactions between the particles
in colloidal dispersions or particulate gel networks. In
dipolar fluids such as ERS, an additional short-range
interaction exists which drives particles to self-assemble
in their thermally fluctuating structures (Tlusty and
Safran 2000). However, this is small compared to the
long-range interaction (Eq. 1) and corresponding short-
range force between parallel strings.
McLeish et al. (1991) proposed the ERS viscoelastic-

ity model as fully aligned single-sphere strings. The
storage modulus was determined by electrostatic tension
along the string, and was predicted as

G0 ¼ 3/ e0ecb
2ED with D ¼ 2 ð2Þ

Electrostatic contributions on the loss moduli G¢¢ were
thought to arise from a small fraction of free strings,
mostly connected to only one of the electrodes. At low
frequency, G¢¢ of the string model depends upon the
fraction of free strings and varies proportionally with x.
With the assumption of fluid-dynamic screening, G¢¢ was
predicted to depend on x0 for a wide range of
intermediate frequencies.
Many experiments on ERSs have been explained with

the existence of a yield stress (Marshall et al. 1989;
Klingenberg and Zukoski 1990; Bonnecaze and Brady
1992; Zukoski 1993). Below a critical yield strain or
stress, the ERS can be described as viscoelastic solid.
However, the yield values are very low because of the
fragility of field-induced internal structure. When bro-
ken above the yield stress, the ERS flows (Deinega and
Vinogradov 1984; Gamota and Filisko 1991; McLeish
et al. 1991). At steady state shearing, ERSs have been
simply characterized by a Bingham fluid model
(Marshall et al. 1989; Goodwin et al. 1997):

s ¼ sy þ gpl _cc for s > sy
� �

; and

_cc ¼ 0 for s < sy
� � ð3Þ

where sy is the Bingham yield stress, gpl is the plastic
viscosity, _cc is the shear rate, and s is the shear stress. The
exact value of the yield stress has been the subject of
dispute; large variations in sy were found when choosing
different ranges of shear rate. One expects the yield stress
sy to scale as E

D, where D¼ 2 is commonly observed in a
low field strength and 1 < D < 2 in a high field. The
plastic viscosity of ERS has been reported to be
insensitive to variations in electric field strength and it
was found to be approximately identical to the off-field
high-shear rate viscosity of the suspension (Parthasara-
thy and Klingenberg 1996). However, under continuous
shear probing, complicated structural processes such as
string-rupture and continuous reformation (Bonnecaze
and Brady 1992) cause shear-thinning in a wide range of
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shear rate. The Herschel-Bulkley shear model can better
express this phenomenon, using parameter m and
power-law index n (Lee and Wereley 2000):

s ¼ sy þ m _ccj jn�1 _cc ð4Þ
For steady shear behavior of magneto-rheological (MR)
fluids at high magnetic flux, the Herschel-Bulkley model
was also fitted successfully (Wang and Gordaninejad
2000).
Unlike most of the ERSs, no yield stress was observed

in electro-rheological liquid crystalline polymers. The
anisotropy of oriented mesogens parallel to the field
direction enhanced the viscosity rather than introducing
a finite yield stress (Tse and Shine 2000). An alternative
model by Halsey et al. (1992) is based on the formation of
condensed drops (prolated ellipsoid) with aggregating
dipolar particles. A shear flow tends to rotate the
droplets, whereas electric field exerts a restoring torque
towards aligned positions along the field direction. The
resultant shear-thinning viscosity scaled as power law in
shear rate, in agreement with the experimental data. No
yield stress was observed for this electro-rheological
colloid. This was attributed to the lack of ability for
particles to bind to the of electrode surface (Halsey 1992).
There have been few experimental studies on the early

stages of field-induced structure formation of ERS due to
difficulties in the rheological probing. In this paper, we
focused on these early stages, studied the viscoelasticity
and structural transition of ERSs in the framework of
liquid-to-solid transitions, and compared it with behavior
of classical networks of random three-dimensional con-
nectivity. The gel point of a randomnetwork distinguishes
itself by the divergence of the longest relaxation time and
by a power law relaxation time spectrum at long times
(Winter and Mours 1997). For connectivity development
beyond the classical gel point, solid behavior manifests
itself by the appearance and growth of an equilibrium
modulus, Ge. The limiting modulus at low frequency,
obtained in this study, is conceptually close to the
equilibrium modulus. The equilibrium modulus itself
could not be obtained due to limitations in the experi-
mentally accessible frequency range as well as in the lack
of time-temperature superposition of ERS data. This is
the major limitation in the current study.
The gel point can be detected by its power law

relaxation behavior in a mechanical spectroscopy exper-
iment. The loss tangent at the gel point is independent of
frequency in the terminal relaxation regime and directly
related to the relaxation exponent (nc) (Chambon and
Winter 1987):

tan d xð Þ ¼ tan
ncp
2

� 	
ð5Þ

for 0 < x < 1/k0. Similar relaxation patterns are
expected for directional gelation of ERSs; however,
very little is known about the role of anisotropy.

