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We report on the first experimental evidence of the electrorheological effect in suspensions of superfine
pyrochlore-type Bi; gFe;,SbO; powders. Tensile-compressive and shear stress studies of the
electrorheological fluids, with various filler contents, revealed an exceptionally high electrorheological
effect in the materials - the tensile yield strength at 5 kV/mm reached about 20 kPa. The frequency de-

pendencies of dielectric permittivity, dielectric loss tangent, and the conductivity of the suspensions
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with various filler contents allowed estimation of the dielectric permittivity values for superfine
Bi; gFe;,SbO7 particles at zero and infinite frequencies. The study reveals new oxide materials as prom-
ising fillers for electrorheological fluids.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Electrorheological fluids (ERFs) belong to a family of smart
electroadaptive materials. The key property of ERFs is their ability
to reversibly change (by several orders of magnitude) viscoplastic
properties under an external electric field. ERFs attract a great
deal of attention due to their numerous practical applications, in-
cluding their use in electrocontrolled dampers, clutches, gripping
devices and various electromechanical systems for robotics, space
technology, biomechanics and biomedicine [1]. To create
electrorheological fluids, submicron particles of dielectric mate-
rials (possessing high dielectric permittivity) are suspended in lig-
uids with low dielectric permittivity. The electrorheological effect
arises from the electrostatic interaction of the dispersed particles
and changes in their spatial distribution upon the application of
an electric field. Numerous theoretical and experimental studies
of the electrorheological effect have been reported previously
[2-10]. However, despite the vast interest in this class of materials,
there are still no exact criteria for the choice for dispersed
phase material which will ensure the high electrorheological re-
sponse of an ERF. Up to now, the range of filler materials for
ERFs has been rather limited and includes mainly silicon and tita-
nium oxides, alkaline-earth metal titanates, aluminosilicates,
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carbon-based materials (for example, fullerenes) and certain semi-
conducting polymers [11-16].

Complex oxides with a pyrochlore structure usually possess high
values of dielectric permittivity at room temperature and a low di-
electric loss tangent in the MHz range. The best values have been
achieved for Bi;sZnNb;s0; (BZN) and Bi; sMgNb;s0; (¢ =
70-200, tan 6 = 1074-1073) [17-19]. The excellent dielectric
properties of these materials and relatively mild conditions for
their synthesis (800-1000 °C) allow their practical application as
microwave dielectric resonators, oscillators and filters. Very re-
cently, variation in the dielectric properties of pyrochlores upon
the application of electric and magnetic fields was found [20-22].
This effect opens up new areas for the use of these materials in mul-
tilayer ceramic capacitors, tunable filters, phase shifters, electri-
cally redirecting antennas, etc.

The dielectric properties of complex bismuth oxides have been
extensively studied for BZN solid solutions. Bismuth-containing
pyrochlores possess abnormal temperature dependence of the di-
electric constant at high temperatures (negative temperature coef-
ficient), which is associated with the decrease in the conductivity
of the material [23]. The strong relaxation of Bi; sZnNb; 50 dielec-
tric polarization was revealed by Liu et al. [17]. It is most likely to be
caused by the presence of vacancies in cation and anion sublattices
(Frenkel pairs), rather than structural disordering. The dielectric
properties of such materials depend on their composition and
structure [23-27]. It has been shown that the replacement of Nb
with Ta or Sb results in a decrease in dielectric permittivity and
an increase in the temperature coefficient [23]. Similar changes
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occur upon the addition of small amounts of vanadium(V) into
Bi{sZnNb 5.xVx07 (0.005 < x < 0.05) ceramic materials [24]. In
BZN, the replacement of zinc by iron results in a decrease in the di-
electric permittivity value of the material [25]. In Bi,FeNbO5, di-
electric permittivity (¢ = 120-100), as well as dielectric loss
tangent values, monotonically decrease upon an increase in elec-
tromagnetic frequency in the range of 40 Hz-1 MHz. However,
the ¢ value at a frequency of 1 MHz remains sufficiently high to
consider Bi,FeNbO- as a potential material for microwave engi-
neering. In Biy_xFeq 424 xTe€o.5807 solid solutions, dielectric permit-
tivity increases with bismuth content growth [27].

