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This work studied the normal stress of an ER fluid in compression mode through both experiment and
simulation. The TiO, based ER fluid was used to test the normal stress under different DC voltages and
compressive speeds. The normal stress reached about tens of kPa and was affected by the applied
voltage and compressive parameters. Then, a simulation model was presented to investigate the
influencing factors on the normal stress. The computational normal stresses agreed well with the
experimental results. Typically, the shear action was also found to be very important for the normal
stress during the compression. When the shear rate is small, the shear action showed little effect on
normal stress. When the shear rate exceeded a critical value, the normal stress oscillated within a certain
range. At last, an ideal 2D simulation was conducted to investigate the relation between the mechanical
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Introduction

Electrorheological (ER) fluids are intelligent materials composed
of microsized or nanosized dielectric particles dispersed in
a liquid with a low dielectric constant.'> When an electric field is
applied, the randomly dispersed particles are arranged to form
complex column-like structures along the field. During this
process, the ER fluids transit from a liquid state to a solid-like
state and the apparent viscosity increases dramatically. Because
of the unique ER effect, the ER fluids have broad potential in
technological and industrial applications, such as sandwich
structure,®” damper,® actuator,” and so on.

Most applications of ER materials are operated in shear mode,
in which the loading direction is perpendicular to the applied
electric field. However, the shear stress of the ER fluid under an
electric field of 1-5 kv mm ™" is only about several kPa,'" thus
the application of ER fluid in shear mode is limited due to its
relative low shear stress. To solve this problem, much effort has
been contributed to invent ER fluids with high shear yield
stress.>*® Moreover, another loading mode also can be used to
support a high load for ER fluid. In this compression mode, the
ER system is stressed parallel to the electric field, thus the stress
of the ER fluid has been critically increased. In comparison to the
shear mode, the stress of ER fluid under compression mode is
about one order of magnitude larger."”'®

Therefore, subsequent investigations have been focused on
the performance of ER fluids in compression subjected to
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property and the structure transformation.

various mechanical and electrical inputs. Monkman studied ER
fluids under compression which extended to higher amounts of
compression. It was found that the certain ER fluids could
support high normal stresses as a function of electric field and
gap.'”? Vieira et al. did a comprehensive research on the
properties of ER fluids under compression and shear.****
Recently Tian et al. reported an ultrahigh normal stress in
a slow compressive flow.”>** By investigating the performance of
ER fluids subjected to compressive loading, El Wahed found the
imposed force was highly dependent on the applied voltage and
the weight fraction of the dispersed solid-phase.* Liu et al.
studied the normal force of the ER fluid employed for the haptic
application, showing the application of the usage of compres-
sion mode.*® Most of previous work experimentally studied the
normal stress under the compression mode. However, the
related simulation on the particle structure dependent normal
stress has not been reported. Besides, the ER fluid can work in
both shear and compression mode at the same time.*” During
the compression, the normal stress will be influenced by the
shear action. Therefore, the influence of the shear action on the
normal stress also requires detailed discussion.

In this work, the compression experiment was done to study
the normal stress of ER fluid under different DC voltages and
compression speeds. Then a simulation model was presented to
study the normal stress of ER fluid in compression mode.
Meanwhile, the influence of shear action on the normal stress
during the compression is also discussed using the model.

Experiment

The ER fluid used in this study was prepared by dispersing TiO,
(titanium dioxide) particles in silicone oil with a volume
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Fig.1 The compression test system (a) and sketch of the compression
between two electrodes (b).

