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Abstract—In surfactant-activated electrorheological (ER) suspensions, the ER response shows linear ER behavior
(tT0E2) at small surfactant concentrations and nonlinear ER behawiéf, (n<2) at large surfactant concentrations. A
surfactant bridge model was proposed to explain the nonlinear ER behavior at large surfactant concentrations with some
assumptions. The proposed model successfully predicted the qualitative nonlinear ER behavior of surfactant-activated
ER suspensions at large surfactant concentrations. Here, the surfactant bridge model is expanded to predict the electric
field frequency dependent ER behavior of surfactant-activated ER suspensions. The developed surfactant bridge model
can predict both the linear ER behavior at small surfactant concentrations and the nonlinear ER behavior at large
surfactant concentrations. Furthermore, this model can predict two different types of the electric field frequency
dependent ER behaviors of surfactant-activated ER suspensions, which depend on the amount of surfactants.
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INTRODUCTION factants are also used to “activate” suspensions. Some suspensions
display little or no ER activity unless a small amount of water or
The electrorheological (ER) response is defined as the dramatisurfactant is added, while other suspensions exhibit a significantly
change in rheological properties of a suspension of small particlesnhanced response with activators present [Petrzhik et al., 1980;
due to the application of a large electric field transverse to the diTrapeznikov et al., 1981; Kim and Klingenberg, 1996]. Enhancing
rection of flow. ER suspensions are typically composed of honconER activity with surfactants offers advantages over other approaches,
ducting or semiconducting particles dispersed in a nonconductinguch as adding water which severely limits the allowable tempera-
continuous phase. A large ER effect was first reported by Winslowture range of operation, promotes corrosion, and also increases sus-
[1949]. Although many ER devices, such as dampers, clutches, angension conductivity and power consumption. Furthermore, addi-
adaptive structures have been brought successfully to the prototygienal independent variablese( type and amount of surfactants)
stage [Shulman et al., 1981], and despite much industrial activitgive flexibility to designing desired properties that is not possible
in the U.S. and abroad, there are currently no commercially availby simply varying the materials of the disperse and continuous phases.
able devices. The main limitation of ER technology development Surfactant influences the ER response in two different ways. At
is a lack of effective fluids [Hartsock et al., 1991; Weiss and Carlsonsmall surfactant concentrations, it enhances the ER response by en-
1993]. Our inability to design effective fluids stems largely from a hancing the particle polarizability; at large concentrations, the re-
lack of a fundamental understanding of the mechanisms that corsponse degrades (nonlinear ER response). The ER enhancement at
trol ER behavior. To design effective fluids, surfactants have beesmall surfactant concentrations arises from the enhanced interfacial
added to ER suspensions [Petrzhik et al., 1980; Trapeznikov et applarization due to the increased particle surface conductivity by
1981; Kim and Klingenberg, 1996] or semiconducting polymer parti-the adsorbed surfactants. For the nonlinear ER response at large
cles have been employed to enhance the particle polarizability [Goodurfactant concentrations, it was proposed that the nonlinear ER
win et al., 1997; Kim and Park, 2002a, b; Kim and Song, 2002].response arose from the formation of surfactant-rich phase between
Also, the yield stress scaling function for ER fluid [Choi et al., 2001] particles induced by the applied electric field [Kim and Klingen-
and the effect of two polarizable particles on ER behavior [Kim etberg, 1996]. A surfactant bridge model was proposed to explain
al., 1999] were investigated to understand the mechanisms. the nonlinear ER behavior at large surfactant concentrations based
Surfactants are added to ER suspensions for a variety of reasona the following assumptions: the surfactant adsorbed particles are
[Winslow, 1949; Petrzhik et al., 1980; Trapeznikov et al., 1981; De-very conductive and therefore the potential drop in an ER chain oc-
inega and Vinogradov, 1984; Block and Kelly, 1988; Gast and Zuko-curs mainly in the continuous phase.,(the particles were taken
ski, 1989; Jordan and Shaw, 1989; Kim and Klingenberg, 1996fo be equipotential) and the continuous phase is an ideal dielectric
Chin and Park, 2001] and can be used to tailor suspension propematerial [Kim, 2001]. The proposed model successfully predicted
ties. They are often used to promote colloidal stability, which is necthe qualitative nonlinear ER behavior of surfactant-activated ER
essary to keep particles from irreversibly flocculating, and to con-suspensions at large surfactant concentrations. However, the model
trol rheological properties in the absence of the electric field. Sur-cannot predict the electric field frequency effect on the ER behav-
ior of surfactant-activated ER suspensions due to the imposed as-
To whom correspondence should be addressed. sumptions.
E-mail: youngdae@chonnam.ac.kr In this paper, we develop a surfactant bridge model by remov-
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ing the assumptions and expanding to predict both the linear El 00—
behavior at small surfactant concentrations and the nonlinear El I —O— E=05kV/mm |
behavior at large surfactant concentrations. The developed surfa —— E=1.0 kV/mm
tant bridge model can predict two different types of the electric field 8 —A— E=15%kV/mm |