In this study, we report on the first experimental evidence of
the electrorheological activity of suspensions of superfine
Bi; gsFe>2Sb0O-; powders in dielectric media (silicone oil). For sus-
pensions with various filler contents, we provided a detailed
study of dielectric and mechanical properties - dielectric permit-
tivity and dielectric loss tangent, conductivity at various frequen-
cies, and the effect of the electric field strength on tensile-
compressive and shear stresses.

2. Experimental details

Superfine Bi; gFe;,Sb0; powders were synthesized using the
microwave-hydrothermal (MWHT) method, which is advanta-
geous due to the uniformity of the reaction medium's heating, en-
suring a high reaction rate and the phase and morphological
homogeneity of the product. The synthesis of superfine powders
of ternary oxides by soft chemical methods is usually a challenge
in itself, due to the very different chemical properties of the com-
ponents (i.e. different solubilities of the precursors in acids and al-
kalies). For the synthesis, we followed our previously reported
approach [28]. As starting reagents for synthesis, we used high pu-
rity Bi(NO3)3-5H,0, Fe(NO3)3-9H,0, Sh,03, HNOs3 (conc. aq. solu-
tion) and NaOH. All chemicals were provided by Aldrich. To
synthesize Bi; gFe; ,Sb0-, we dissolved iron and bismuth nitrates
(1.5716 g of Bi(NO3)3-5H,0 and 0.8726 g of Fe(NO3)3-9H,0) in ni-
tric acid. Antimony oxide (0.2624 g of Sb,03) was separately dis-
solved in an alkaline solution (5-8 M NaOH, 30 mL). The nitrate
solution was added dropwise into the alkaline solution. The ob-
tained suspension was magnetically stirred for 30 min, and then
transferred into a 100 ml Teflon vessel and subjected to MWHT
treatment in a Berghof Speedwave MWS-3+ setup operating at
2.45 GHz and with a power of 1450 W. The autoclaves were filled
to 30% capacity. Teflon vessels were heated to 200 °C within
5 min. The duration of isothermal treatment was 30 min. After
the synthesis, the product was centrifuged, thoroughly washed
with distilled water and dried in air at 50°C overnight.

The phase composition of the samples was determined by powder
X-ray diffraction (XRD) using a Bruker D8 Advance powder diffractom-
eter with Ni filtered CuK, radiation and a LYNXEYE detector. The dif-
fraction data were collected in the 26 range from 3° to 100°, in steps of
0.02° and a collection time of 0.4 s/step. The Rietveld refinement was
performed using the TOPAS 4.2 software (Bruker AXS, Karlsruhe,
Germany). The morphology of the samples was examined using a Carl
Zeiss NVision 40 scanning electron microscope (SEM) at an accelerating
voltage of 1 kV. Energy dispersive X-ray analysis (EDX) was performed
using an Oxford Instruments X-MAX detector (80 mm?) at a 20 kV ac-
celeration voltage. Before the measurements, the samples were coated
with ~5 nm conductive carbon layer. For the specific surface area mea-
surements, we used a Katakon ATX-06 low-temperature nitrogen ad-
sorption analyzer in a partial pressure range of 0.05-0.25, and the data
were processed using a BET model. The skeletal density of the samples
was measured with a helium pycnometer, Thermo Fisher Scientific
Pycnomatic ATC.

The dielectric properties of pelleted powders were studied using a
NOVOCONTROL Alpha-A dielectric relaxometer (Novocontrol

Technologies) equipped with an active measuring cell. Measurements
were conducted in the frequency range of 10-10° Hz, in the tempera-
ture range of 223-293 K, in a nitrogen atmosphere at an applied voltage
amplitude of 1 V.

To measure the sedimentation stability of the Bi; gFe; ,SbO7 sus-
pensions in PMS-300 silicone oil, electrorheological fluids with a
concentration of the dispersed phase of 10 wt.% were prepared.
For this purpose, Bi; gFe; ,Sb0; powder was thoroughly ground in
an agate mortar with an aliquot of PMS-300 silicone oil (Penta Sil-
icones) for several hours, until a stable suspension was obtained.
To study the stability of colloidal systems, suspensions were placed
into 1 or 2 mL plastic syringes. Syringes were set strictly vertical,
and special attention was paid to excluding mechanical vibrations
and substantial changes in temperature. Sedimentation analysis
was performed by determining the position of the boundary of
clear liquor in the upper zone of the samples using a cathetometer.
The accuracy of the boundary determination was not less than +
1 mm, at a total height of liquid of 50 mm.

