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Simultaneous measurements of viscoelasticity and electrical conductivity are performed to study the
dynamic characteristics of structures formed in a highly concentrated electrorheological suspension under
a dc electric field of 1.8 kV/mm. Small amplitude oscillatory shear measurements reveal that there is no
direct correlation between the elastic modulus and the electrical conductivity of the suspension. Asignificant
increase in conductivity is observed following large amplitude oscillatory shear and, in this case, the linear
elastic modulus is also substantially enhanced. These observations are interpreted according to the concept
of contact disorder arising from the anisotropic shape of the particulate phase.

Electrorheological (ER) fluids~—2 are concentrated sus-
pensions of fine polarizable particles in an insulating
liquid. The stress transfer properties of ER fluids can be
rapidly and reversibly changed with a strong external
electric field (Eo ~ 1.0 kV/mm). The potential use of ER
materials in achieving real-time feedback control has been
hindered largely by the insufficient material strength
presently attainable. Although it is generally accepted
that the observed dramatic change in rheological proper-
ties of ER materials originates from the formation of
chainlike or columnar structures in the suspensions, which
in turn is due to electric-field-induced polarization in-
teractions among particles, the underlying mechanisms
of the ER response are not yet fully understood. Assorted
polarization models,* ¢ a conduction model,”® and a water-
bridge model® have been proposed for understanding the
ER response; however, we still lack definitive guidelines
for improving the quality of ER materials.

In this Letter we present some unique results from
simultaneous measurements of the dynamic modulus (G*
=G'+iG")andelectrical conductivity (0) of an ER material
under a strong dc electric field. As the oscillatory strain
amplitude y, is gradually increased, the structures in the
suspension are progressively disrupted and associated
variations in both G* and o of the ER material should
develop. This information can help us understand the
nature of the interactions among particles forming the
internal structures which is essential to optimizing ER
materials.

Simultaneous measurements of G* and o under oscil-
latory shear strain have been made in the past on carbon-
black-filled natural rubbers'® or carbon-black-reinforced
vulcanizates (in weak dc electric fields 1-3 V/cm)'! to
study the effect of carbon black structures inside these
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Figure 1. A SEM image of the carbonaceous particles. The
scaling bar near the bottom denotes 10 um.

materials. It was found that up to a strain amplitude
ya ~ 1.0, the conductivity o and the elastic modulus G’
decreased with increasing y, in a roughly similar way,
although the decline in G' started at a smaller y, than the
decrease in o.

The dynamic responses of the electric-field-induced
structures in ER suspensions under imposed oscillatory
shear have previously been probed either by employing
a two-dimensional light scattering technique!? or via
measuring the dielectric constant of the suspension.t®
However, simultaneous measurement of G* and ¢ can
definitely help in clarifying the role of electrical conduction
in the ER response.

The specific ER fluid used in this study is a commercial
ER fluid from Bridgestone (F569HT). It is claimed to be
anhydrous and consists of carbonaceous particles dis-
persed in a silicone oil. This ER fluid exhibits a constant
ER effect over awide temperature range (tested from —40
to 120 °C), excellent durability at high temperature,
similar activity under both dc and ac (~50 Hz) fields, and
high ER effect at low current density.*

Examination of scanning electron microscopy (SEM)
images of the carbonaceous particles shows that they have
irregular angular shapes with sharp facets (Figure 1) and
a size distribution mainly in the range of 1—10 um. The
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Figure 2. Variation of the suspension conductivity o with time t under a dc electric field of E; = 1.8 kV/mm (starting from several
seconds prior to turning on the field). The same (oscillatory) torque ramp is performed twice to generate oscillatory shear on the

suspension sample.

volume fraction of solids (as determined by centrifugation
at 2000g for 30 min) is approximately 67%.

A Carri-Med controlled-stress rheometer CSL2500 (TA
Instruments) has been modified to impose orthogonal
electric and shear fields on the suspension sample. A
stainless steel parallel-plate geometry is employed, with
a radius of rp = 20.0 mm. The suspension sample is
contained within the gap (h = 1.00 mm) between the two
parallel plates which also serve as the two electrodes.
Qualitatively similar results to those described in this
Letter have also been obtained in a cylindrical Couette
cell with a gap of 1.00 mm or the parallel-plate geometry
with a gap of 0.50 mm. A shear deformation is produced
by rotating the upper plate under the action of an axial
torque from the rheometer. A Tektronix PS280 dc power
supply combined with a Trek 10/10 amplifier is used to
generate the desired electric field which is held constant
at Ep = 1.8 kV/mm in this study. To measure the
conductivity of the suspension, a resistor of R = 29.8 kQ2
is connected in series into the circuit, in a configuration
similar to that used in previous studies.’® The voltage
drop U over this resistor is captured at a rate of 100
samples/s by a Macintosh computer equipped with a
National Instruments Lab-NB 1/O board. Over 98% of
the total voltage drop occurs across the ER fluid, and the
conductivity is calculated according to o = U/ary?REq.
Finally, a capacitor of 0.1 uF is connected in parallel to
the resistor to reduce the noise level in U without distorting
the signal form of interest to this study.