frequency dependent ER behaviors and the ER behaviors over tl
entire range of surfactant concentrations of surfactant-activated El
suspensions.

—7/— E=2.0kV/mm -

MATERIAL AND METHODS

Yield Stress (Pa)

The neutral alumina particles employed (Aldriol%3,970 kg/
m®, average pore diameter=A were approximately spherical 2
and sieved to obtain diameters in the range of g8rdMNonionic
surfactant investigated was Brij 30,4&,{(OCH,CH,),OH, Ald-
rich). The particles were dried for 3 hours under vacuti gsig)
at 58°C (“dried”). Alumina suspensions were prepared by first add-
ing the desired amount of surfactant to silicone oil (General Elec Brij 30 Concentration (wt%)
tric, N,=0.0968 Pa- =968 kg/nj). The particles were then added
to the surfactant solution and stored in a desiccator to minimize co
tact with air. Suspensions were allowed to equilibrate for at least
24 hours before experiments.

Rheological experiments were performed &(28n a Bohlin  thasarathy and Klingenberg, 1996] describes the yield stress in terms
VOR rheometer fitted with parallel plates, and modified for the ap-of the electrostatic force acting between particles, induced by the
plication of large electric field. Potential differences were suppliedapplied electric field---this force increases quadratically with the
by a function generator (Stanford Research Systems, model DS34particle polarizability for weakly polarizable particles. Surfactants
and amplified with a Trek amplifier (model 10/10). Experiments readily adsorb to the particles and, together with adsorbed water,
were conducted with an electric field frequency of 500 Hz. Valuesplay a role to increase the surface conductivity on the particle [Kim
for the dynamic yield stress were determined by extrapolating thend Klingenberg, 1996]. As a result, interfacial polarization would
shear stress-shear rate data to zero shear rate, using data overlibeenhanced, enhancing the ER response.
range of shear rate, 0.01<g7<0.1 §". At large surfactant concentrations, above the maximum in the

Suspension capacitance and loss were measured with a Flukgeld stress (Fig. 1), the yield stress scales agEre n<2, a feature
impedance analyzer (Fluke 6306A RLC meter), which probes frethat is not captured by enhanced linear interfacial polarization. The
guencies in the range of 50 Hz to 100 kHz, and operates with paionlinear ER behavior does not arise from dramatic changes in the
tential differences in the range of 0.01-1.0 V (rms). A three-termi-suspension dielectric properties with surfactant concentration at small
nal, guarded dielectric cell was employed. The conductivities of suselectric fields. Dielectric properties of neutral alumina suspensions
pensions and their supernatants were measured by using a pidaerease smoothly with surfactant concentration, showing no abnor-
ammeter (Keithley 485). mal behavior. Kim and Klingenberg [1996] proposed that the non-

The adsorption isotherm of Brij 30 on neutral alumina particleslinear ER behavior arose from the formation of surfactant-rich phase
in silicone oil was obtained spectrophotometrically (Beckman DU between particles induced by the applied electric field. Also, Choi

0 1 2 3 4 5 6 7 8

rEig. 1. Yield stress as a function of Brij 30 concentration for 20
wt% neutral alumina particles in silicone oil (f-=500 Hz).

series 60 Spectrophotometer) at a wavelength of 276 nm. et al. [2001] proposed a scaling function to explain the transition of
linear and nonlinear ER behavior by incorporating both the polar-
RESULTS AND DISCUSSIONS ization and conductivity models.

