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A series of high performance ER fluids newly manufactured in our laboratory are presented. The
yield stress of those ER fluids can reach several tens of kPa, 100 kPa and even 200 kPa, respectively.
For understanding the high shear stress effect a model is proposed base on the electric field induced
molecular bounding effect. The main effective factors in fabricating the high performance ER are
discussed.

The electrorheological (ER) fluid which was discovered half century ago has
attracted much attention because of its wide potential applications in the technology.
However, the fact that the shear stress of available ER fluids was not high enough for the
practical requirement is the main obstacle for its application.

According to the conventional dielectric theory, the attractive force of the particles
in ER fluids is f « g,f°E’, where § is dielectric mismatch factor and equals to (g, -g)/(2
g+ 9. E is the applied electric field. ¢, and &7 are the permittivities of the particles and the
liquid respectively. The § is higher, the interaction of the particles should be higher.
Nevertheless, by using the particle with high permittivity in ER fluids the dielectric
mismatch factor B tends to a saturated value and a little increase can be achieved in the
shear stress as declared by many measurements. Even for the ER fluids containing
ferroelectric BaTiO; and TGS ((NHCH,COOH); ‘H;SO,) particles with very high
dielectric constant the ER response is quite low, usually less than 1kPa [1-3]. On the
other hand, the ER response should increase by using the oil with high ¢, due to foce,.
However, it’s hard to find such suitable oils in practice because the high dielectric liquids
usually go with high conductivity, which must result in a high current density and may
cause electrical breakdown of ER fluid.

Based on a first-principle calculation with dielectric theory Ma et al [4] concluded
that the physical upper bound in the yield stress is about 10kPa/kV/mm. A similar result
was also predicted by Conrad [5]. All the studies based on the ordinary dielectric
principle demonstrate that it is not able to obtain high performance ER fluids by only
using either the particles or the oil with intrinsic high permittivity.

Although there was a despondence for the situation of the low shear stress in ER
fluids as described above, many efforts still have been made in last decade to find new
ER fluids for the goal of enhancing the shear stress.

An arisen approach was that the yield stress could be significantly enhanced by
using the thin dielectric layer coated conducting particles in the ER fluids [6-10]. Wu and
Conrad [8, 9] proposed a model and pointed that the shear strength could be as high as
tens of kPa by using the coated particles with their recommended parameters in the
preparation of ER fluid. In practice, with Ni inner and TiO, outer coating on glass
spheres {7] or TiO, coating on graphite spheres [10] an order of magnitude enhancement
in the yield stress was obtained compared to that of bare particles. Despite the
complication of the coating technique and the obdurability of the coating layer, the
enhancement in the shear stress by using such coated particles, typically several kPa, is
still not satisfied for a broad application.
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It’s known for a long time that by adding small amount water in the particle the ER
response can be substantially improved. However, there are some shortcomings for such
ER fluids: the water evaporation at high temperatures, high current density and device
erosion caused by water. Therefore the ER fluids containing water are not suitable for the
application. The active mechanism of the water on the ER response is still an open
problem up to now, though there were some explanations such as the water bridge model
[11-13] which was equivocal and lack of sufficient experimental evidence. It’s a
reasonable illation that the role of water in enhancing the interaction of the particles must
come from the comparatively high dipole moment of H;O molecule (1.85 Debye [14]).
This effect of H,O molecule inspires us to improve ER materials by trying to add some
other dipole molecules with high dipole moment, but with higher boiling point than that
of water to avoid the evaporation at high temperature. For instance, acetamide and urea
molecules are optional ones, of which the dipole moments are 3.76 and 4.56 Debye [14],
the boiling or decomposing temperatures are 221°C and 133°C, respectively. Based on the
consideration described above, we reported a surface modified complex strontium titanate
(STO) ER fluid, of which the yield stress of ~30 kPa (at 3 kV/mm) was achieved [15-17].
Wen et al [18,19] created a giant electrorheological (GER) fluid with the urea coated
Ba-Ti-O (BTO) nano-particles dispersed in oil. The yield stress can reach 130 kPa and
even 250 kPa (at SkV/mm). In those ER fluids the dependence of yield stress on the
electric field shows a near-linear behavior instead of the quadratic behavior in ordinary
ER fluids. A simulation based on the model of saturation surface polarization was
performed and the calculated results were consisted with experimental ones [18, 20]. It
can be concluded that the mechanism for those newly developed ER materials is different
from the traditional dielectric theory.