fraction 25%. The amorphous TiO, nanoparticles were
prepared by a hydrolysis reaction of tetrabutyl titanate, the
diameter of particles is about several hundred nanometers. The
dielectric constant of silicone oil is 2.75, with a viscosity of 500
mPa s and a density of 0.97 g cm ™ at room temperature (25 °C).
The ER fluid was compressed between two parallel copper
plates (acting as electrodes, with a diameter of 20 mm) using the
universal testing machine (C43.304E,MTS) with a 1000 N force
sensor and a computer to record the output of the load cell and
displacement (Fig. 1). The trough is made of polytetrafluoro-
ethylene with an elastic modulus on the scale of 1 GPa, so the
distortion of the insulating trough can be neglected in this
experiment. Besides, the displacement resolution of the
universal testing machine is 0.5 um, so the test result is quite
precise. The initial gap distance is 2.0 mm and the downward
displacement of the upper plate is 1.5 mm. The upper plate is
connected to a force sensor fixed on the rigid beam of universal
testing machine. The upper plate is connected to the cathode,
while the lower plate is connected to the anode. Before
compression, a DC voltage was imposed on the ER fluid for
1-2 min in order to ensure the formation of chains structure in
ER fluid. Different DC voltages and compressive speeds were
applied on the sample during the compression.

Model

The model ER system is supposed to consist of N interacting
spherical particles of dielectric constant ¢, and diameter d,
suspended in a silicone oil fluid of dielectric constant e¢(ef < e},)
and viscosity ng. The model system is in a box with its volume
V =Ly x L, X L; confined between two parallel electrodes at
z = 0 and L,. An external electric field is applied along the z
direction. The lower electrode is maintained stationary, and the
upper electrode is lowered to squeeze the ER fluid. L, is
decreasing during compression. It has been found that the
electric field holds most of the particles between plates and the
dispersing phase is squeezed out during compression.”®*®
Because of the very slow compressive speed, we can make an
approximation that the number of ER particles remains
unchanged during compression in our simulation model.

The motion of ith particle having mass m at time ¢ and
position rt) is described by the following classical equation of
motion:*’

md?rid* = F; — 3ndn{dr/dt — yz:%) + R; (1)
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where F; is a total force acting on theith particle, the second
term is the Stokes drag, and the last term is Brownian random
force. The detail calculation equations were given in our
previous studies.**> To study the parametric properties of many
different ER fluids, we define dimensionless quantities to scale
eqn (1): r =r;/d, t* = t/[3mnd®/(keT)], R =R;/(ksT/d),
F; = F;/[p*/(eoe¢d*)]. So eqn (1) can be rewritten as

Ad’r] /df? = QF; —dr; /di" + 8Pez;% + R; )

where A = mkgT/(3mn:d>)?, Q = p*/(eoesd’ksT), Pe = 3mned v/
(8kgT). For most real parameters of ER fluids, the magnitude of
A in eqn (2) is very small (~10~"°), so in the following simula-
tions we neglect this inertial effect. Thus, it can be simplified as

dr; /df" = QF; + 8Pez; % + R; (3)

Eqn (3) is integrated with a time step At =0.01/(F,,,.Q)
using Euler's method; F;__ is the dimensionless maximum
inter-particle force that acts on particles, thus, the maximum
displacement of particles cannot exceed 0.01. Periodic
boundary conditions are imposed in the x and y directions,
reflecting boundary conditions in the z direction.

In the dynamic state, rheological properties are determined
by the effective viscosity neg = (t.x)/¥, where 1, is the compo-
nent of the stress tensor, which is an averaged value of the
simulations. By using the Bingham model, z,, is expressed as 7,
= 1 + 757, Where 7; is the viscosity of suspensions (without an
electric field). Later, Cho-Choi-Jhon (CCJ) model is presented
to describe the rheological equation of state of ER fluids.*® In
order to definitely understand the relationship of the particle
interactions, we focused on the electric field induced shear
stress 1z, which was calculated by eqn (2):**

g = < . Z<ri>z(Ff‘>x> @)

And the average normal stress is calculated by eqn (3):

1 X rep
o = < 7 2 (r;).(F; )x> (5)

where F¢' is dipolar force acting on the particle, and FiP is short-
range repulsive force between particles.

