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The yield stress of our newly developed electrorheological (ER) fluids consisting of dielectric nano-particles sus-

pended in silicone oil reaches hundreds of kPa, which is orders of magnitude higher than that of conventional ones. We

found that the polar molecules adsorbed on the particles play a decisive role in such new ER fluids. To explain this

polar molecule dominated ER (PM-ER) effect a model is proposed based on the interaction of polar molecule-charge

between the particles, where the local electric field is significantly enhanced and results in the polar molecules aligning

in the direction of the electric field. The model can well explain the giant ER effect and a near-linear dependence of the

yield stress on the electric field. The main effective factors for achieving high-performance PM-ER fluids are discussed.
The PM-ER fluids with the yield stress higher than one MPa can be expected.
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The electrorheological (ER) fluids consisting of
dielectric particles suspended in insulating oil pos-
sess the character of electrically controllable liquid—
solid transition, that comes from the interaction be-
tween the polarized particles aligned in the electric
field.' =3 The peculiar property of such novel ma-
terials, that the shear stress or the hardness is con-
tinuously, rapidly and reversibly tunable by applying
an electric field, has attracted much attention. The
physical mechanism of dielectric ER fluids has been
well established, '3 of which the upper limit of the
yield stress predicted by traditional dielectric theory
is about 10 kPa.%! The low yield stress of the avail-
able ordinary ER fluids, usually a few kPa, has been
hindering their applications for half a century.

of which
the yield stress can much exceed the predicted

In recent years several ER fluids,

upper bound and even reach 200 kPa, has been
fabricated.l=19 Although a model based on the polar-
ization saturation layers has been proposed to explain
the giant ER effect in a urea coated particle system,!”!
yet we find that it is the polar molecules adsorbed on
the particles that play the decisive role in the high

performance of such new ER fluids.

We have fabricated a series of ER fluids with high
yield stress, in which the particles are synthesized with
absorbed polar molecules or polar groups. By adding
urea, or C=0 and O-H polar groups et al to TiO2
nano-particles and C=0 and O—H polar groups to Ca—
Ti—O nano-particles, respectively, all the ER fluids ex-
hibit the characteristic of high yield stress. The dipole
moments of urea, C=0 and O-H are 4.56, 2.3—2.7 and
1.51 (1deb = 3.3564 x 1073 C-m), respectively. The
presence of polar molecules or polar groups adsorbed
on the particles of those ER fluids was confirmed by
chemical analysis and infrared spectroscopy. The par-
ticles were prepared in spheral shape with diameter
range of 50 — 100 nm!®1% and were suspended in sili-
cone oil with volume fractions about 35%. In Fig.1(a)
the dependences of the yield stress on the electric field
of such two ER fluids are presented. The yield stresses
of the ER fluids were measured by using an apparatus
as schemed in the inset of Fig.1(a), which ensures to
reveal the intrinsic character of those new ER fluids.
The yield stresses of those ER fluids can reach about
200 kPa. Another characteristic of them is the near
linear dependence of the yield stress on electric field
in contrast to the quadratic one in ordinary ER flu-
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ids. The current densities of those ER fluids are less
than 20 pA /cm?. Figure 1(b) plots the dynamic shear
stress of the ER fluid consisting of TiOs nano-particles
with (NHj)2CO adsorbed, which was measured with
a sealed cylindrical rheometer as shown in inset of
Fig.1(b).
with special layer for reducing the slide of ER fluid on

The surfaces of the electrodes were coated

the electrodes. It can be seen that the dynamic shear
stress is about 60 kPa at 3 kV/mm. Some high shear
stress at zero field mainly comes from the friction of
the seal ring assembly of the rheometer. The charac-
teristics of the high static and dynamic shear stress,
low current density and anti-sedimentation of those
new ER fluids are very attractive for the applications.
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Fig.1. (a) Yield stress versus electric field for ER flu-
ids consisting of TiO2 nano-particle with (NH2)2CO
(triangles) and Ca—Ti—O nano-particle with C=0, O—
H groups (dots). The yield stress of the ER fluid
consisting of sintered Ca—Ti-O particles only is de-
noted by squares. Inset shows schematic drawing of
the apparatus for yield stress measurement. (b) The
dynamic shear stress versus shear rate at different field
strength for the ER fluid of TiO2 with (NH2)2CO. In-
set is the sketch of the rheometer for measuring dy-
namic shear stress.