We focus primarily on the weakly connected internal
structure at low field strength near the gel point, its
manifestation in dynamic rheology, and the beginning of
a yield stress where the material structure can still be
easily broken (fragility). These phenomena are best seen
in ERS with low particle concentration and at low field
strength. Rheological studies are augmented by struc-
tural studies under the optical microscope.

Experimental

Electrorheological suspensions (ERS)

Monodisperse, spherical silica particles (Seahostar KP-100 from
Nippon Shokubai – amorphous silica with average particle size
1.00±0.10 lm) served as model particles with dielectric polariz-
ability. Silica content is more than 99.9% as SiO2 (calcinated at
1000 �C according to manufacturer’s data). Scanning electron
microscopy of the silica particles (Fig. 1) shows the narrow size
distribution. The particles were dispersed uniformly in a non-
conducting liquid, which is un-crosslinked PDMS, vinyldimethyl-
terminated polydimethylsiloxane (United Chemical) with Newto-
nian viscosity g ¼ 0.5 Pa.s, by magnetically stirring for about 72 h.
Dielectric constant of pure SiO2 at room temperature is 3.9	4.0,
which is higher than the 2.5	2.6 of PDMS (Randall et al. 1994).
Moreover, absorbed water (8 wt%) on our silica particle surface
significantly increased its dielectric constant and conductivity
(Ostubo 1992) so that a field can induce ionic polarization. The
ERS suspensions contain 10, 20, and 30 wt% of silica particles.
Since the density of silica particle and PDMS are 2.0 and 0.96 g/
cm3 (manufacturer’s data), the particle volume fractions (/) of the
samples corresponds to 0.051, 0.107, and 0.171, respectively.
Accordingly, these samples are named ERS051, ERS107, and
ERS171.

Experimental apparatus for rheometry

Oscillatory shear was performed in a rotational rheometer (ARES,
Rheometric Scientific Inc.) with rigid insulating spacers at the foot
of both fixtures where they connect to the transducer or motor (see
Fig. 2a). A Couette cell was used for low-viscosity suspensions
(ERS051, ERS107); diameters of the cup and bob were 27.0 mm
and 25.0 mm, respectively (i.e., the gap size was 1.0 mm). The
height of the bob was 32.0 mm. The inner wall of the cup was the

Fig. 1 Scanning electron microscopy of monodisperse silica particles
(KP-100)
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positive electrode and the bob was grounded. For suspensions with
volume fraction of /¼ 0.171 (ERS171), a parallel plate fixture with
50.0 mm diameter was chosen. A high voltage power supply
(Model 215, Bertan) provided the electric field. The magnitude of
electric field strength was varied from 30 to 2000 V/mm. For the
entire range of volume fraction, the current passing through the
sample was below the limit of detection, even at highest field. All of
the experiments were performed at room temperature.

Microscopic observation

The formation of particle strings and columns in the electric field
and stationary condition was observed with an optical microscope
(Carl Zeiss Inc., model ZPU01) equipped with a CCD video
camera (Panasonic Inc., WV-BP310). ERS107 was placed between
stationary metal electrodes attached to a sheet of glass. The gap
between the two electrodes was set to 1.0 mm (see Fig. 2b). Images
at increasing field strength were taken of the sample near the center
of the gap between two planar electrodes to concentrate on bulk
effects (instead of boundary effects). In principle, the inevitable
surface roughness of the metal electrode can initiate heterogeneous
nucleation of particle strings or even the formation of vortex flow
when a strong electric field is applied. However, no such instability
was observed with our system.