After being loaded into the measurement geometry, the
suspension sample is first (pre)sheared at 400 s™* for 4
min; it is then allowed to equilibrate for 4 min before an
oscillatory torque ramp is performed. The electric field
is applied 30 s after finishing the preshear, when inertial
effects in the rotating fixture have decayed. During the
torque ramp, the amplitude T, of the oscillatory torque (T
= T, cos wt) is set to increase linearly from 400 to 22500
uN-m in 50 discrete steps (here w = 9.40 rad/s). At each
torque amplitude, two cycles of oscillation are performed;
however only the strain waveform during the second cycle
is captured by the computer driving the rheometer. The
torque value is converted to a corresponding stress value
using known geometric dimensions (r = 7.958 x 10T),
and G* is calculated from Fourier analysis of the first
harmonic information according to y = (7./G') cos wt +
(ta/G'") sinwt. Shortly after finishing the first torque ramp,
and without a second preshear, the same torque ramp is
repeated once to investigate the effects of shear-induced
structural variations in the material.

Figure 2 demonstrates the continuous variation of the
conductivity with time for the whole experiment. As a

reference, under an applied dc field of E; = 2.0 kV/mm,
the conductivity of the upper layer of clear liquid from the
ER fluid after most of the particles has settled into the
bottom layer under gravity is measured to be 2.0 x 1071°
S'm™L,

After the electric field is switched on, the conductivity
of the ER fluid under static conditions exhibits a gradual
increase with time; e.g., compared with the conductivity
value measured at 2 s after an electric field of 2.0 kV/mm
is applied, the conductivity at 600 s is 18% larger and
increases by a total of 20% at 1200 s.

Symmetry arguments suggest that one cycle of me-
chanical oscillation will be “rectified” into two cycles of
variation in electrical conductivity. At each step during
the torque ramp, we define a maximum conductivity omax
as the conductivity immediately before starting the strain
deformation, and a minimum conductivity omin as the
minimum conductivity detected during the two cycles of
imposed mechanical oscillation.

The simultaneous variations in the dynamic modulus
G* and the conductivity as characterized by omax and omin
with increasing strain amplitude y, are displayed in Figure
3. Here G;* (=G, + iG;") and G,* denote the dynamic
modulus measured during the first and second torque
ramp, respectively. Both G;*and G,* are normalized with
respect to Gimax', Which is the maximum elastic modulus
detected during the first torque ramp at small y,.
Immediately before the first torque ramp is started, the
conductivity is 0o = 4.6 x 1078 S'm™1, and both o« and
omin @re normalized with respect to oo.

From Figure 3a, it is obvious that for y, < 0.05 the
elastic modulus drops rapidly with increasing y, whereas
the conductivity exhibits little variation. At y, = 0.051,
(G1' — Gimax' )/G1imax = —98%; by contrast, (0max — Omin)/00 =
8.3%. Nevertheless, both omax and omin keep rising
significantly when y, is increased further. The ratio omax/
oo reaches its maximum value of 2.6 at y, = 10, and onin/0o
reaches its maximum value of 2.2 at y, = 5.7. Both ratios
subsequently decrease with increasing y,. Atthe laststep
of this initial torque ramp, vy, = 92, omax/0o = 2.0, and (0max
- O'min)/Uo = 87%.

The significant rise in conductivity as described above
must originate from a shear-induced structural variation
inside the electrified ER suspension. This is further
evidenced by results obtained from the second torque ramp
shown in Figure 3b. No preshear is performed between
the two ramps, hence the resulting structure in the
suspension from the first torque ramp is preserved without
disruption. Atsmall y, (<0.02), similar to that shown in
Figure 3a, G;' drops rapidly with increasing y, while the
variation in gis insignificant; however, G,' has how become
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Figure 3. Variations of mechanical modulus (G* = G' +iG")
and electrical conductivity (omax and omin) of the ER suspension
with oscillatory shear strain amplitude y.: (a) results obtained
from the first torque ramp; (b) results obtained from the second
torque ramp. Here, G' and G" are all normalized with respect
10 Gimax = 3.0 x 10° Pa, 0max and omin are normalized with
respect to gp = 4.6 x 1078 S-m™L.

substantially larger, with a maximum enhancement of
G.'/Gimax = 1.7. Moreover, a sudden jump in y, from v,
=0.022to y, = 15isobserved as T, is increased from 1.53
x 10* to 1.57 x 10* uN-m, indicating the onset of a
catastrophic structural breakdown inside the sample
beyond a certain critical shear stress. At strains above
ya= 15, omax increases slightly until amaximum s reached
and then decreases monotonically.