A surfactant bridge model was proposed to explain the nonlin-

The dependence of the yield stress on Brij 30 concentration igar ER behavior at large surfactant concentrations. The proposed
presented in Fig. 1 for 20 wt% neutral alumina suspensions in siliodel successfully predicted the qualitative nonlinear ER behavior
icone oil. The yield stress initially increases with surfactant con-of surfactant-activated ER suspensions at large surfactant concen-
centration and then passes through a maximum; the surfactant canations. However, the model cannot predict the electric field fre-
centration at the maximum is insensitive to the applied electric fieldquency effect on the ER behavior of surfactant-activated ER sus-
strength E especially at large electric field strengths. At small Brij pensions due to the imposed assumptions: the surfactant adsorbed
30 concentrations, the yield stress scales with the electric field strengfiarticles are very conductive and therefore the potential drop in an
squared (linear region). However, at larger Brij 30 concentrationdER chain occurs mainly in the continuous phase and the continu-
(>3 wt%), the yield stress deviates from the field squared dependenaoas phase is an ideal dielectric material [Kim, 2001]. Here, we de-
increasing approximately with] Bhere n<2 (nonlinear region). velop a surfactant bridge model by removing the assumptions made

In the linear region, the ER enhancement arises from the interfan the surfactant bridge model and expanding to predict the electric
cial polarization. The yield stress increases with surfactant concerfrequency dependent ER behaviors of surfactant-activated ER sus-
tration and is proportional to the field strength squared. The elecpensions.
trostatic polarization model [Klingenberg and Zukoski, 1990; Par- Consider two particles adsorbed with surfactants and connected
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| whereE;(X) is the resultant electric field throughout the particles.

| Eqg. (6) does not agree with Sher [1968] and Phol and Crane [1972]
: who represent the force as
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Eqg. (6) and Eq. (7) differ in that the complex conjugate dielectric
constant in Eq. (7) is replaced &ydielectric constant). It can be
shown that the result fé#* from Eq. (7) fails to the proper low
frequency limit. Jones and Kallio [1979] explained that the failure
at low frequency limit results from the applicatiorepf  to the fac-
tor of & and the factoi;, comes from Gauss’ law and only affects
the magnitude (not the phase) of the electric field contribution caused
by the effective dipole.
The integration in Eg. (6) is to be performed over the volume of
Fig. 2. The geometry of two particles with a surfactant bridge and  the particle. As Sher [1968], assuming that the media are homoge-
surfactant films on the particle surface. neous and isotropic, and a particle is a sphere the size of which is
sufficiently small so that over its extent the impressed field is uni-
with a surfactant bridge under the AC electric fi€lglx, t)=E(X) form to a first approximation, then the internal field is also uni-
e’4). The system is described in Fig. 2, wheré=¢,-jg/c) is  form. Therefore, Eq. (6) can be written
the complex dielectric constant of the particle which is considered .
the same as that of the surfactant adsorbed partigipstd e; oo = — nazReaj[ sQ-5LE, EE?}H ®
(=60l is the complex dielectric constant of the continuous phase. 0 & O
In a real system, the assumptions of the equipotential and ideal di-
electric particles and continuous phase have limitations. The value of unifornt, can be taken as that at x=aind is
For the system, we can write the following equations:

= s;(2a+d)/h( rbr) (9)
Ei(x, Dh(X)+E,(x, t)(2a+d-h(x))=Eq(x, t)(2a+d) @ " g *e(2atd ~h(r)Yn(r)
and Combining Eq. (8) with Eq. (9), and note tBatE, and
EE (X, )=EE}(X, 1) @ E,[E, =|E)f =E2, (10)

whereE; (x, 1) is the complex electric field in the gap between the the force can be written

particles,E(x, 1) is the complex electric field in the particles, d is . R

the gap between the particles at x=0, and h(x) is the distance betweenps'=- naznggRe{%l-fg 0 &(2a*d)h(r,) } (11)
the two particle film surface at location x. h(x) is given by & [, +&i(2a+d ~h(r)Vh(rs,)

h(x)=d+2a{1-[1- (x/a}]“3. ©) where E is the rm.s value of electric field strength. The Eq. (11) can

o _ _ _ be rearranged by substitutigigre—jofwand replacing;, by €.
Therefore, the electric fields in the particles are given by
=g (1+G(ry,))ES

E;(X) =— n :E’;(Zi“‘d_yh(x) E;(X) (4) (sacl _sf)(gact +G(rbr)sf) +(Uact _O'f)(o'act +G( rbr) O-f)/("’2 (12)
& *&(2a*d~h(x)h(x) (Eac*G(1) &)’ +(Oua* G(1r) )76
The force acting between the particles will be composed of theyhere
electrostatic force and the force associated with surface free energy.
The electrostatic force under the time varying field can be obtained gy, ) —2a*d ~h(ry) 13)

from the electrostatic energy. The time average electrostatic energy h(r.)

under the time varying field is represented by [Jackson, 1975]  G(r,) is a geometric factor depending on the size of the surfactant
1 L bridge between the particles, the gap between the particles, and the
Usiee=7J, RE(E (D (x)aV, ®) particle radius.

o The force acting between the particles is the sum of the electro-
whereE'(x) is the time varying electric field a2 (x) s the con- static force and the force associated with surface tension. Mason
jugate of the time varying displacemeit(k)=¢ E"(x)). and Clark [1965] derived the following equation for the cohesive

Force is given by taking the negative gradient of Eqg. (5) force between the spheres:
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F"=2kmycosd (14) W, is given by

whereyis the surface tension between the surfactant and surround- ,, _&qad”E,
ing liquid, @is the contact angle between the surfactant and parti- ™ &./2y

cle, and the coefficient k depends on the volume of surfactants in

the bridge. The force is known as insensitive to the size of the bridgeNc€ the size of the surfactant bridge is saturated if W>#é
and the value of k is between 1 and 0.75. proportional constant,kcan be determined on the approximation

Therefore, the total force between the particles is given by .that the volume of a saturated surfactant bridge is equal to the crit-
ical adsorbed amount of surfactants on a particles, W

(22)

F, =&’ (1+G(r,,))E>

2rd = Wcril 23
(Eact _gf)(gact +G( rbr) £f) +(aact _O-f)(o-act +G(rbr) Uf)/a)z nrb ( )
(Eact FO(1or) &)° +( Tt tG (1) 07 &F From Eqg. (21) using Eq. (22) and Eqg. (23), the proportional con-
+2kraycosd (15) stant, k, can be given by
However, it was noted that the electrostatic force was dominant k. =~ Fael] 24)

over the cohesive force between the particles [Kim, 2001] and there- ~ Dé U
fore, Eq. (12) would properly represent the total force between th
particles.

In the limit of large frequenciesx— ), the force reduces to

%s a result, when,ris appreciable, the force (Eg. (15)) cannot be
proportional to Edue to the electric field dependence,oés re-
presented by Eq. (20) and will scale joRere n<2.