In this paper some high-performance ER fluids newly manufactured in our
laboratory are presented. A model for understanding the effect is proposed and a
discussion about the main effective factors for achieving high-performance ER is made.

Several Ti0,, Ca-Ti-O etc based nano-particles with doping or without designed
doping were synthesized by wet chemical techniques. The detailed procedures of the
material preparation are described elsewhere [21, 22]. The sizes of the particles are in the
range of 50-70nm. The ER fluids were made by suspending the particles in silicon oil and
the suspensions were blended sufficiently. The yield stress 7, of those ER fluids can reach
as high as several tens of kPa, 100 kPa and even 200 kPa, respectively, for different
samples prepared with various processes.

It is well known that the shear stress for an ER fluid consisted of dry TiO, particles
is quite low. Fig.1 plots the relations of shear stress versus E for the pure TiO,/silicon oil
ER fluid, in which the TiO, are in the shape of crystalline powder with size about 10um.
The frequency dependence of the shear stress and the quadratic dependence of the shear
stress on field strength E show a typical dielectric interaction between the particles.

For the purpose to improve the ER response we tested many kinds of TiO, particles
prepared with various wet chemical methods (sol-gel, hydrothermal and co-deposition)
and doped with different molecules. Fig.2 plots the shear stress versus electric field of
some of those ER fluids, in which the curve numbers represent different doping
molecules and quantities contained in the samples. It can be seen that the shear stresses of
the samples are much higher than that of dry TiO, ER fluids but stiil less than 10 kPa.
The dependence of the shear stress on the electric field shows a linear behavior in stead
of the quadratic one as in ordinary dry TiO, ER fluids. These results encouraged us to
change the experimental condition for screening out higher performance ER fluids. By
improving
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Fig.1 The yield stress vs. electric field strength for pure TiO, /silicon oil ER fluids (volume fraction = 15%)

3500

6
3000- S\T S0 My et
2500+
2000+

1500

1000 1 DC Electric Field

Shear rate: 2.4s”

Shear Stress (Pa)

5004

0.0 05 10 15 20 25
Electric Field (kV/mm)

Fig.2 The shear stress vs. electric field strength for some ER fluids containing TiO, particles prepared with
various wet chemical methods and doped with different molecules (volume fraction ¢= 15%)

manufacture process of TiO, particles, quite a few high shear stress ER fluids were
obtained. Even if there were no designedly doping molecules in the particles we could
still get the high performance ER fluids. Also Ca-Ti-O particles synthesized without any
designedly doping could possess good ER response up to ~100 kPa [22]. The relations of
yield stress vs. electric fields of some those ER fluids are shown in Fig. 3(a) and their
current densities are quite low as shown in Fig.3 (b). From the chemical analysis we
knew that there were some C-H, O-H, chloride et al. group and molecules remained in the
particles. When the particles were sintered at high temperature (~700° C) and the doped
or remained molecules were removed, then the ER fluids consisted of the sintered
particles lost their high shear stress character. In addition it is found that the shear stress
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Fig.3 Yield stress (a) and current density (b) as functions of field strength for different ER fluids. Symbols
indicate different ER fluids: filled square — urea doped TiO, ER fluid (30vol%) ; triangle — acetamide doped
TiO, ER fluid (30vol%); square — undoped TiO; ER fluid; circle — undoped Ca-Ti-O ER fluid. Inset in Fig.3
(a) shows the effect of oil viscosity on ER response for TiO, ER fluid (40vol%).

is sensitive to the viscosity of the silicon oil. Sometimes the significant differences can be
observed on the yield stresses when the same particles are respectively dispersed in
various silicon oils with different viscosities. As shown in the inset of Fig.3 (a) there is
more than ten times of difference in the yield stress by using the silicon oils of 10 mm?%s
and 100 mm?/s. Another advantage of those ER fluids consisted of nano-particles is that
there is no obvious sedimentation happened within a few months.