By heating the particles to high temperature
(500-800°C) all the adsorbed polar groups are des-
orbed, that has been validated with infrared absorp-

tion spectrum and differential scanning calorimeter
measurement. Then the ER fluids consisting of the
sintered particles lose their characteristic of high yield
stress and behave as ordinary ER fluids. As an exam-
ple, as shown in Fig.1(a) the yield stress of ER fluid
consisting of the sintered Ca—Ti—O particles is very
low as the C=0, O-H polar groups are all removed
by heating the particles at 500°C.

The aforementioned facts demonstrate that the
polar molecules or polar groups contained in the par-
ticles play a crucial role for the high yield stress in the
newly developed ER fluids. Therefore we designate
those new ER fluids as polar molecule dominated ER
(PM-ER) fluids. The high yield stress and a near-
linear dependence of yield stress on electric field in
PM-ER fluids indicate that the mechanism of PM-
ER fluids must be different from the conventional ER
fluids and can not be explained by the traditional di-
electric theory. We propose a reasonable model to
describe the PM-ER effect as follows.

When an electric field E is applied the polarized
particles in the ER fluids attract each other and align
along the field direction to form chains. The local elec-
tric field Ejoc in the gap between the particles is much
higher than E.["'=14 The value of Ej,./E depends on
0/r and €, /e, where ¢ is the gap width between par-
ticles, r is the radius of particle, e, and e¢ are the
dielectric constants of the particles and oil, respec-
tively. According to Davis’s calculation™] Ejo./F is
about 10® when 6/r ~ 1073 and &, /e &~ 100. The re-
liability of Davis’s calculation has been demonstrated
by measuring the attractive force of two spheres in
an electric field.'®16] As an example, we consider our
TiO2 nano-particle ER fluid. The dielectric constant
ep of the TiOg nano-particles is much higher than that
of the bulk materials.!7-18] E} . in between TiO, par-
ticles should be about 10° V/m when E ~ 10° V/m,
r =30 nm, § ~ 0.2 nm. Even if the local field is very
high in between the particles the possibility of elec-
trical breakdown is scarce at such narrow and small
region in an oil medium.

The polar molecules adsorbed on the surfaces of
the particles with adsorption energy U,q, which is usu-
ally slightly larger than kT, are weakly bonded to the
particles other than in the bulk state. They are rela-
tively free for rotation and potentially to be oriented
in the direction of a strong electric field.['9-2%] Thus
polar molecules in the gap between the particles are
able to turn to the electric direction as the magnitude
of uFEy. is comparable with U,q or larger than about
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kT. For example, to align a molecule with p =2 deb,
the local field Ej,. has to be higher than 6.4 x 108 V/m,
which can be achieved in our case as described above.

Figure 2 schematically illustrates the orientating
behaviour of the polar molecules on the particle sur-
faces without and with field applied, respectively. In
the case of £ = 0 the polar molecules on the surfaces
are arbitrarily distributed with an adsorbing geome-
try. So long as the applied field brings the particles ap-
proaching, together with F increasing, a high enough
Floe can be reached to cause the polar molecules to
orientate along the field in the gap of two adjacent
particles. However, since the fraction of the active
molecules is very low and their volumes constitute
only a very small part of the whole suspension, no
proper technique is available at present to directly ob-
serve the rotation of the polar molecules in between
the particles.

(b)

Fig.2. Schematic illustration of the polar molecules
aligned in the gap of the particles under an electric
field. (a) The polar molecules adsorbed on particle
surface are arbitrarily oriented when E = 0. (b) The
polar molecules in the gap of the particles are aligned
along the field when F is high enough. In the enlarged
image (right) two kinds of the interactions are shown:
dipole—dipole interaction and dipole—charge interac-
tion.

Once the polar molecules are orientated in be-
tween the particles, mainly two kinds of interactions
may occur as shown in inset of Fig.2(b). The first one
is the attraction between the polar molecules on the
particle and the polarization charges on the nearby
particle. The maximum attractive force of the po-
lar molecule-charge is 2!} f, o = eu/(2meperd?, ),
where e is the charge, dn,_. is the distance from
molecule centre to charge (approximately half the

molecule size d, ie. dy_e &~ d/2). Another one
is the attraction between polar molecules on two
nearby particles. The attractive force of a pair iden-
tical molecules in a head-to-tail line is[2! fm—m =
3u?/(2meperdt, ), where dy_p, is the centre-centre
distance of two molecules dp,_, =~ d. Usually fi,_e
is much larger than fu,_m as dym—e &~ dy—m/2 and
fm—e/fm-m =~ 16edy_./(3p), For instance, if one po-
lar molecule of © = 2 deb associates with a unit charge
(e=1.6x10"1 C) and dy,_o = 0.2 nm, then fn, o =
9.6 x 10719 N, whereas fm_m = 3.8 x 107" N when
taking dy—m = 0.4 nm, namely fm—o/fm-m =~ 25.
Therefore, the PM-ER effect must basically come from
the attractive force f,—o of polar molecule—charge. In
the above calculations the point-dipole approximation
is made and the influence of the induced polarization
of the molecules is neglected, which enhances the in-
teraction but its effect is much lower than that of in-
herent dipole moment.