Measurements of the shear stress of electrorheological fluids as a
function of field strength and shear rate were conducted using a modi-
fied rotational RN-211 CR rheometer with a controlled shear rate and a
measurement cell comprising parallel polished brass electrodes (diam-
eter of 20 mm and an interelectrode gap of 1 mm). A voltage of up to
5 kV was applied between the upper sliding contact and the lower sta-
tionary electrode. The error in the measured torque value did not ex-
ceed 5%. Measurements of the tensile and compressive stress of ERFs
at different field strengths were conducted using a computer-
controlled press with a fine adjustment screw, the movement of the
plunger performed using a step motor. The feed rate of a movable elec-
trode was 0.003 mm/s. The readings of a strain gage (sensitivity of
0.001 g) were automatically stored into a computer memory, and had
afrequency of 1 s~ The field strength in the interelectrode gap in ten-
sion or compression measurements was calculated as E = U/h, where U
is the applied voltage and h is the current value in the interelectrode
gap. The initial gap value was 1 mm in tension mode, and 2 mm in com-
pression mode.

Dielectric measurements were conducted in a cylindrical capacitor-
type cell with polished stainless steel electrodes. The measurements of
the frequency dependence of the dielectric constant and dielectric loss
tangent were performed using a Solartron SI 1260 Impedance/Gain-
Phase analyzer. For the visualization of electrorheological experiments
at x40 magnification, we used a cell comprising copper electrodes
with a gap of 1 mm and which was provided with a video camera. All
measurements of electrorheological properties were conducted at
room temperature.

3. Results and discussion

Previously we have shown that, in the Bi,O3-Fe;03-Sb,0x system,
the phase with a pyrochlore-type structure crystallizes in a wide range
of compositions, and an ideal stoichiometric composition of Bi,FeSbO-,
falls beyond this region [29,30]. For the synthesis, we used a stoichiom-
etry of Bi:Fe:Sb = 1.8:1.2:1.0, which corresponds to the formula
Bil_sFequ07.

Rietveld refinement of the powder X-ray diffraction data (Fig. 1)
confirmed that the crystal structure of the synthesized Bi; gFe; ,SbO-
material belongs to the pyrochlore structural type ( Fd3m). The exact
composition of the powder was estimated using the concentration de-
pendence for Bi,_xFe;xSbO; solid solutions [30]. The calculated lattice
parameter value (a = 10.460(3) A, Rwp = 1.88) corresponded to the
Bi; g4Fe;.16Sb0; composition. The chemical composition of the sample
was also confirmed by EDX. According to SEM measurements, the syn-
thesized powder consisted of uniform spherical aggregates
(140-240 nm) of superfine, nearly monodispersed, 20 nm particles
(Fig. 2). The specific surface area and pycnometric density of
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Fig. 1. Experimental (Obs) and calculated (Calc) diffraction patterns of Bi; gFe; ,SbO7, and
the difference between them (Diff). The diffraction pattern fully coincides with our
recently reported data [29].

Bi; sFe; ,SbO; powders was equal to 30 m?/g and 6.77 g/cm®,
respectively.

Suspensions containing 10 wt.% of Bi; gFe; ;SbO- in PMS-300 sil-
icone oil demonstrated low sedimentation stability due to the high
density of the material (Fig. 3). To obtain more stable suspensions
we decided to increase the concentration of the dispersed phase,
so in further experiments 40.0, 60.0, 80.0 and 90.0 wt.% suspen-
sions were used (0.088,0.178, 0.366 and 0.461 vol fraction, respec-
tively). The increase in sedimentation stability for concentrated
suspensions is due to the strong interparticle interaction that in-
crease the viscosity and reduce the sedimentation rate [31,32].
The suspension containing 90 wt.% of Bi; gFe; ,Sb0O; in PMS-300
had a very high viscosity, and upon its loading into a cell, air bub-
bles appeared which hindered dielectric measurements.