Rheological measurements (dynamic and steady shear)

The samples were subjected to small amplitude oscillation. The
resulting stress was decomposed into an in-phase and out-of-phase
contribution, the storage and loss moduli, G¢(x) and G¢¢(x). Small
strain amplitude was chosen in order to stay within the linear
viscoelasticity range of the ERS. Due to the low torque signal in the
low electric field, frequency sweeps ranged from 1.0 to 100 rad/s for
E £ 250 V/mm and from 0.1 to 100 rad/s for E ‡ 500 V/mm.
Before each frequency sweep, samples were sheared once at a large
amplitude strain (c ¼ 1) at 10 rad/s for 60 s. As a result of such
initial conditioning, data were highly reproducible. For steady
shear experiments, samples were subjected to shear rates from 0.1
to 100 s)1 at each field strength.

Results

Linear viscoelastic behavior at small strain

In preparation of the main rheological experiments, the
linear viscoelastic range was checked in oscillatory shear
at a fixed frequency of 10 rad/s and at increasing strain
amplitude (Fig. 3a,b). The electric field strength was
varied. Without electric field the dynamic moduli were
constant up to a strain amplitude of ce=20%. At
increasing electric field strength the limiting strain
amplitude for the linear viscoelastic range decreased.
The field-induced gelation studies below have been
performed at low enough strain to ensure linear
viscoelastic behavior.
We studied the dynamic moduli during field-induced

gelation of three ERS samples. The dynamic moduli
grew by orders of magnitude when the electric field
strength was increased (Figs. 4, 5, and 6). Without
electric field, the suspensions were fluids of very low
elasticity. The loss modulus showed the typical power
law behavior with G¢¢	x. The storage modulus was very
low and approached G¢	x2 behavior in the terminal
zone. The deviation from the ideal x2 behavior is
attributed to a weak water-bridging effect between the
silica particles and the presence of van der Waals
interaction, but also shows the limit of sensitivity of the
rheometer. The rheometer torque at very low frequency
was below the lower limit of the torque transducer and
low frequency data are not reported here, especially at
low field condition. Increased electric field strength
raised the connectivity of the particulate structure and,

Fig. 2a, b Schematic diagram
of the experimental apparatus:
a modified ARES with Couette
geometry and parallel plate fix-
ture; b static view cell for
microscopic observation
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hence, G¢ and G¢¢ grew in magnitude and the terminal
(flow) region shifted to lower frequencies.
The evolution of G¢ and G¢¢ showed the typical

features of a liquid-to-solid transition (Fig. 4a,b). At a
zero or low electric field, G¢¢ was significantly higher
than G¢ in the entire experimental region. G¢ began to
dominate at higher electric fields. G¢¢ also increased
with field strength but much less than G¢. The slope of
the loss tangent (Fig. 4c) was negative at first, became
flat at about E¼ 60 V/mm, and turned positive at
higher field strength. At the condition of fully aligned
particle strings (E ‡ 1.0 kV/mm), the slope of G¢
became close to zero but still it remained a weak
function of x. For ERS107 (Fig. 5a,b,c), the overall
tendency was similar but G¢ and G¢¢ increased more
rapidly in the transition region of intermediate electric
field strength. The flat tan d appeared already at a field
strength of about E¼ 30 V/mm. Figure 6a,b,c shows
the corresponding result of frequency-sweep tests for
ERS171. The dynamic moduli were relatively high from

the beginning, even without applying the field. With the
field, the moduli grew even further. At this volume
fraction, the accessible frequencies were not low
enough for G¢ to show the expected x2 behavior at
zero field strength. Also, the loss tangent (Fig. 6c) did
not show any distinct transition in the experimentally
accessible frequency range.

Fig. 3a, b Strain dependence of G¢, G¢¢ at x¼ 10 rad/s: a for silica
suspension ERS107. A constant modulus value denotes the region
linear viscoelasticity, which is limited to about 	10% for
E¼ 0 	 60 V/mm, 0.1 	 1% for intermediate field
(E¼ 100 	 500 V/mm), and less than 0.5% for 1000 	 2000 V/
mm; b for ERS171 similar behavior is seen. However, in this relatively
concentrated ERS, the linear limit of strain became smaller with
electric field strength

Fig. 4a–c Frequency dependence of linear viscoelastic properties for
ERS051 (silica suspension with /¼ 0.051): a storage moduli G¢; b loss
moduli G¢¢; c tan d. The strain amplitudes vary with field strength,
10% for E £ 60 V/mm, 2% for E¼ 100 and 250 V/mm, 0.8%
for E¼ 500 V/mm, 0.4% for E¼ 1000 V/mm, and 0.1% for
E¼ 2000 V/mm
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Steady shear viscosity – plastic flow and yield stress