Eact “& +2kmycosh (16) The forces are estimated in the limit of large frequencies as a func-
Eact TG(1or) & ' tion of surfactant concentrations. The dielectric constants of Brij 30
. - adsorbed alumina particles,, were obtained from the measured
while in the dc limit —0) dielectric constants of Brij 30 activated suspensions of 20 wt% neu-

tral alumina particles in silicone oil as follows:

Fz = nazsf(l-'-G( rbr))Eg

Oact — 0;

= C + ;
F,=m’s (1 G(rbr))anacﬁG(rb,)af

+2kmaycosh. a7)
£~4.16+2.77G (25)

In the limit of large frequencies, the force can be rearranged b%vh ic the initial Bri . i th
noting that h{)=d+r/a and written ere G, is the initial Brij 30 concentration (Wt%) in the suspen-

sion. It is found that the value qf kalculated from Eq. (24) seems
Eact —& +2kraycosd (18) to be underestimated by a factor of 6 and, therefore, a factor of 6 is
(Al +28 ) +(Eace &) introduced in Eg. (24). Also, the dielectric constant of the continu-
ous phase changes as Brij 30 concentration in the ER suspension
increases. The dielectric constant of the continuous phase as a func-
tion of Brij 30 concentration was measured as a function of Brij 30
concentrations and is represented by

F,=2ma'sE:

When no surfactant bridge is formed between the partieles,=
0, the force becomes

2 Eact " &

F,=2m’sE>
B de.q t2ag

(19)
£f=“:silicon-'-o-13255Gr (26)
Therefore, with no surfactant bridge formed between the particles : ' . . :
- . . . o whereg,.. is the dielectric constant of silicone oil and 2.74.
the force is proportional tqEonsistent with the polarization model. Brij 30 adsorption data is required for the estimation of the ad-
A surfactant bridge will be formed between the particles in sur- I P q . , .
. . o . . sorbed amount of surfactants on a particle. The Brij 30 adsorption
factant activated ER suspensions, if either the applied electric field

. e . on neutral alumina particles in silicone oil was measured and the
strength is ar eate_r th.aQ’“E_ Zy./g“‘d) or W>0. The size of the Brij 30 adsorption isotherm is obtained from data fitting and repre-
surfactant bridge is given by [Kim, 2001]

sented by

. sad’E,0 _ gW./2y0 [Mageori=2.02X 10°CO5E° (27)

For =Ker 0~ (1
wherel,.is the Brij 30 adsorption on the particles (gmadleAnd

a
/2600 graad ’E,0]
where k is the proportional constant and W is the adsorbed amoun?equi' is the equilibrium surfactant concentration (gmole/kg) in the

of surfactants on a particle that can contribute to the formation of gont!nuous prr:ase. The equmbrlgm SUFECtE‘.”t Cofn.c.e.ntlrgu?g (')n the
surfactant bridge between the particles. As shown in Eqg. (20), thgon’unu_ous phase was measured as a nction 0 |n|t|_a T SU con-
size of the surfactant bridge will depend on the surfactant concenqemrat'on for 20 wt% neutral alumina suspensions in silicone oil
tration, the electric field strength, the surface tension of surfactanté’,md Is represented by

and the dielectric constant of surfactants, et al. When W=0, no sur- c,,,=0.0063+0.00389¢ (28)
factant bridges form between the particlgs@. When the adsorbed ) ) .
amount of surfactants is large, the size of the surfactant bridge will be ASSUMINg that the adsorbate area id4geported for Brij 30

saturated and independent of W. Therefore, if y>¥is given by adsorption at the air-water interfage [Rosen, 1989], monolayer cov-
erage/ ., corresponds to approximately 3.5%t@nole/m. The

2 sad”E, @1) pore volume of the neutral alumina particles is approximately 0.225
/2y cnfg; the amount of Brij 3Q(,~0.95 g/cry MW=362.5) required
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to fill the pores is approximately 3.8x1@mole/mi. This result  electric field strength. This result is consistent with the experimen-
indicates that, in the monolayer coverage, almost all the adsorbel yield stress behavior of 20 wt% neutral alumina suspensions in
surfactants are present in the particle pores. Therefore, the amousiticone oil (Fig. 1). Comparison of the estimated and experimental
of adsorbed surfactants, that can contribute to the formation of yield stresses shows that the estimated yield stresses are underesti-
surfactant bridges between the particles is approximately given bymated. It was reported that the yield stress model (Eg. (31)) failed
to predict experimental yield stress at low volume fractiprB.p),
=T R (29) . . . .
and the discrepancy (underestimation) at low volume fractions was
As a result, the adsorbed amount of surfactants on a particle thatributed to rearrangement of the particle structure after rupture, a
can contribute to the formation of a surfactant bridge between th@henomenon not captured in the electrostatic polarization model
particles is [Klingenberg and Zukoski, 1990]. Therefore, the discrepancy (under-
estimation) seems to arise from rearrangement of the particle struc-
ture after rupture since the volume fraction of 20 wt% neutral alu-