The analysis of dielectric spectra (Fig. 4) showed that the relaxa-
tion processes in Bi; gFe; ,SbO, suspensions in PMS-300 silicone oil
were not of the Debye nature. The dispersion of dielectric permit-
tivity and dielectric loss tangent of the suspensions depended on
the concentration of the dispersed phase (Fig. 4), due to the forma-
tion of percolation structures consisting of the dispersed phase
particles. The increase in the dispersed phase concentration shifted
the position of the dielectric loss tangent maximum towards lower
frequencies. This effect was accompanied by a sharp increase in di-
electric permittivity in the low frequency region. The frequency
dependences of dielectric permittivity for suspensions of
Bi, gFe; »Sb0O; powders were fitted to the Havriliak-Negami equa-
tion [33]: £* = £.. + Ag/(1 + (io7)*)P, where A = g9 — €., £¥ is
the dielectric permittivity at the circular frequency o, €q is the di-
electric permittivity of the suspension at the zero frequency, €. is
the dielectric permittivity of the suspension at an infinite fre-
quency, and « and 3 are parameters related to the distribution of
relaxation times.

Table 1 summarizes the results of the fitting of the experimental
data to the Havriliak-Negami equation. The relaxation times’ dis-
tribution becomes increasingly asymmetrical, with a shift towards
lower frequencies and with an increase in the dispersed filler con-
centration (Fig. 4a). According to the principle formulated by Hao
[34,35], the electrorheological effect should increase as dielectric
relaxation time and dielectric loss tangent values increase.

The calculated values of €q and €., (Table 1) allowed an estimation of
the dielectric permittivity of Bi; gFe; ,SbO- at zero and infinite frequen-
cies using the Lichtenecker equation [36],
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Fig. 2. A typical SEM image of Bi, gFe; ,SbO; powder (a) and particle size distribution
derived from SEM data and fitted to a lognormal function (b).

(here, ¢is the dielectric permittivity at zero or infinite frequency, ©yand
Os are the volume fractions of the dispersion medium and the dispersed
phase, respectively, and €fand €5 are the dielectric permittivity of the
dispersion medium and the dispersed phase, respectively). In our calcu-
lations, we used the fact that the &rvalue does not depend on frequency
in the 25-10° Hz range [37].
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Fig. 3. Sedimentation curves for the suspensions of Bi; gFe; ,SbO; particles (10 or 80 wt.%)
in PMS-300 silicone oil. Sedimentation ratio = (Vsyspension = Vsediment)/Vsuspension-
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Fig. 4. Dielectric loss tangent (a) and permittivity (b) of Bi; gFe; ,SbO; suspensions of
various concentrations (40 wt.%, 60 wt.%, 80 wt.%) in silicone oil as a function of
electromagnetic frequency.

The average €5 values for Bi; gFe; ,Sb0O- at infinite and zero frequen-
cies were 9.2 + 0.8 and 1240 + 150. A considerable decrease in €5 value
upon an increase in frequency (by a factor of more than 100) can be ex-
plained by taking into account the significant contribution of conductiv-
ity to the value of dielectric permittivity. A similar effect was also
observed for bismuth ferrites [38-40].

The observed dielectric relaxation behaviour in Bi; gFe; ,SbO;-based
ERFs cannot be reliably attributed to dipole or Maxwell-Wagner polari-
zation types, due to the similarity of the corresponding equations. At the
same time, the values of relaxation times (ranging from 0.0003 to
0.35 s) favours the interfacial polarization mechanism.
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Fig. 5. Frequency dependence of the conductivity of Bi; gFe; ,SbO, based ERFs with various
concentrations of the filler (40 wt.%, 60 wt.%, 80 wt.%).

To analyze the contribution of the ERFs’ conductivity to the polariza-
tion processes, we used a well-known relationship o4 = @ - & - € - tan
6. Fig. 5 shows that the conductivity of the suspensions at low frequen-
cies increased in the following order: 040y < Ogox < Ogox Thus, the polar-
ization of Bi; gFe;,Sb0O- particles in a constant electric field should
increase at high concentrations of the filler.