ERS107 and ERS171 were probed in steady shear flow
at shear rates from 0.1 to 100 s)1 and electric field
strengths between 0 and 2000 V/mm (Fig. 7). In the
absence of an electric field, both ERSs behaved like a
Newtonian fluid (constant steady shear viscosity) in the
entire range of shear rate. At low field strength
E¼ 250 V/mm, ERS107 began to develop a yield stress,
resulting in a low shear rate plateau in a logarithmic plot
(Fig. 7a). The height of such plateau increased with field
strength. In steady shear flow at intermediate rates,

electric forces between particles were balanced with the
fluid-dynamic forces. At low field strength the internal
structure could not be maintained due to the dominating
fluid dynamic forces. At high field strength (E ‡ 1000 V/
mm), the effect of the electric field was strong enough to
dominate even the high shear rate behavior. ERS171
showed more pronounced shear effects than ERS107; a
finite yield stress was observed at E¼ 100 V/mm and the

Fig. 5a–c Frequency dependence of linear viscoelastic properties for
ERS107 (silica suspension with /¼ 0.107): a storage moduli G¢; b loss
moduli G¢¢; c tan d. The strain amplitudes vary with field strength,
10% for E £ 60 V/mm, 1% for E = 100 and 250 V/mm, 0.2% for
E¼ 500 and 1000 V/mm, and 0.1% for E¼ 2000 V/mm

Fig. 6a–c Frequency dependence of linear viscoelastic properties for
ERS171 (silica suspension with /¼ 0.171): a storage moduli (G¢);
b loss moduli (G¢¢); c tan d. The strain amplitudes at each field
strength are 10% for E £ 60 V/mm, 0.2% for E¼ 100 V/mm,
0.1% for E¼ 250, 500 V/mm, and 0.05% for E¼ 1000 V/mm
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field effect at high shear rate began to manifest itself at
E ‡ 500 V/mm.
For moderate electric field strength (100	1000 V/

mm), stress extrapolation with a Bingham model gives
an estimated yield stress value. Figure 7c (linear scale
plot of Fig. 7b) illustrates the ability of the Bingham
model to describe ERS171 in steady shear. However, the
shear stress	shear rate curve at E¼ 2000 V/mm cannot

be expressed by the linear Bingham model due to the
pronounced shear-thinning (decreasing plastic viscosity).
Therefore, the fitted yield stress of 232 Pa at this
condition is obtained by the Herschel-Bulkley model,
Eq. (4), which combines a yield stress with a power-law
viscous component (m¼ 100 Pa.sn and n¼ 0.18).

Optical microscopy observation

The optical microscope allowed direct observation of the
microstructural patterns (ERS107) in the electric field at
stationary conditions (Fig. 8). Even though the magni-
fication of the microscope was too low to distinguish
isolated particles as such, ordering phenomena could be
observed. The suspension was not severely aggregated at
0 V/mm. Also, at low field strength of 60 V/mm, there
was no noticeable movement of particles along the field
lines. Strings of spheres started to develop at about
250 V/mm due to the long-range interacting electrostatic
polarization forces. The density of strings increased with
the applied field strength until, at E ‡ 500 V/mm, the
particle strings coalesced to columns, and the thickness
of each column increased further with the field strength.
The onset of formation for distinct columns (E¼ 250 V/
mm) was found to coincide with the appearance of a
finite yield stress, as seen in the case of ERS107 at
Fig. 7a.

Discussion

The field-induced structuring of ERSs can be tuned to
show the transition from viscoelastic liquid to viscoelas-
tic solid. The transition occurs gradually and is clearly
induced by the formation of particle aggregates, particle
strings, and then columns. The sample-spanning particle
structure is very fragile. A slight deformation can
already induce unstable states. As a result, the dynamic
moduli are strongly sensitive to the amplitude of strain,

Fig. 7a–c Steady flow at increasing electric field strengths:
a logarithmic plot of shear stress vs shear rate for ERS107;
b logarithmic plot for ERS171; c linear plot for ERS171. For
100 £ E £ 1000 V/mm, the Bingham model was sufficient. For
E¼ 2000 V/mm, the Herschel-Bulkley model (m¼ 100 Pa.sn,
n¼ 0.18) was chosen because of significant shear-thinning