The attractive force Fy,_ of molecule—charge in a
unit area perpendicular to the external field can be es-
timated. The area in between the particles separated
by § = dm—c is nearly 7rd/2, where polar molecule-
charge interactions occur effectively. In this region
the number of active molecule-charge interactions is

N 71-—rdpmn(E), where pp, is the density of the po-
lar molecules adsorbed on the particles, the probabil-
ity n(E) of the aligning polar molecules being nearly
proportional to pEjoc [22] in the case of WE e ~ Uad
and then proportional to ©E.['2l The number of the
particle chains in a unit area is 3¢/(277?), where ¢ is
the volume fraction of the particles in the suspension.
Thus, the stress can be approximately expressed as

2
3¢ Nfoe = A3¢pmeu E

mee -
272 mregesd?

where the parameter A is related to the properties of
the particle and oil, geometry of the particles in the
oil, as well as the adsorption energy U,q etc.

The expression of Fy,_. indicates that the Fi,_o
increases linearly with £ due to n(F) « puE and con-
sequently the yield stress of PM-ER fluid exhibits a
nearly linear dependence on applied electric field as

shown in Fig.1(a). Fy_o o< 77}

means that the yield
stress of the PM-ER fluid consisting of smaller parti-
cles is higher, as observed in the experiment.[?3] This
feature of PM-ER fluids is also different from that of
the conventional ER fluid, in which the yield stress
usually increases with particle size increasing.['%:12

The nano-particles not only are favourable for obtain-
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ing high shear stress of PM-ER fluids, but also are ad-
vantageous for resisting the particle sedimentation in
the fluids. The larger particles, however, are of benefit
for getting higher local electric field. Using the parti-
cles with high dielectric constant can induce a higher
local electric field in between the particles,['!:12] and as
aresult, the PM-ER response occurs at a lower applied
field. For getting high local field in between particles,
the particles are always necessary to be prepared in
sphere-like shape. Choosing the polar molecules with
larger dipole moment and smaller size is obligatory
for gaining higher yield stress of PM-ER fluids be-
cause of the relation F,_, o< u2d—2. Also the polar
molecules with larger u can be aligned at a lower E.
To enhance the yield stress of PM-ER fluids a higher
pm of the adsorbed molecules should be pursued since
low pn, may cause the yield stress saturation at high
E. Tt is obvious that in measuring the shear stress
with an ordinary rheometer the boundaries between
the metal electrodes and the fluids are not well ad-
equate for the interaction of polar molecule-charge,
where the attractive force must be reduced due to slid-
ing. By using a redesigned method as shown in inset of
Fig.1(a) the intrinsic yield stress of PM-ER fluids can
be measured.['] With the same reason in the measure-
ment of the dynamic shear stress as shown in Fig.1(b)
the surfaces of the electrodes were coated with special
layers.

We can estimate the remarkable difference on the
yield stress between PM-ER fluid and the ordinary
ER fluid. As an example, we consider a system of
r =30 nm, § = 0.2 nm, d,_¢ = 0.2 nm, N = 1,
u =2 deb, and ¢ = 35%. Then Fy, . ~ 18 N/cm? in
the PM-ER fluid, corresponding to a stress of 180 kPa.
Whereas, in ordinary ER fluid consisting of pure TiO4
particles under a field of E = 3 x 10 V/m, f,_, ~
3.2 x 10712 NI'L12] and then F,_, =~ 0.06 N/cm?, i.e.
the stress is 0.6 kPa.
one polar molecule active in average on each particle

Even assuming there is only

in the calculation, Fy,_. is 3 x 102 higher than F,_.
Therefore the yield stress 7, of PM-ER fluids can also
be 2-3 orders higher than that of conventional ER
fluids. The more polar molecules are active on each
particle, the higher yield stress of PM-ER fluids can
be achieved.