<I

Results and discussion

Fig. 2 shows the normal stress of TiO, ER fluid under
compression with different gap distance and compressive
strain. The compressive strain is calculated as ¢ = (hy — h)/ho,
where 7, is the initial gap distance between the parallel plates
and 7% is the instantaneous gap distance. During this test, the
compressive speed keeps 1 mm min . A constant voltage was
imposed on the ER fluid before compression to ensure the
formation of chains structure. The normal stress of silicone oil
alone was also tested in Fig. 2, and the curve of the normal
stress almost a straight line (close to 0). No ER effect is found for
the silicone oil, so the influence silicone oil on the normal stress

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Normal stress of ER fluid versus gap distance (a) and
compressive strain (b) under compression. The compressive speed is 1
mm min~! and the initial gap distance is set at 2 mm.

is neglect. The normal stress increases with the decrease of gap
distance or the increase of compressive strain, and the normal
stress reached about tens of kPa. The chains become bigger in
the radial direction as the gap distance decrease. Meanwhile, the
electric field increases with decreasing of the gap distance and
increasing of the applied voltage. Thus the electrostatic interac-
tion between the neighboring particles is enhanced. Then the
particle chain structure is more highly and strongly inter-
connected to support a high load, and thus provides higher
possibility in practical application. The normal stress versus
electric field strength is shown in Fig. 3. The normal stress
increases rapidly with increasing of the electric field strength.
The normal stresses under different voltages are not equal when
the electric field strength is the same. Here, the compressive
strain decreases from the condition of U = 200 V to the condition
of U= 600V and the normal stress decreases at the same time, so
the normal stress critically depends on the compressive strain.
In Fig. 4, the different compressive speeds were applied in
the test and the initial gap between electrodes is set at 2 mm.
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Fig. 3 Normal stress of ER fluid versus electric field strength.
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Fig. 4 Normal stress of ER fluid versus compressive strain under
different compressive speeds. The applied voltage is 400 V (a) and
600V (b).
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Different compressive speeds of 0.5 mm min ', 1.0 mm min "
and 2.0 mm min~" had been used under the voltages of 400 V
and 600 V. We can find that the slower speeds actually produce
lager stress at the same compressive strain (Fig. 4(a) and (b)).
This is opposite to the one expected in squeeze flow, which may
be caused by the heterogeneity of the ER fluid under electric
field.”® When a constant voltage is applied, the ER particles form
chain structures across the two electrodes. A sketch of the
structure of ER fluid during compression is shown in Fig. 5.
During compression, the liquid flowing through the gaps of
particles produces a pressure to destroy or deform the chains
structure.* For the ER particles, they experience a viscous force
F,is acting by the liquid and interaction force F, from other
particles. The particles will be squeezed out with the silicone oil
from electrodes because of viscous force. But the interaction
force from other particles makes the ER particles stay relatively
stable. Then the particles which are squeezed out from the
mother ER fluid are less than the silicone oil relative to the
volume fraction of the sample. The slower compressive speed
corresponds to smaller viscous force acting on the particles, so
the particles squeezed out will be less and the particle chains
structure keeps more intact to support a higher load. Therefore,
the slower compressive speed produces lager normal stress. The
above result indicates the separation between particles and oil
occurs during compression, and this phenomenon increases
the normal stress under small compressive speed.

Our simulations are carried out in a three-dimensional box
(Ly = 15d, L, = 5d, L, = 15d) with parameters as follows: T = 300
K, e, =100, &g =2,d = 1 um, n¢ = 0.5 Pa-s, and particle number
N = 240. In order to definitely understand the relationship of
the particle interactions, we focused on the electric field
induced stress. og/o, (Normal_Stress*) represents the relative
normal stress, where oy is the normal stress induced by electric
field and o, is the initial normal stress without electric field. To
simply the simulation, the change of the particle number is
ignored.

Fig. 6 shows the comparison of the normal stress induced by
electric field between the experiment result and simulation
result. The o in the experiment is calculated by the equation:
0g = 0|g20 — 0|g—0, and the oy in the simulation is calculated
out using the simulation model. The initial electric field is 100 V
mm " in both experiment and simulation, in which the voltage

Fig. 5 Sketch of the structure of ER fluid during compression.
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Fig. 6 The electric field induced normal stress of ER fluid versus
compressive strain under compression.

is 200 V in the experiment and 1.5 V in the simulation. It can be
seen that the microstructure dependent computational normal
stresses are in good agreement with the experimental results,
indicating the simulations are rational.