Fig. 8 Microstructures of silica suspension (ERS107) at the increas-
ing electric field strength without shear flow (magnification: · 12.6)
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as seen in Fig. 3a,b. The limiting strain (cc) decreased
linearity with electric field, Fig. 9a, and the correspond-
ing stress (in-phase, s¢¼G¢c) goes up, Fig. 9b. The ERS
becomes stiffer showing larger modulus, but starts to
break at a smaller strain. Clearly, the in-phase stress
linearly increases with strain within the linear viscoelas-
tic limit (displayed as vertical lines in Fig. 9b), reaching
an equilibrium or maximum which is reported as
measure of the yielding or structural breakdown (Yang
et al. 1986; Pan and McKinley 1997).
We have defined the limiting strain (cc) as the

amplitude at which G¢ or G¢¢ started to decrease. In
strong electric fields (E ‡ 500 V/mm), G¢ was a function
of strain even at amplitudes lower than c ¼ 0.1–0.5%.
However, at very low field strength (30	60 V/mm), G¢¢
was much larger than G¢ (see Fig. 3a), and the linear
region for G¢ was not as clearly distinguishable any
more. Here, we used the linearity limit of G¢¢ for defining
the value of cc. The limiting strain for linearity obtained
for our ERS samples was at about the same level as
reported in the literature (Jordan et al. 1991; Pan
and McKinley 1997). Based on their point-dipole
simulation studies, Parthasarathy and Klingenberg

(1996) attributed the onset of nonlinearity to micro-
rearrangement of particle strings.
Small amplitude oscillatory shear experiments are the

preferred method to study rheological phenomena of the
preserved structure; the small strain can directly probe
these interactions while minimizing the influence of
external flow fields. The string model in ERS composed
of single particle thickness produced frequency-indepen-
dent storage and loss moduli, as seen in simulated results
of McLeish et al. (1991) and Klingenberg (1993).
However, thick columns and their attached side branch-
es do not behave as ideal strings due to the existence of
short-range interactions in-between the columnar strings
(Halsey 1992). Also, Pan and McKinley (1997) proposed
the role of secondary structure between primary particle
strings, which makes the structure of ERS more sensitive
to the applied strain. Another complexity arises from the
competition between electrostatic and fluid-dynamic
forces (which can also be produced by the imposition
of an electric field) acting on the particulate strings. It
results in a crossover of dynamic structure and rheolog-
ical response between the small and large frequency
limit.
The G¢(x) and G¢¢(x) data at increasing electric field

strengths could be compared with the evolving moduli of
crosslinking polymers (Winter and Chambon 1986;
Winter and Mours 1997; Mours and Winter 1998).
Power-law dependence of G¢ and G¢¢ is expected at
frequencies that characterize the relaxation of internal
modes on length scales where the system has a self-
similar structure. In cases of non-uniform structural
fluctuations, some systems showed no power-law relax-
ation (Richtering et al. 1992), or limited range as over
1.5 decades of frequency (Power et al. 1998). Deviation
in the result of Power et al. (1998) was attributed to the
non-ideal nature of the network, suggesting that the
gelation model of Winter and Chambon (1986) can be
applied for a measure of progressively increasing
structural degree of system. The power law region of
the present ERS was restricted to only about 2 decades
(from 100 to 102 rad/s). At the lower frequencies below
100 rad/s, the samples simply could not transmit enough
torque to be detected by our instrument (due to the
small-strain conditions), especially in the range of low
electric field (E < 500 V/mm).
Figures 4c and 5c illustrate the transition through a

state with flat tan d as expected for classical gelation,
though it is a non-ideal system with only unidirectional
connectivity. Such a directional gelation (DG) of a field-
induced anisotropic structure was found to occur at the
very low electric field strength. Figure 4c shows the
transition of ERS051 silica suspension at an electric field
of 60 V/mm (tan d is independent of frequency), chang-
ing the slope from negative for a liquid to positive for a
solid with further increase of electric field strength. For
the ERS107, the critical field strength was even lower