Fig. 6 shows the results of uniaxial tension measurements of the
ERFs at various filler concentrations and electric field strengths. These
data show that the increase in dispersed phase concentration resulted
in higher yield strength values (the maximum in tensile stress curves).
At a field intensity of 5 kV/mm, the yield strengths were 1.38,2.97, 10.95
and 16.80 kPa for Bi; gFe; ,SbO; concentrations of 40, 60, 80 and 90 wt.%.
The maximum in the stress-strain curves for the ERFs containing 40, 60
and 80 wt.% of the filler insignificantly shifted from (L - Ly)/Lo =~ 0.3 at E
=1kV/mmto (L-Lg)/Lo = 0.5 at E = 5 kV/mm, where Ly is the starting
value of the interelectrode space equal to the fluid layer thickness, L is
the current value of the fluid layer thickness under tension or compres-
sion. The stress-strain curves for a fluid containing 90 wt.% of the filler
had broader peaks (Fig. 6d). For this ERF, the maximum in the stress-
strain curve shifted from ~0.5 to ~0.75 upon an increase in the electric
field strength.

Young's moduli of the ERFs were calculated as the averaged values
for the slopes of the initial sections in the stress-strain curves (Fig. 6):
13.9 kPa (40 wt.%), 41.7 kPa (60 wt.%), 66.5 kPa (80 wt.%) and
72.0 kPa (90 wt.%). Thus, Young's modulus was higher for the ERFs
with a higher content of the filler. An increase in the filler content
from 80 to 90 wt.% resulted in an increase in the plasticity of the ESR
fluid. As a result, the maximum on the stress-strain curve shifted to-
wards higher values of relative stretching. Note that Young's modulus
for more concentrated ERFs increased with Ag, dielectric relaxation
time (Table 1) and the conductivity of suspensions at low frequencies
(Fig. 5).

Table 1
Parameters of the Havriliak-Negami equation for frequency dependences of the dielectric permittivity of Bi; gFe; 2SbO suspensions in PMS-300 silicone oil with various concentrations of
the filler.
Filler Eoo £ Ag o B t(s) Young's modulus
concentration, (kPa) in an electric
wt.% field
40% 2.68 4.2 1.52 0.93 0.65 0.00031 13.8
60% 3.10 7.20 4.10 0.95 0.50 0.0019 41.7
80% 3.85 23.20 19.30 1 0.35 0.35 66.5
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Fig. 6. Tensile stress curves of Bi; gFe; ;SbO; based ERFs containing various concentrations of the filler (a - 40 wt.%, b - 60 wt.%, c — 80 wt.%, d - 90 wt.%). The electric field strengths are

indicated in legends. o is the tensile stress.

Fig. 7 shows the results of the compression experiments at vari-
ous initial electric field strengths for ERFs with various concentra-
tions of BijgFe;;SbO;. The values of compressive strength
continuously increased with a change in compression ratio, due
to two factors. First, the field strength in the interelectrode gap
continuously increased as the electrodes came closer together. Sec-
ond, in an applied electric field, the particles of the filler formed
relatively rigid chain-like structures, and upon the compression
of the structured ERF the silicone oil squeezed out of the suspen-
sion resulting in an increase in the concentration of the filler.
Fig. 7 shows that the compressive strength of the ERF in an electric
field, P = F/S (here, Fis the force that is applied to the piston having
an area S), demonstrated an almost linear behaviour for 40 and
60 wt.% filler suspensions and a nearly parabolic behaviour for filler
suspensions of 80 and 90 wt.%.

At the same time, the compression of an electrorheological fluid can
be represented as a transformed shear flow [41]. When the fluid is com-
pressed in a cell between two parallel electrodes at a very low rate, the
effect of viscous forces can be discounted. In this case, the compressive
strength of an electrorheological fluid in an electric field can be
expressed in terms of the shear stress (7), and the geometry of the cell

D P-3h

[42] P = 57 7o, whence it follows that 7o =~

The compressive shear stress curves for ERFs with various con-
centrations of Bi; gFe; ;SbO, (Fig. 8) illustrate an almost similar
saturation behaviour. The curves contain the region corresponding
to viscoelastic compression, a transition region and the region
close to saturation. Each region corresponds to the following
regimes:

1. viscoelastic compression is due to the compaction of the structures
formed by the dispersed particles, the strengthening of the bonds

between the polarized molecules of the dispersion medium and filler
particles, and the formation and strengthening of the bridging struc-
tures in the fluid;

2. the transition region is associated with the beginning of the destruc-
tion of the structures in the fluid and the squeezing of the liquid from
the interelectrode gap;

3. squeezing of the electrorheological fluid from the interelectrode gap.