In previous model [18] the GER effect was ascribed to the polarization saturation
layers in between two neighboring coated particles. In our case, however, either the
coated molecules or remained trace molecules on the particles can play important role on
the GER effect. It indicates that the coated layers on the particles are not necessary at all
time for the GER effect. We have proposed a model to explain the origin of the effect
which is described briefly as follows. Our experimental results indicate that the high ER
response is dominated by the small amount of dipole molecules contained in the
suspended particles. From the traditional dielectric theory it is known that the local
electric field E, in the region between two neighboring particles is much higher than
applied field and its magnitude depends on the particle properties as well as the gap size
between the particles. If Ej, is high enough the molecules absorbed on the particle
surface in the region can be aligned to the direction of the field. In the case of the two
particles nearly contact, the molecules from two neighboring particles can attract and
bound each other when the electric field is applied. The interaction energy between two

2
dipole molecules is U, = ——'u—3 (for same molecules), where u is the dipole moment
4re,d
of the molecule and d is the distance between them. When we assume typically py =~ 2
Debye and d = 0.4 nm, this interaction energy is larger than KT. The interaction force
between such two molecules is about the same as that between two particles of 50 nm in
diameter, which can be calculated with the dielectric theory [23, 24]. Accompanying with
the increase of the electric field more molecules in the gap between the particles can be
turned to the electric direction and attract each other. When the electric field is switched
off, the aligned molecules will then return back to disordered state due to the thermal
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motion and their interactions will disappear. Since there must be a large number of dipole
molecules remained in the interface region of nearly contacted particles, consequently the
total attractive force of all those molecules will be much larger than that of field induced
interaction from particles themselves. The increase of the applied field, together with the
local field, mainly causes the number of interactive molecules increasing and affects not
much on the dipole moment of the molecules. This fact results in the linear behavior on
the relation of the interaction force versus the field strength in the ER fluids. Above
analysis can give us a better understanding on the observed phenomenon for both high
shear stress and its linear dependence on field strength. In conclusion, the GER
phenomenon can be attributed to the electric field induced molecular bounding effect.
Because of this molecular bonding happened on the interface, therefore the surface
tension, viscosity of oil as well as the electric-wetting effect [20] may play a role and
cause different ER responses. A rigorous calculation and detailed discussion will be
published elsewhere.

For achieving high shear stress ER fluids, in our experience, several effective factors
should be taken into account in the manufacture of ER samples. i) The ER fluids ought to
be consisted of nano-size particles with relatively high dielectric constant. The particles
with high dielectric constant can induce high local electric field in the region between
particles, which is in favor of rearranging the molecules on the particle surface turned to
the direction of the field. ii) The nano-particles usually can be prepared with wet
chemical method with doping or without doping purposely, where must be some dipole
molecules with high dipole moment remained in the particles. iii) In the undoping case a
suited amount of the dipole molecules should be kept on the particles during the
procedures such as washing, drying etc. iv) Dipole molecules contained in the particles
should not be disengaged in the temperature range for application. v) It is necessary to
test different oils for matching the particles because the ER response is sensitive to the
viscosity of the silicon oil.

In summary we have manufactured several high performance ER fluids with the
yield stress up to 100 kPa and even higher, which also show other advantages such as low
current density and anti-sedimentation. A model for explaining the mechanism is
proposed and described briefly based on the electric field induced molecular bounding
effect. A discussion about the main effective factors in preparing high performance ER
fluids is also presented.
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