Fig. 7 shows the simulation result of normal stress under
different DC voltages. The value of voltage is set according to the
electric field strength. The initial gap between the electrodes is 15
pum in the simulation, so the initial electric field strength is 125 V
mm %, 187.5 V. mm %, 250 V mm " with the voltage of 1.875,
2.8125 and 3.750. The normal stress increases with increasing of
the applied voltage, showing obvious ER effect. Moreover, the
normal stress increases with the compressive strain, especially at
large compressive strain. It implies that the ER particles have
stronger load capability at smaller gap distance. As the applied
voltage is constant, the electric field strength is enhanced with
closer electrodes, and then the electric field induced a stronger
stress. Meanwhile, the interval between ER particles also
becomes smaller because the particles distribution space is
reduced. Therefore the interaction force between particles is
enhanced. Besides, the particles structure becomes more stable
with smaller space. When the number of ER particles keeps
constant, the particles chains or columns structure will be
thickened to support higher load at smaller gap size.

Then, to check the compression impact on the normal stress
of ER fluid, the normal stresses under different states are
calculated. Fig. 8 shows the normal stresses under a constant
electric field of 0.5 kv mm ™" with/without compression (state 1/
state 3). Meanwhile, the normal stress with compression under
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Fig. 7 The simulation results of normal stress of ER fluid under
different voltages.
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Fig. 8 The simulation results of normal stress of ER fluid under
different states: (1) compression under a constant electric field; (2)
compression under a constant DC voltage; (3) without compression
under a constant electric field.

a constant voltage of 1.875 V (state 2) is also calculated. When
the compression is finished, the electric field strength is equal
to that in state 1 and 3, which are all 0.5 kv mm ™. In state 3, the
normal stress derives from the shear action. Here the adopted
shear rate (0.01 s ') is the same with compressive speed, so the
shear strain is equal to the compressive strain. Without
compression, the normal stress is quite small relative to that
under compression with the same electric field. As for state 2, in
initial stage the normal stress is below that under no
compression, because the electric field strength is quite small.
With the compression continuing, the electric field is enhanced
as the gap between electrodes is decreased, and then the
interaction force between particles is also strengthened. So the
normal stress in state 2 exceeds than that in state 3 at large
strains and becomes close to that in state 1. Therefore, the
electric field strength and compressive strain both have obvious
influence on the normal stress of ER fluid, which matches the
experimental result very well.

During the practical application, the ER fluid may work in
both shear and compression mode at the same time, in which
the rotation of the plate exerts a shear action on the ER fluid and
the plate moves down to compress the ER fluid. Therefore, the
influence of the shear action on the normal stress under the
compression is very important. Here the ER particles are
sheared at a constant shear rate and compressed at a constant
rate at the same time. To investigate the influence of shear
action, the ER particles are still sheared for a certain time after
compression is finished. The compression is finished when the
shear strain reaches 20. The applied voltage is a constant, and
the initial electric field is 125 V mm " and the electric field is
500 V mm ' when the compression is finished.

Fig. 9 shows the influence of shear rate on the normal stress.
Under low shear rate, it can be found that the normal stresses
are similar during compression. With increasing of the shear
rate, the normal stress slightly decreases. After compression,
the normal stress oscillates in a small range, it remains basically
stable. When the shear rate is small (0.01, 0.03 s '), the normal
stress almost keeps stable after compression. This suggests that

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The simulation results of normal stress of ER fluid under
compression and shear action.

shear action has little effect on normal stress in this stage. But
with the increase of shear rate, the normal stress decreases after
compression and oscillates within a certain range. Under an
applied steady shear field, the particle chains tilt to shear
direction and keep intact. And the tilt angle of the chains
increases with the shear rate increasing. Then the Z-direction
component of the stress induced by electric field, i.e., the
normal stress will decrease when the interaction of particles
keeps stable. Therefore the normal stress decreases with the
increasing of the shear rate. Besides, the tilt angle has
a maximum value where the particle chains can keep intact.
When the shear rate is too large, the particle chains will be
destroyed and the interaction force between particles will
decline obviously, so the normal stress decreases. After the
destruction of chains structure, the particles will recombine to
form chains again, and then the interaction force is enhanced
and the normal stress increases. As the chains structure expe-
riences destruction and reformation repeatly, the normal stress
shows oscillation phenomenon when the shear rate is large
enough and the normal stress declines, just as the shear rate
equals 0.3 or 0.5 s~ " in Fig. 9.