The length of each region and 7o value depend on the Bi; gFe; 2SbO;
concentration and the electric field strength. Thus, the compression
mechanism of the ERFs based on Bi; gFe; ,SbO- most probably does
not depend on the concentration of the filler.

The inflection points in the 7 ~ (Lo — L)/Lo curves shift towards
higher field strengths at a fixed concentration of the filler, and to-
wards higher strains upon the increase in the concentration of
the filler.

The electric field strength dependencies of shear viscosity and
shear stress at 16 s~ ! shear rate for the ERFs with various filler con-
centrations (Fig. 9) demonstrated classic behaviour. Up to certain
electric field strength values, the changes in shear viscosity and
shear stress values were insignificant, while with stronger electric
fields ERFs exhibited an increase in shear resistance. At a low filler
concentration (40 wt.%), the threshold electric field strength was
about 2 kV/mm, while with higher filler content it was 1 kV/mm.
Such a threshold-related electrorheological effect is typical for sys-
tems demonstrating the polarization mechanism of particle inter-
action [1-4].

We compared the efficiency of the electrical energy conversion
into mechanical energy for the ERFs containing various concentra-
tions of the filler according to previously reported recommenda-
tions [43,44]. For this purpose, the relative viscosities of ERFs



A.V. Egorysheva et al. / Powder Technology 360 (2020) 96-103 101

6 .
121 —=—uU=0V P ——uU=0V 3
——0,5kV o 5] ——05kv P
1,0/ ——10kV f‘ ——1,0kV P
——1,5kV P 4] ——5.0kv &
0,8 | 2,0 kV o K 2,0 kV P "
K ——25kV PR P < 5] ——25m o P
< ) - b 4
"‘_ 0,6 - ‘41“ "v,v b (“ v
bu A“‘ el “ v A
0,4 Ul 24 it
s < — < v
0,2 44::“""" o 1 44"‘:"“'
,2 <« v 00® B v
44:::'vv:0000000o000000...0.0.00"....... 653':“':'vv“.oo'n”uou“"’“'”““““”.
$¥Te000® Y oee0e®
0,0 Jai2R2s . : 1 : 0 jufiapei, . : ' :
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
(L,-L)/L, (L -L)/L,
0 0 0 0
(@) (b)
13 — P
12] —=—u=0V o 20 | et ¥
1] —e—0,5kV <
0] ——1,0kV &
9] ——1,5kv Py 15
8 ] 2,0 kV =
© < ©
. 7] ——25kv Py ~ £ 10
- v "o -
e &1 f"’( e =
5 ‘!,i' "v'
44 .4"‘ 'v"vv 5
3 “.(< v'v'v 1
24 4!““ w7 V'
- v
1 P :vva"vv T 0
[[EERAAMRES 2 ' b T T T
00 04 02 03 0,0 0,1 0,2 0,3 0,4 0,5
LI, (L)L,

(c) (d)

Fig. 7. Compressive strength curves of Bi; gFe; ;SbO; based ERFs containing various concentrations of the filler (a - 40 wt.%, b - 60 wt.%, c — 80 wt.%, d — 90 wt.%). The electric field strengths
are indicated in legends. o. is the compressive stress.

