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Experimental investigation of the frequency dependence of the electrorheological effect
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The frequency dependence of the electrorheological response was studied experimentally in a suspension of
barium titanate spherical particles suspending in silicone oil. In the system, only one factor, namely the
frequency of the applied electric field, affects the electrorheological effect. The experimental data reflect the
frequency effect more reliably and more accurately. Under the sinusoidal electric fields, the shear stress
increases sharply with frequency below 500 Hz and reaches a saturated value beyond 500 Hz. The phenomena
can be explained well with the permittivity mismatch theory. More experiments indicate that the electrorheo-
logical effect should be the sum of the mismatch polarization and the interfacial polarization.
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I. INTRODUCTION ~.sE(co) &)
=
Small solid particles suspended in an insulating liquid al- Blw) Ep(w) + Zél(w) 2)

ways arrange themselves into chains, and subsequently into
columns under an external electric field. At the same timeand
the rheological properties, such as viscosity and shear stress
of the two-phase suspension, change greatly and the suspen- ,_ (op= 09+ 0’efep(w) = gf(w)?
sion shows a solidlike behavior at high electric field3. |B(w)]*= (0 + 2002 + 026 6.(w) + 28((w) 2 (3)

. d p f oLep f
These phenomena have attracted considerable attention due
to the potential applications in the industry. The rheologicallt is concluded that the shear stress of ER fluids is dependent
behavior is generally attributed to the formation of particleon the permittivity of the particles, the permittivity of the
chains or particle columns formed in the insulating liquid, iquid, the amplitude of the external electric field, and the
which are induced from the interface polarlzatICdDuble- partide Size, as well as on the angu|ar frequemﬂ-f of
layer model[1,2]) or from the volume polarizatiotpermit-  the applied electric fields.
tivity mismatch model[3,4]) of the particles under electric Many experiments have been carried out to study the

fields. : .
. rheological dependence on the permittivii,6,7, on the
The double-layer moddlL,2| supposes there is a double . hjivide of the electric fieldl], and on the particle size
electric layer around the solid particles which are suspende?a] Agreements have been obtained between experiments
in an insulating liquid. Under electric fields, the double layer: "
: X .2~ and theory. However, the frequency dependence of ER prop-
is polarized, deformed, and elongated, and the pOIarlzatIOﬁrties is not very clear because of complex experimental con-

dominates the electrorheologic@R) effect. The model is ii The ob d oh tradict F
very successful in surfactant-activated ER systems, espé’—I lons. The observed pheénomena are contradictory. For ex-
@ample, in some water-free ER systems, the shear stress

cially in water-activated systems. However, after the appear’ ; X o
ance of water-free or so-called surfactant-free ER fluids, thé'créases monotonically with frequen¢$,9,1d, while in
model is replaced by a permittivity mismatch model which mo_st of the surfactant-activated systems, espec_lally water-
supposes that the volume polarization, and not the interfac@ctivated systems, the shear stress decreases with frequency
polarization, dominates the ER effect. [11]. Another complex relationship has also been reported in
According to the mismatch modg,4], the shear stress is the literature[12]. Generally, the dissimilarity is attributed to

proportional to the square of the dipole moméhbof the the surfactants on the p_art|cles. Howgver, even in the

. . . - . . surfactant-free systems, different ER fluids show different
particles. The induced dipole momenif a uniform spheri-

cal particle with a complex dielectric permittivitg,(w) frequency behaviors. In the glass particle/vacuum pump oil
= (@) +oylieqw [€,(w) and o, are the relative dielectric water-free systems, the shear stress decreases with frequency

constant and electric conductivity of partigewhich is sus- [13]. In the zeolite/silicone oil systems, the stress is nearly a
pended in a liquid with a complex permittivitig(c) constant with increasing frequen¢¥4]. In KNbOg4/silicone