The above observations are dissimilar to those for
carbon-black-filled rubbers.1® Obviously in rubbers the
medium surrounding the carbon black particles is ex-
tremely viscous, and this seriously hinders pronounced
structural rearrangement in the material.

Initial comparison of the results shown in parts a and
b of Figure 3 at small y, suggests that a significantly
enhanced rigidity of the ER suspension is accompanied
by a substantial rise in its conductivity; however, further
measurements show that an aggregated state with a larger
conductivity does not necessarily lead to an enhanced
rigidity. For example, when we reverse the direction of
the first torque ramp, i.e., starting from the largest T,,
and perform a second torque ramp as described before,
the material properties of the resulting structure are
markedly different. A larger maximum in omax/oo (=3.5)
is attained shortly after the second ramp is commenced;
however the maximum in G' detected during either ramp
is of similar magnitude to Gimax' shown in Figure 3a. No
jump in y, appears during the second ramp. These
changes highlight the sensitivity of the suspension
structure to the shear history. Construction of hysteresis
plots in (G, o) space is very helpful in displaying these
path-dependent material properties.

Representative waveforms of strain y(t) and conductivity
o(t) during oscillation are displayed in Figure 4. Their
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Figure 4. Detailed strain y(t) and conductivity o(t) waveforms
at times indicated by circles from A to E in Figure 2. At each
location, two cycles of mechanical oscillation are generated,
only the strain waveform during the second cycle is captured,
while the conductivity waveform covers the full range. The
dashed cosine curves indicate the imposed oscillatory stress ©
= 7, c0S wt with w = 9.40 rad/s. y, t, and o are normalized with
Ya, Ta, @nd oo, respectively. (al) and (a2) A, ta = 534 Pa, v, =
0.051; (b1) and (b2) B, 7. = 1073 Pa, y, = 4.1; (c1) and (c2) C,
7a= 1468 Pa, ya=45; (d1) and (d2) D, 7= 1073 Pa, y, = 0.0094;
(e1) and (e2) E, 7. = 1539 Pa, y, = 51.

corresponding temporal locations in Figure 2 have been
marked by circles from A to E, respectively. During the
first torque ramp, the disruption to the suspension
structure is still not severe at A (y, = 0.051), while grave
structural disruptions occur at both B (y,=4.1) and C (ya
= 45); during the second ramp, only small deformation is
generated at D (yo = 0.0094), and total structural
breakdown arises at E (y, = 51).

By design, the rheometer exerts an oscillatory torque
of the form T = T, cos wt. Due to the small, yet finite,
inertial rise time for the imposed torque to jump from 0O
to T, at the beginning, in plotting Figure 4 we generally
assume that the first maximum in T generates a maximum
disturbance to the structure in the sample and corresponds
to the first minimum in conductivity. This is not always
strictly correct, as is evidenced by the time mismatch
observable in Figure 4 (c2) and (e2). From Figures 4 and
2 it is clear that before performing each new oscillation
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step the conductivity has recovered sufficiently from the
disturbance induced by previous oscillation step.

In comparison with the strain waveforms, the conduc-
tivity waveforms are much more complicated and are
typically asymmetric. Although it is difficult to analyze
the conductivity response in detail, some characteristics
are readily discernible. The asymmetry between the two
cycles of variation in ¢ during one cycle of mechanical
oscillation is most pronounced at small y,, as is clearly
demonstrated in Figure 4 (a2) and (d2). When the internal
suspension structure is completely destroyed at large
deformations, similar strain and conductivity waveforms
should be observed regardless of the sample’s previous
shear history, as is confirmed by comparing Figure 4 (c1)
and (c2),and (el) and (e2). Atlargey,, notable asymmetry
also exists between the decreasing portion (corresponding
to structure breakdown) and the increasing portion
(corresponding to structure reformation) of the conductiv-
ity cycle, as can be seen from Figure 4 (b2) and (c2). In
carbon-black-reinforced vulcanizates, asymmetrical wave-
forms of conductivity have also been observed for high
loadings of “high structure black”.1!