where MW is the molecular weight of Brij 30 ang is its density. ~ Mina suspensions is lowp<0.1034). However, it was noted that

For the ER suspensions activated with Brij 30 (Fig. 1), a is agthe polarization model based on the dipole-dipole interaction might
um, the surface tension of Brij 30 is 3.2%10/m [Myers, 1991] be limited for predicting ER behavior and the limitation might be a
that of silicon ol is 2.0xION/m, and therefore the resulting sur- POSSible explanation for the underestimation.

face tension differencg=1.2x10* N/im. The electrode gap during  1ne value ofifis O up to nearly 3wi% of Brij 30, increases rap-
the experiment was 1.0 mm. The value of d/a is taken as 50x10/dly from 3wt% to 4 wt%, and then reaches almost a saturated value

and k and caare taken as 1, respectively. at large Brij 30 concentrations (>4 wt%), suggesting that the slower
The vield stress of surfactant-activated ER suspensions can BefR résponse deterioration at large Brij 30 concentrations (>4 wt%)
estimated from the total force between the particles. For an ele@iSes from the saturation of surfactant bridges between the parti-

W=4r8 M <MW/ Oy (30)

trode gap of, the yield stress is give by [Klingenberg and Zuko- €S- _ o
ski, 1990] The prevalent feature of surfactant-activated ER suspensions is
that below the maximum, the yield strasdncreases quadratically
=30, [1_ (76)" } (31) with the field strength, Fwhile above the maximum, yield stress
2’ “"LT (Va)tang,@” increases slower tharj. Hhe dependence of the calculated power

of electric field ¢CE;), n, on Brij 30 concentration is presented in
ig. 4. The value of n is 2.0 when no surfactant is added and re-
ains 2.0 up to the Brij 30 concentration of 2 wt%. At Brij 30 con-

centrations around 3 wt%, n starts to slightly decrease from 2.0 and

reaches 1.5 at large Brij 30 concentrations (>4 wt%). As represented

where f andg, are the maximum in the dimensionless force and
the angle at the maximum, respectively, and are function only o
a(=&,4/g). For the Brij 30 activated suspensiops0£105 andd,=
15.64.

'I_'he plependence (.)f thg estimated yield stress on Br.u 30 concergl-y Eq. (20), when,ris appreciable, the force scales fonBere
tration is presented in Fig. 3 for 20 wt% neutral alumina SUSPeN= 5 -d n decreases with Brij 30 concentrations.
sions in silicone ail. The yield stress initially increases with Brij 30

. dth hrough ; - the Brii 30 The yield stresses are estimated as a function of the electric field
concentratlon andt en pass_est rough a F”ax'mP_m't € bl 5U o fequency from the total force (Eq. (15)). The yield stress of surfac-
centration at the maximum is 3 wt% and insensitive to the applie

nt-activated ER suspensions shows two different frequency depen-

4
—— E=0.5kV/mm 22
A E = 1.0 kV/mm
: \ _ - 2.0
/ - - E=15kV/mm .
3t : \ — = E=20kV/mm
5 / SR 1.8}
7 4
c%) 2 :/ //\\ = 1.6
= S T
& a4 141
-/ s o
. / .......................................
(s 12}
O r 1 " 1 L L 1 1 L 1 n 1'0 1 L 1 ) ) ! L
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Brij 30 Concentration (wt%) Brij 30 Concentration (wt%)