- : oil ER fluids, the shear stress increases with frequgbty
=&i(w)*+oilie, can be expressed by Up to now, no systematic explanation has been given on the
|5(w) :4W60r3Rdj~€p(w)]B(w)élocal(w)v (1) frequency dependence of the ER effect. Therefore, the fre-
. quency dependence of the ER effect has not been sufficiently
wherer is the radius of the particleg,,.,(w) is the local  understood.
electric field, ang3(w) is the mismatch factor, which is given The particle materials used in ER fluids are insulating
by [5] ceramic powders, semiconductors, metal or polymers, or
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even core-shell structured particulafésl5. The permittiv-  on opposite faces as electrodes. After measuring their capaci-
ity of the materials is usually complex, depending on thetance and loss angléan 6), the dielectric constant and ac
frequency of the external alternating electric fi¢ld, as is  conductivity were calculated. When measuring the dielectric
the liquid permittivity. When we vary the frequency of the constant and electric conductivity of the silicone oil, the sili-
external electric fields to measure the frequency dependen@®ne oil was filled into a capacitor consisting of two parallel
of the ER effect in experiments, the frequency not only in-electrodes. The details were described in RE8). Because
fluences the ER effect directly, but it also changes the paref the limit of the impedance analyzer, the dielectric mea-
ticle permittivity, which also controls the ER effects. From surements were carried out only at low voltagel V).
Eq. (3) and the experimental studi¢6,7,16,17, it is very The rheological measurements were performed on a
obvious that the particle permittivity has great influences ommodified NXS-11 model rotating cylinder rheometer
the rheological characteristics of ER fluids. Therefore, thqChengdu, China ER fluids were poured into the gap be-
frequency dependence of the particle permittivity makes theween the bob and the cup of the rheometer. The whole
experimental investigations on the frequency dependence ghmple system was immersed in an oil bath where the tem-
the ER effect very difficult. In the reported literature, the perature was controlled at room temperature. The details
measured frequency dependence of the ER effect usuallyere described in Ref19].
contained both the frequency-induced permittivity contribu-  In experiments to measure the shear stress of ER fluids
tion and the direct frequency contribution to the ER effect.under electric fields, a self-designed high-voltage ac power
From experiments, we cannot distinguish which parametesupply was used. The sinusoidal voltage output
(permittivity or frequency causes the decrease or increase oEUsin(wt) and its frequencys=27f were continuously ad-
the shear stress and how the shear stress increases or flgstable. It provided a 5—2000 Hz sinusoidal wave across
creases with frequency. This should be one of the importantR samples, of peak amplitudg, ranging from 0 to
reasons why the contradictory results have been observed @noo V. The dc biasing voltage was zero. When the fre-
the frequency dependence. Therefore, in order to understarfliency was changed, the voltage amplitudieapplied on
the unequivocal relationship between frequency and the ERR fluids usually varied5] because of the resonance be-
effect, an ideal electrorheological system, in which particlerween the power supply and the capacitor consisting of the
permittivity is frequency-independent, should be employed.hob and the cup of the rheometer. Simultaneously, we ad-
In this paper, we choose barium titanate/silicone oil sysjusted the power supply to hold the voltage amplitude on ER
tems as ER fluids to carry out an experimental study of thejuids. At high frequency and high voltage, the sinusoidal
frequency dependence of the shear stress, in which botjaveform was always distorted into a trapezoid waveform.
barium titanatéBaTiOs) permittivity and silicone oil permit-  |n order to apply a sinusoidal wave on ER fluids, an ac/dc
tivity are independent of frequency. In order to avoid theoscilloscopgSanke HZ4318, Chinavas used to monitor the
effect of the interfacial polarization, the system is surfactantwaveform of the ac electric field, and to measure the electric
free. Under our experimental conditions, only one factorfield amplitude simultaneously. The dc electric figlde-
namely the frequency of the applied alternating eleq@@  quency is zerpwas provided by a dc power suppiBeijing,
field, varies while all the other parameters, such as the peching.
mittivity and the electric fields, etc., are constant. The experi-
mental data should reflect the more reliable and more accu- IIl. RESULTS AND DISCUSSIONS