1,0
1804 —«—y=0V o ——U=0V <«
160 ] ——0,5kV i ——0,5kV PR
qa0] — 1KV - 084 . q0kv o
1 ——15kv L o ——1,5kV Pa
120 ] 20KV o 2 o6 20KV A .
100 ] — 25KV o o ——25kV 4 T
g ‘4 5 . pr—_ < "v"vvvv'vvv
- 80 < T 0,4 4 < v
e & 5
60+ ("‘ v'vV/ A 3 v'v'
] L 0,2 Rl
P A co00000® 1 &
20 T seeeee Fr,
o Jdiee 0.0 Ldieeee
00 01 02 03 04 05 0 01 02 03 04 05
L,LYL, L/,
(a) (b)
2,0 3,5
U=ov (1 <<
1,8 o« —=—U=0V s,
——0,5KV o 304 ——0,5kV )
1,6 ——1,0kV 4‘4" 1,0 kV
o 14— 15kv _‘;‘ 254 15k
L q2] 20V A S 20 20kv
o ——2,5kV < & 1 —«—25kv (11 v'v
o il
1,5 4 4.4':,1' .
1,0 t::'v o0 --.-.»00"”"
,U 4 M 00’
n-u""“
0,5 AT 00’
4"::’.. ’
{)
0,0 fiampuues . : . .
0,0 0,1 0,2 03 0,4 0,5 00 01 02 03 04 05
LY, LI,

(©) (d)

Fig. 8. Compressive shear stress curves of Bi; gFe; ,SbO; based ERFs containing various concentrations of the filler (a - 40 wt.%, b - 60 wt.%, ¢ - 80 wt.%, d - 90 wt.%) for various electric field
strengths.
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Fig. 9. Shear viscosity (a) and tangential shear stress (b) at various electric field strengths
for Bi; gFe; ,Sb0, based ERFs containing various concentrations of the filler at a shear rate
of 1671,

were plotted against the electric field strength (Fig. 10a). Our data
showed that the highest efficiency was reached for the ERF con-
taining 80 wt.% of the filler. Most likely, lower efficiencies for 40
and 60 wt.% suspensions were due to the loose interparticle con-
tacts, while 80 and 90 wt.% suspensions reached the percolation
threshold allowing for strong contacts between the filler particles.
On the other hand, liquid-depleted strong contacts between the
particles in 90 wt.% suspension resulted in a high yield strength
and high viscosity of the corresponding ERF and reduced its
electrorheological efficiency.

The formation of strong interparticle contacts in highly concentrated
(80 and 90 wt.%) suspensions was corroborated by the density of the
electric current flowing through the interelectrode gap measured at
various electric field strengths and filler concentrations (Fig. 10b).

The data presented in Fig. 10 can also be discussed in terms of
the mechanism of suspensions’ behaviour in an electric field [45].
Highly non-linear dependence of the relative viscosity vs electric
field strength for the ERF containing 40 wt.% of the filler indicates
that the increase in the electric field strength results in significant
changes in both the distances between the particles and their po-
larization. On the other hand, almost linear dependencies for the
highly concentrated suspensions indicated that the dense interpar-
ticle contacts inherent to these systems prevented the changes in
interparticle distances upon the application of the electric field.
At this point, the polarizability of the particles in the liquid
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Fig. 10. (a) Electrorheological efficiency for ERFs with various filler concentrations; (b) the
electric current density vs electric field strength for ERFs with various filler concentrations,
an interelectrode gap was 1 mm.

T T
0 500 1000

remained constant and electrorheological effect varied proportion-
ally to the applied electric field.

4. Conclusions

Superfine powders of pure Bi; gFe; ,Sb0,, with a pyrochlore struc-
ture and containing hierarchically organized ~200 nm spherical parti-
cles, were synthesized via the microwave-hydrothermal method. The
dielectric characteristics of the suspensions of Bi; gFe; ,SbO in PMS-
300 silicone oil, (dielectric permittivity, dielectric loss tangent and con-
ductivity), as a function of Bi, gFe; ,SbO7 concentration in the frequency
range of 25-10° Hz, were studied. The values of the dielectric permittiv-
ity of Bi; gFe; ,SbO5 superfine powders at zero and infinite frequencies
were calculated using the Lichtenecker equation. The electrorheological
effect in the Bi; gFe; ,SbO; suspensions under an applied electric field
with strengths up to 5 kV/mm was studied for the first time in tensile
stress, compressive strength and shear stress modes. The high value of
the electrorheological effect (yield strength of ~20 kPa at 5 kV/mm)
was due to the considerable contribution of conductivity to polarization.
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