Then we go on to find out the reason of the oscillation of
normal stress. In order to understand the relation between the
stress change and the structures transformation, an ideal
simulation is also conducted in a two-dimensional situation.
The simulation is conducted in a two-dimensional box (15 x
15), and several perfect chains are formed at beginning along Z
direction. The particles are only sheared along X direction.

Fig. 10 shows the simulation result of the relative stress
versus the strain when the shear rate is 0.01 s~ *. X-Stress is the X
component of the stress tensor, and the shear is in the X
direction, so X-stress is the shear stress. Z-Stress is the Z
component of the stress tensor, representing normal stress.
When the shear rate is small, the shear stress and normal stress
both remain stable after initial change. At beginning, the chains
tilt to shear direction, and then the chain structure remains
intact after the fine adjustment of particle interval. As the shear
rate is quite small, the viscous force acting on the particles is too
small to destroy the chains. So the chains structure doesn't
experience destruction and reformation, and the stress keeps
unchanged.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Two-dimensional simulation results of the relative stress
versus the strain with five chains. £ = 100 V mm™% and ¥ = 0.01 s %

With increasing of the shear rate, the stress transits to
oscillation state (Fig. 11). According to the change of the stress,
the transformation can be divided into four regions and the
corresponding structure is also calculated. The region I begins
with the largest shear stress and ends with the smallest normal
stress, corresponding to B — C process. At the beginning, the
chains reach the largest tilt angle where the chain structure can
be kept. Then the particle interval becomes too large and the
chain structure is destroyed by the viscous force. And the
structure is destroyed in the middle area, while the particles
next to the electrodes are still in the chain structure. So the
normal stress and shear stress decrease at the same time.
Region II begins with the smallest normal stress and ends with
the smallest shear stress (C — D process). After experiencing
the destruction, the chains will be reformed along the Z direc-
tion. The normal stress increases gradually, but the shear stress
continue to decrease to a minimum value. Region III begins
with the smallest shear stress and ends with the largest normal
stress (D — E process). If the chains are rearranged along the Z
direction entirely, the smallest shear stress and largest normal
stress will appear at the same time. But in fact the two states
don't coexist in region III. This may be caused by the fine
adjustment of particle interval. Region IV begins with the
largest normal stress and ends with the largest shear stress
(E — F process). The chains begin to tilt to the shear direction
and remain intact. Then the shear stress increases and the
normal stress decreases. The state F is similar to state B,

1imy Zestress

Fig. 11 Two-dimensional simulation results of the relative stress
versus the strain and corresponding structure transformation with five
chains. £ =100 Vmm™ and y = 0.1s7 .
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indicating that the chains structure changes periodically. The
chains structure experiences destruction and reformation
repeatedly, so the normal stress is oscillating. And the oscilla-
tion of normal stress can be explained by the structure
transformation.

Conclusions

Both the experiment and simulation were conducted to study
the normal stress of the ER fluid in compression mode. The
normal stress of the titanium dioxide ER fluid under compres-
sion was tested. Then a simulation model was presented to
understand the influence on the normal stress. Both the
experiment and simulation indicate that the normal stress can
be affected by the applied voltage and the compressive param-
eters. Moreover, the simulation model also demonstrates the
shear action also affects the normal stress. When the shear rate
is small, the shear action has little effect on normal stress.
When the shear rate exceeds a critical value, the normal stress
oscillates within a certain range. An ideal 2D simulation is
conducted to observe the relations between the mechanical
property and the structure transformation.
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