rate relationship between the frequency of electric fields and BaTi0O; is a ferroelectric material below 120°C. At room
the ER effect. temperature, the permittivity of this compound is nearly in-
dependent of frequency in the low-frequency region, al-
though it decreases with frequency in the radiofrequency and
higher-frequency region0]. Figure Xa) represents the ex-
ER fluids consisted of spherical BaTj&ingle-crystal perimental data at room temperature. The dielectric constant
particles suspended in silicone oil. BaEiGingle crystals of BaTiO; decreases so slowly that it can be considered a
were ground to particle powder, sieved, and then thermallgonstant at the frequency range from 5 to 2500 Hz. The per-
sprayed. During the thermal spray, the outlayer of the irregumittivity of silicone oil is also nearly a constant in the range
lar particles was semimelted under high temperature and thef 5—2500 Hz; see Fig.(h). We suspended BaTiparticles
particles became spherelike because of surface tension. Theo silicone oil as ER fluid. When we adjust the frequency
obtained spheres were single crystdl8]. After being ther-  from 5 to 2500 Hz and hold the voltage amplitudg on ER
mally sprayed, the particles were washed with de-ion watefluids, there is only one parameter, namely the frequency of
and sieved again. The average diameter of the particles wake applied electric fields which influences the ER effect.
35 um. After being dried at 110°C in vacuum to evaporateThus the system consisting of BaTiQarticles suspended in
any water, the particles were mixed with silicone oil. Thesilicone oil should be an ideal system to investigate the fre-
silicone oil was boiled in vacuum for 30 min before being quency dependence of the ER effect.
mixed with the particles in order to minimize the absorbed In the ER fluids, the spherical particles are employed as
water. the suspended solid particles, and a sinusoidal electric field
The dielectric measurements were carried out on aJ=Ugsin(wt) is applied on ER fluids. Spherical particles and
HP4192A impedance analyzer. Bagi®ingle-crystal pow- the sinusoidal wave will simplify the theoretical calculation
ders were compacted into a disk. Metal Au was evaporatedf the ER effect.

Il. EXPERIMENT

021507-2



EXPERIMENTAL INVESTIGATION OF THE FREQUENCY.. PHYSICAL REVIEW E 70, 021507(2004)

1400 400 a —w— E=741V/mm
1200 350 —A— E=555V/mm
= OO L
° ©° oe° s i e E=370V/mm
1000 |- & I —a— E=185V/mm
\‘;’/ 250
800 C g 200
® 600 @ 150 L
L 5 i
100 |
400 - o i
3 a 0 501
200 L
L 0+
0 R | PRI | A Ll T L1 ] L L L L
1 10 100 1000 0 500 1000 1500 2000 2500 3000
5.0 Frequency (Hz)
40 10Fp ,-__..‘I-l----l ------------ W -
30t o8l %
I O OQDO0OdOmmn 0O OO0 0 O000mnmmn O O 00OT] 7 L 1
| C o6l W 741V/imm
20 - H
2 T |
r g 04 m : experimental data
10 - b 5 Fof e : fitted line
L Z 02} |
00 b [ i
1 10 100 1000 wE . . . .
Frequency (Hz) 0 500 1000 1500 2000 2500
Frequency (Hz)

FIG. 1. Frequency dependence of dielectric constantgapf

BaTiO; and(b) silicone oil. FIG. 2. (a) Shear stress of single-crystal BaTillicone oil ER

fluids at different electric field}p) normalized shear stress depen-
dence of frequency &=741 V/mm. Solid squares are experimen-
tal data. Dashed line is calculated according to@By.Volume ratio
32%, shear ratey=2.509/s.

Both ac conductivity of the solid particles and that of the
silicone oil increase with frequency linearg9]. In our ex-
perimental range 5-2500 Hz, the conductivity follows
o(w)=0oqw, where 0o(BaTiO;)=1x 10715 S/m,
ay(silicone 0i)=1.4x 1013 S/m. discrepancy can be explained in the field dependence of the

Fixing the effective voltagé| across ER fluids, the shear conductivity.
stress of ER fluids is measured at different frequency by In ER fluids, the local electric field between two particles,
adjusting the power supply. Figurga shows the shear Ey.,=Eq+(4.808/4meqe;d®)P (d is the distance between
stress versus frequency at different electric fields. Here thevo particles, is usually much higher than the external ap-
effective voltage|U|=|Ugsin (wt)|=(12/2)U, is used. The plied electric field§22]. Because the conductivity of BaTiO
electric fieldE=|U|/L, whereL is the gap between the bob varies with the strength of the electric fielf@3] and the
and the cap of the rheometer. In the paper, the shear stressasnductivity of the silicone oil is nonlinedR4], the higher
defined asr=7E)—-(0), where(E) and 7{(0) are the appar- local electric field will cause the much higher conductivities
ent shear stress of the ER fluids under electric fieldnd  of BaTiO; particles and silicone oil. In other words, in cal-
without electric field, respectivelyr is usually EY(y~1  culation, we should use the conductivity under local electric
-2)-dependent. fields (i.e., o,=4.03X 10° S/m), not the experimental val-