Following the argument along this line, if a
medium containing polar molecules can be prepared,

instead of that adsorbed on the particles, PM-ER ef-
fect is also expected to occur. The polar molecules in
the liquid will orientate along the field in between the
particles and interact with the polarized charges on
the neighbouring particles. In this situation the PM-
ER effect is caused by the local freezing of the polar
molecules and may be more effective.

The expression of Fy,_, clearly indicates how to
achieve the PM-ER fluids with higher yield stress by
optimizing all the effective factors discussed above. It
is then possible to obtain a PM-ER fluid with the yield
stress 7, up to MPa order if one adopts p and pn
larger, and d and r small enough in material design-
ing and manufacturing. For instance, assuming p = 2
deb, r = 15 nm, d = 0.3 nm, N = 3, ¢ = 35% and
the particles being sufficiently dispersed in the fluid,
then the estimated 7, can be about 1.7 MPa, where
Ty ~ Fn_e/3.

In conclusion, the yield stress of the PM-ER flu-
ids we newly developed can reach hundreds of kPa.
The polar molecules in between the particles play a
crucial role in such PM-ER fluids. The PM-ER effect
comes from the interaction of polar molecule—charge
instead of that of the particles themselves as in con-
ventional cases. When an external electric field polar-
izes the suspended particles, which align up to form
chains, the local electric field in between the particles
can be about 3 orders higher than the external field.
The high local field causes the polar molecules in the
gap to turn to the field direction and interact with
the polarization charges of the neighbouring particles.
The attractive force of the polar molecule-charge can
be several orders higher than that of pure polarized
particles as occurred in conventional ER fluids. The
increment of the active polar molecules being propor-
tional to the electric field implies a near-linear depen-
dence of the yield stress on the applied field. Based on
the principle of PM-ER effect we anticipate that the
PM-ER fluids with the yield stress in MPa order can
be attained by optimizing all the influencing factors

in material manufacturing.

Acknowledgments

The authors would thank Professors M. Y. Hou,
W.Y. Lai, Z. H. Jiang and Z. X. Cao for helpful dis-

cussions.



2480

Lu Kun-Quan et al

Vol. 15

References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
(8]

[9)

Halsey T C and Toor W 1990 Phys. Rev. Lett. 65 2820
Halsey T C 1992 Science 258 761

Tao R and Sun J M 1991 Phys. Rev. Lett. 67 398

Ma H R, Wen W J , Tam W Y and Sheng P 2003 Adv.
Phys. 52 343

Ma H R, Wen W J , Tam W Y and Sheng P 1996 Phys.
Rev. Lett. 77 2499

Zhang Y L, Lu K Q, Rao G H, Tian Y, Zhang S H and
Liang J K 2002 Appl. Phys. Lett. 80 888

Wen W J, Huang X X, Yang S H, Lu K Q and Sheng P
2003 Nature Materials 2 727

Lu K Q, Shen R, Wang X Z, Sun G and Wen W J 2005
Int. J. Mod. Phys. B 19 1065

Shen R, Wang X Z, Wen W J and Lu K Q 2005 Int. J.
Mod. Phys. B 19 1104

Wang X Z, Shen R, Wen W J and Lu K Q 2005 Int. J.
Mod. Phys. B 19 1110

Davis L C 1997 J. Appl. Phys. 81 1985

Tao R, Jiang Q and Sim H K 1995 Phys. Rev. E 52 2727
Gonon P, Foulc J N, Atten P and Boissy C 1999 J. Appl.
Phys. 86 7160

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

(22]

23]

Chen Y, Sprecher A F and Conrad H 1991 J. Appl. Phys.
70 6796

Wang Z Y, Peng Z, Lu K Q and Wen W J 2003 Appl.
Phys. Lett. 82 1796

Wang Z Y, Shen R, Niu X J, Lu K Q and Wen W J 2003
J. Appl. Phys. 94 7832

Zhang L D, Zhang H F, Wang G Z, Mo C M and Zhang
Y 1996 Phys. Stat. Solidi A- Appl. Res. 157 483

Dey A, De S, De A and De S K 2004 Nanotechnology 15
1277

Shih Y T, Chuu D S and Mei W N 1996 Solid State Com-
mun. 99 819

Shih Y T, Liao Y Y and Chuu D S 2003 Phys. Rev. B 68
075402

Israelachvili J N 2000 Intermolecule and Surface Force
(London: Academic) chap.4

Bottcher C J F 1973 Theory of Electric Polarization (Am-
sterdam: Elsevier) p163

Wen W J, Huang X X and Sheng P 2004 Appl. Phys. Lett.
85 299