Fig. 9a, b Upper limiting strain and stress for linear viscoelasticity:
a the limiting strain amplitude was measured at x¼ 10 rad/s; b in-
phase stress component (G¢c), replotted with the data of Fig 3a. The
vertical lines indicate the limit of linear viscoelasticity at each field
strength
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(E¼ 30 V/mm, see Fig. 5c). In the vicinity of this
transition, the storage modulus is somewhat sensitive
to the amplitude of strain, as seen in Fig. 3a. The
magnitude of tan d at 60 V/mm was still decreasing with
decreasing amplitude (Fig. 10b), denoting less-fragile
structure at lower strain. However, this sensitivity did
not affect to change the slope in tan d (see Fig 5c, for
60 V/mm cases), indicating that it was clearly a field-
induced transition.
Unlike the ERS051 and ERS107, ERS171, the most

concentrated suspension, did not exhibit such gelation
transition. The slope of tan d was already positive
without electric field (Fig. 6c). The possible formation of
water-bridges between the more closely packed particles
(See et al. 1993) already caused sufficient connectivity for
the ERS to show the solid behavior at low-amplitude
dynamic shear. Martin et al. (1994) covered the surface
of silica with organophilic silane coupling agent in order
to remove the surface water. This effectively resulted in a
model ERS for ideal (single particle thickness) and
completely reversible string formation (probed by mi-
croscopy). However, probably due to the reduced
adhesion on the electrodes as well as reduced particle
polarizability, their ERS sample showed neither a finite
yield stress nor a linear viscoelastic range, which make
the dynamic viscoelastic study difficult. Therefore,
sufficient connectivity and stable sample-spanning struc-
tures (especially binding on the electrodes) are important
for a dynamic rheological study of field-induced gela-
tion; a hydrated particle suspension is an appropriate
system at low volume fraction where the interaction by
water-bridge formation is negligible.
It should also be noted that at such low critical field

strengths (30–60 V/mm), G¢¢ was still substantially
higher than G¢, although the power law dependence of
G¢ and G¢¢ was nearly identical both for ERS051 and
ERS107 silica suspensions. Also the gel point is reached
before sample-spinning, strings become visible in the
microscopic image (see Fig. 8). A clear image of particle
strings appeared at about 250 V/mm for ERS107. Here,
the magnitude of G¢ and G¢¢ was nearly similar at low
frequencies, while G¢ became smaller than G¢¢ with
increasing x.
Generally, the liquid-to-solid transition became evi-

dent in the following experimental observations (Winter
and Mours 1997):

1. The diverging zero-shear viscosity (g0) and dynamic
viscosity at low frequency (g*)

2. The limiting storage modulus (G¢) at low frequency

When the field-induced structure is fully developed in a
well designed ERS, it generates a finite yield stress as
well as diverging zero-shear viscosity. According to
Barnes (1999), the existence of the yield stress for
structured liquid could be shown when there is usually a
small range of stress over which the viscosity changes

dramatically (apparent yield stress). Indeed, an ERS can
support a stress with no flow. This minimum upper
(static) yield stress is defined as the minimum shear stress
which is required to start a macroscopic flow in an
initially static sample. This is also directly measurable
by, for example, the vane geometry method (Nguyen
and Boger 1985) although uniform electric field cannot
be easily made for this fixture. On the other hand, using
the appropriate model, the yield stresses could be
extrapolated in the shear rate-stress data (Fig. 7). Here
the extrapolated values, for example with the Bingham
equation, correspond to the dynamic yield stresses
(Kraynik 1990). Since the fragile particulate strings of
ERS experience the rapid reconfiguration of the micro-
structure under constant shear, the upper yield stress
and the dynamic yield stress value obtained by the yield
stress equation are closely related but not exactly
equivalent (Bonnecaze and Brady 1992).
The zero-shear viscosity grows with field strength

and, at some characteristic value of E, a yield stress
appears and grows at higher field strengths; see Fig. 10a.
The data of ERS051 are not shown because the stress

Fig. 10 aDiverging zero-shear viscosity and the development of yield
stress, for the ERS107 and ERS171. b The storage and loss moduli at
low frequency(x), which are obtained at x¼ 1 rad/s for E £ 250 V/
mm and x¼ 0.1 rad/s for E ‡ 500 V/mm
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levels are too low (and, hence, uncertain) at low shear
rates. Since the dynamic yield stress is related to the
electrostatic energy, several experimental and theoretical
studies support the E2-dependence of yield stress
(Bonnecaze and Brady 1992; Ostubo 1992). At high
field, deviation from E2-dependence (ED, where
1 < D < 2) occurs as a result of charging effect in the
solvent around the particles, or conduction between the
adjacent semiconducting particles (Tang et al. 1995;
Chin et al. 1998). Upon increasing the field strength
from zero, the zero-shear viscosity g0 increases due to
the facilitated particle-particle interaction. Such field-
dependent shear viscosities without yield stress were well
characterized by Martin et al. (1994, 1998), reporting
that an inverse power-law dependent shear viscosity
could be explained by their independent droplet model;
roughly prolate spheroidal aggregates tilt until electrical
and fluid-dynamic torques balance. Figure 10a shows
the liquid-to-solid transition of ERS at the vicinity of the
appearance of yield stress. However, such diverging
viscosity and equilibrium yield stress should be obtained
by the extrapolation, and are not easy to determine for
many cases.
In the absence of equilibrium modulus data, the