The experimental tendency is very similar to the theoryues measured at the low fieldse., o,=1x 107> S/m).
proposed by Davi§21]. According to the theory, the shear Figure 3 shows the electrical current versus frequency.
stress increases sharply with frequency and saturates beyomf€ current passing through ER fluids increases very slowly
100 Hz. This is the first time to our knowledge, that a sharpwith frequency below 100 Hz, increases abruptly in the
increase with frequency is observed in experiments. In prel00—500 Hz ranggsee the insgt and increases linearly
vious literature[5,9,10, the shear stress usually increaseswith frequency in the high-frequency regiohe . The
slowly with frequency in the range of 0—2500 Hz. If we Ohmic rule is only obeyed in the high-frequency region, not
calculate 82 using Eg.(3) with parameterse,=1199, ¢ in the low-frequency region. The different behavior can be
=2.75, 0,=4.03% 10°S/m, andoy=7.47x 108 S/m, the easily understood from E¢3). At low frequency, Eq(3) can
theory fits the measured data very wiaee the dashed line be reduced tg@.— (o~ 0o1)/ (0, +207%), and the conductivity
in Fig. 2b)]. The excellent agreement indicates that the misimismatch dominates the ER effect. At high frequency, Eq.
match polarization model can explain the ER effect well in(3) is reduced to8y— (e,— &)/ (gp+2¢¢), and the dielectric
water-free and non-coating-particle ER systems. Howevemismatch dominates the ER effect. With increasing fre-
the fitted conductivities of the particles and the silicone oilquency, the ER fluid passes from the conductivity-dominated
are much higher than the measured values. The origin of theegime to the dielectric regime. At a different region, the
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current shows different behavior with frequency. In the fre- FIG. 4. Shear stress vs electric fields at different frequency in
guency region from 5 to 200 Hz, both the conductivity andsingle-crytal BaTiQ/silicone oil fluids. Inset is the enlargement of
the dielectric constant should play roles in the ER effect andhe shear stress dependence of electric fields under dc fields. Shear
the current shows a complex behavior. It is seems thatate y=2.506/s, volume ratio 26%.

100 Hz is atrans-point from the conductivity-dominated re-

gime to the dielectric regime. _ see Fig. 5. The shear stress also increases sharply with fre-
The electric-field dependence of the shear stress at diffeuency below 100 Hz but increases slowly at high frequency

ent frequency can give some clues to the polarization mechasyer 250 Hz. No saturation is observed even up to 3000 Hz.

nism. Figure 4 gives the electric-field dependence of therpe gifference between single-crystal-particle ER fluids and

shear stress for different volume fractions at different fre- ; e ;
. polycrystal-particle ER fluids is probably due to the multido-
quency. Under dc fields, the shear siress shwdepen- main structure in polycrystal particles. However, more ex-

dence; see the inset in Fig. 4. At high frequency, the Sheargerimental study is needed to explain the phenomenon.

stress isE?-dependent. It is obvious that the power Bf
approaches 2 with increasing frequency. It is also obvious The frequency dependence of the shear stress for other

: - h as the triglycine sulfate
that the ER effect shows different behavior at low frequencysyStemS' suc - .
and high frequency, which indicates different mechanismst | S (CH.CH,COOHH,SQO,)/silicone oil water-free sys-