Careful examination of the corresponding strain wave-
form and conductivity waveform shown in Figure 4
suggests that the minimum in o coincides with the
maximum shear strain at low y, but coincides with the
maximum shear rate at high y,. Similar conclusions on
the variation of dielectric constant under oscillatory shear
have also been obtained.*®

Discussion. Firstof all, it is clear from Figure 3 that
at small y,, no matter how different the unperturbed basic
suspension structures are, there is no direct correlation
between G' and o. The elastic modulus G' certainly
depends on field-induced interactions among particles and
the resulting columnar structures; however, the mecha-
nisms for electrical conduction through ER materials
under strong electric fields, especially the physicochemical
processes involved in the narrow gap between neighboring
particles, are poorly understood at present. The possibility
of conduction via electron tunneling has been negated for
some carbon-black-filled polymers (tested in dc fields up
to ~1 kV/mm)?*5 and has also been argued against for ER
suspensions.® With some experimental justification, a
conduction model has recently been proposed for the ER
response under dc or low-frequency ac fields.”® In this
model, the passage of current through the particle chain
determines the electric field and surface charge distribu-
tions giving rise to the attractive force between particles.
Hence a direct correlation between the interparticle
attractive force and the current through the chain is
expected. However, a more quantitative analysis of this
model (see Figures 8 and 9 in ref 16) for a specific set of
material parameters reveals that the chain conductivity
decreases more rapidly with increasing separation of
particles along the chain than the attractive force between
two particles. The experimental observations in Figure
3 are in direct contrast to the above expectations. It is
possible that the suspension we have used is too concen-
trated for this simple chain model to be applicable.

Oscillatory shear with large y, causes radical changes
in the overall suspension structure. Since the highly
concentrated suspension is optically opaque, we have not,
as yet, been able to probe the internal structure directly
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and here we simply review some recent related findings
which may help in advancing theoretical understanding
of the observed ER response.

Noting the significantenhancement in G' detected early
during the second torque ramp after large-amplitude
oscillatory shear in the first ramp, it is immediately
tempting to associate our results with the formation of
sheet structures observed in a suspension of 10 vol % silica
particles in silicone oil.Y” However, Brownian dynamics
simulations®® reveal that such structured microphase
separation may not emerge in highly concentrated sus-
pensions as used herein. Furthermore, we have performed
some additional tests (with differing constant T,) that
show significant structural variation can only be induced
by oscillatory shear with strain amplitudes beyond a
critical value (ca. 10%). Insuch caseseven the firstcycle
of oscillation upon starting the test can raise the con-
ductivity by a factor of 2 or more. By contrast, complete
formation of the sheet structures observed previously took
at least a few minutes (y, = 1.0, » = 188.5 rad/s).'’

In addition to the intrinsic material properties of the
two phases, interparticle contacts, as determined by
geometrical considerations of particle packing in a dense
suspension, must also be of importance to the material
properties of ER suspensions. This can be exemplified by
considering an imaginary concentrated suspension of
small identical circular disks of finite thickness. Several
extreme ways of arranging the disks into structures
spanning the electrodes can be easily identified in which
the contacts among disks are either mostly edge-to-face
or purely face-to-face or purely edge-to-edge. Under a
strong electric field, these different ways of particle
packing in the suspension will undoubtedly lead to
substantially different mechanical rigidity and electrical
conductivity of the suspension. To radically change the
manner of particle packing, imposition of a strong external
deformation is required.

It is well-known now that the network of contacts?® is
typically inhomogeneous in granular materials due to
various geometric defects of the particles. This crucially
affects the stress transfer properties of granular media.
Irregular networks of force-chains have been observed
for transmitting compressive loading stresses.?>?! Defects
in contact may also play an important role in the early
stages of failure in ER materials and can be understood
in the context of the anisotropic network microstructure
model recently proposed.?? As the shear deformation is
increased, the secondary cross-linking chains will break
down first due to the extremely nonuniform distribution
of the extensional strain. However, the loss of such
secondary chains will not dramatically affect the material
conductivity. Atprogressively larger strains, the weaker
primary chains with defects in contact fail followed by all
the remaining chains. During this yielding process, the
stress distribution continuously adjusts to accompany the
dynamic structural variation.

In summary, simultaneous measurements of dynamic
modulus and electrical conductivity have been performed
for a highly concentrated ER suspension under a strong
dc electric field. Measurements at small y, reveal that
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there is no direct correlation between G' and ¢ of the
suspension. Oscillatory shear with large y, leads to radical
changes in the suspension microstructure that affect both
the mechanical strength and electrical conductivity of the
material. These results suggest that optimizing contacts
among particles and between particles and electrodes may
be an important means of designing better ER materials.
Further studies are needed on the variation in ER response
arising from the type of contact between two particles,
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i.e., point contact vs plane contact, as well as from the
homogeneity of the network of contacts.
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