storage and loss moduli (G¢, G¢¢) at the lowest
accessible frequency are useful for characterizing the
low-field transition regime of ERSs; see Fig. 10b.
Values of G¢, G¢¢ were obtained at x¼ 1 rad/s for
E £ 250 V/mm and at x¼ 0.1 rad/s for E ‡ 500 V/mm.
G¢¢ exceeds G¢ at zero field (not presented in such a
logarithmic plot) and at very low field strength. The
order inverts at an increased field strength value. The
inversion happens at lower field strength as the volume
fraction of ERS increases. This does, however, not
indicate the gel point. As the field strength increased
sufficiently, G¢¢ grew proportionally with E2 while G¢
grew with E at an even higher exponent. This indicates
the existence of another short-range interaction con-
tributing to the elasticity; coalescing of neighboring
strings might enhance the column strength (Halsey
1992), or phase-separated water-bridges might form
between the particles (See et al. 1993).
The schematic of Fig. 11 proposes a possible mecha-

nism for the liquid-to-solid transition of ERS. Without a
field, ERS is a suspension with random dispersion of
particles without noticeable connectivity. At low field
strength, local ordering of particles seems to take place
in the bulk as well as near the wall (also by electropho-
resis). The resultant particle aggregates resist shear flow
when getting tilted due to local vorticity (Halsey et al.
1992; Martin et al. 1994). This will increase the dynamic
viscosity (however, not plotted in this figure) as well as
the low-frequency modulus (replacing the equilibrium
modulus). The tan d method provides an effective
criterion for detecting the gel point of samples with
such fragile connectivity.

The transition is more difficult to detect in a flow
experiment, which suggests a yield stress at much higher
field strength. Additional phenomena, such as diverging
shear viscosity and yield stress, are also described in
Fig. 11. The fragility of ordered ERS structures as well
as continuous re-configuration in the vicinity of gel point
results in a difference in their mechanical properties
between small-amplitude dynamic shear and continuous
shear flow. If wall-slip at the very low shear rate can be
effectively eliminated, the yield stress might be realized
even at lower field strength. It is also possible that the gel
point by the tan d method lies at a higher field if the
effect of short-range force by the formation of water-
bridge between particles can be avoided.

Conclusions

Field-induced particle assembly in an electro-rheolog-
ical suspension (ERS) results in a liquid to solid
transition which was observed under static (linear
viscoelastic range) and under shear flow conditions.
The linear, dynamic moduli adopt a low frequency
power law behavior at very low field strength already.
We attribute this intermediate power-law state to the
gel point because the relaxation patterns are the same
as in chemical gelation of crosslinking polymers. At the
critical field strength of the gel point, distinct particle
strings are not yet visible in the microscope. The
sample spanning connectivity seems to be caused by

Fig. 11 Schematic of structure evolution during the field-induced
liquid-to-solid transition for an ERS. The gel point of a static sample
occurs at low field strength. Under steady shear, the transition gets
shifted to higher field strength
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particle aggregates, both near the wall and in the bulk
of the suspension. When the field strength is further
increased, particle strings and then thicker columns
develop across the sample. The field-induced transition
of ERS, however, is complicated by anisotropic
connectivity (directional effect), fragility (easily broken
internally at small stress or strain), and development of
a yield stress.
Steady shear behavior of ERS has the typical features

of the Bingham or Herschel-Bulkley model, depending
on particle concentration. A finite yield stress began to
appear at a field strength which was higher than the

(static) gel point. The yield stress appeared at a field
strength at which the formation of particle strings had
been observed in the microscope. Flow-induced break-
ing of connectivity and continued reformation of
ordered structure gives rise to the yield stress under flow.
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