the former is conductivity mismatch and the latter is dielec-tem. has also been measured. Similar phenomena are ob-
tric mismatch. served. The shear stress also increases sharply with fre-
Grinderet al. [25] investigated the time dependence of thequency below 100 Hz and saturates at high frequency. The
barium titanate fluids with a unipolar square wave and &lielectric constant of TGS particles is also independent of
bipolar square wave at 5 and 10 Hz, respectively. The timéhe frequency in the range of 5-2500 F25].
dependence of the dipole moment was expresse&®(8s All of the above experiments are carried out on water-free
=4mreqge *Eol B+ (By—B)eV"], where the characteristic ER fluids. If water on the surface of the particles is not
time 7=gq(ep+2¢¢)/ (0p+20%). They found the polarization removed totally(for example, 0.06% water on the surface of
is mainly dominated by the bulk polarizatignonductivity  the particley the shear stress first decreases with frequency,
mismatch and dielectric mismatckvhile the surface polar- down to 155 Pa at.=86 Hz, and increases until it saturates
ization mechanism also exists. When polarized, the chargbeyond 300 Hz, as shown in Fig. 6. The critical frequefcy
carries in the barium titanatenainly holeg are carried to the (at which the shear stress is lowgisicreases with the size of
particle surface on the time scatelt was concluded that the the particles. If the water content is highe., >0.1%), the
shear stress will increase with the frequency when frequencghear stress will decrease with frequency on the whole fre-
f>1/7 for the system(here 1/~ 30 H2). The conclusion quency range, as reported by WEY]. lonic impurities on
supports our observation of the increasing of shear streste interface of solid particles will redistribute and induce
with frequency. double-layer polarization under electric fields. Under these
BaTiO; polycrystal spherical particles are also employedconditions, the interfacial polarization should be taken into
as ER fluid particles. Similar behavior has been observedaccount. In real ER fluids, the ER effect should be the sum of
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FIG. 5. Frequency dependence of the shear stress of polycrystal
BaTiO; particles/silicone oil system. Volume ratio 10%, shear rate
vy=15.89/s,E=365 V/mm.

FIG. 6. Frequency dependence of shear stress of water-
contained single-crystal BaTiilicone oil ER fluids. Water con-

tent is about 0.06%. Volume ratio 16%=1000 V/mm, shear rate
interfacial polarization and volume polarizatigi,25]; the  y=2.509/s.

former usually decreases with frequeri@y while the latter

increases[6,7]. Depending on which kind of polarization eR fiyids and in much of the reported literature, the ER
dominates the ER effect, the shear stress increases or dggect always decreases with frequency.

creases with the frequency of the external applied electric In summary, an ideal ER fluid system, BaTi®ingle-
fields. Whgn the water content on the _particles is low or thecrystal spheres/silicone oail, is employed to investigate the ER
surfactant is free, the volume polarization plays a role in thetnechanism through measuring the frequency dependence of

ER effect and the shear stress increases with frequency, 45, £r effect. B f th ittivity ind d f
we observed here and reported in Ré&f. With the increase © erect. Because of e permittivity Independence o

shear stress decreases with frequency, as in[Réf. If the
two polarizations are balanced, the shear stress is a const

with frequency or shows a complex relationship with fre- shear stress increases sharply with frequency below 100 Hz

quency, as observed here. This should be the_ reason why hd reaches saturated values quickly at high frequency. This
always observe a decrease of the ER effect with frequency i, . omenon can be explained in terms of the mismatch of

the surfa:ccttﬁntl-EaRctivf?tesl_ systems, V‘;h'lf V\t'i obser\f[e an Mpe permittivity between particles and the fluid. However, if
crease ot Ine efiect in many surtactant-iree Systems. yhare js some water in the systems, the interfacial polariza-

In addition, if the dielectric properties of the particles varyF%in should be taken into account. The total ER effect should

articles and sinusoidal ac electric fields are employed in
er to simplify theoretical calculation. It is found that the

with frequen_cy, the relationship between the.shear SUess ang the sum of two kinds of polarizations, namely interfacial
frequency will become more complex. In this case, the E

ffect not onl f the f but also f th olarization and volume polarization. Based on the experi-
eftect not only comes from the fréquency, but a'so ITom €y, niq) resylt, we give a reasonable explanation for the dif-
dielectric properties of particles, as shown in Réf7]. Most

. ; . ferent ER-effect—frequency behaviors in the literature.
of the previous experiments have been carried out under this 9 y

corlidition.. However, because the permittivity of most used ACKNOWLEDGMENT

solid particles decreases greatly with frequency, as reported

in [27,28, the frequency usually indirectly weakens the ER  This work was financially supported by the National
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