Fig. 3. Calculated yield stress as a function of Brij 30 concentra-  Fig. 4. Calculated value of n as a function of Brij 30 concentration
tion for 20 wt% neutral alumina suspensions in silicone oil. for 20 wt% neutral alumina suspensions in silicone oil.
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dent ER behaviors depending on the amount of surfagtantsn(
the formation of surfactant bridges between the particles). For fre
guency dependent yield stress calculations, dc conductivities of su
pensions and their supernatants were measured for 20 wt% neut
alumina suspensions activated with various amounts of Brij 30. The
suspension conductivities are 4.5%16.4x10", and 7.3x18mho/
m for 0 wt%, 3 wt%, and 7 wt% Brij 30 concentrations, respectively.
Also, the corresponding supernatant conductivities are ITXx10
3.1x10", and 6.3x10 mho/m for 0 wt%, 3 wt%, and 7 wt% Brij
30 concentrations, respectively. Accordingly, the particles conduc
tivities are obtained as 3.48x102.55x10°, and 1.59x16 mho/
m for O wt%o, 3 wt%, and 7 wt% Brij 30 concentrations, respectively.
The dependence of the yield stress on electric field frequency i
presented in Fig. 5 for 20 wt% neutral alumina suspension. Fig. 5(z
represents the experimental data and Fig. 5(b) represents the e
mated values at,E1.0 and 1.5 kV/mm, respectively. For both ex-
perimental and estimated cases, the yield stress decreases with
electric field frequency, showing good agreement between the ey
perimental and estimated ER behaviors. However, the estimate
values are underestimated compared with the experimental dat
due to rearrangement of the particle structure after rupture at lov

—O— E=1.0 kV/mm
1 —0— E=15kV/mm
g
]
0]
H
n
=
.8
b
0.1 b
10! 102 103 104
Frequency (Hz)
(a)
—— E=1.0kV/mm
S T E=1.5kV/mm
[
&
&
B
n
= N
2
b
0.1
100 10! 102 103 104
Frequency (Hz)
(b)

Fig. 5. Yield stress as a function of electric field frequency for 20
wi% neutral alumina suspension in silicone oil: (a) experi-
mental data and (b) calculated yield stress.
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Fig. 6. Yield stress as a function of electric field frequency for 20
wt% neutral alumina suspension in silicone oil activated
with 7 wt% Brij 30: (a) experimental data and (b) calcu-
lated yield stress.

volume fractions. Similar electric field frequency dependent ER
behavior was also observed for 20 wt% neutral alumina suspen-
sion activated with 3 wt% Brij 30. The agreement between the ex-
perimental and estimated yield stress behavior is reasonable, though
the estimated one is a little underestimated.

The dependence of the yield stress on electric field frequency is
presented in Fig. 6 for 20 wt% neutral alumina suspension acti-
vated with 7 wt% Brij 30. Here, the electric field frequency depen-
dence of the yield stress is quite different compared to that of Fig.
5, where there is no appreciable surfactant bridges formed between
the particles. For both experimental and estimated cases, the yield
stress increases with the electric field frequency, showing good agree-
ment between the experimental data and estimated values. Also,
the ER behavior of the surfactant activated ER suspension with 7
wit% Brij 30 is not greatly enhanced compared to that of the ER
suspension without Brij 30, which arises from the nonlinear con-
duction due to the surfactant bridge formation at large surfactant
concentrations. It is notable that surfactant bridges form between
the particles if suspensions are activated with more than 3 wt% of
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Brij 30. Therefore, surfactant-activated ER suspensions show twdactant concentrations. Furthermore, this model can predict two dif-
different electric field frequency dependent ER behaviors, dependferent types of the electric field frequency dependent ER behaviors
ing on the amount of surfactants. At small surfactant concentrationgf the surfactant-activated ER suspensions, which depend on the
the ER response decreases with the electric field frequency. Whereasnount of surfactants.
at large surfactant concentrations, the ER response increases with
the electric field frequency. Also, the estimated values are fairly com- ACKNOWLEDGMENT
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