PHYSICAL REVIEW E VOLUME 55, NUMBER 2 FEBRUARY 1997

Frequency and water content dependencies of electrorheological properties
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The static yield stress and complex dielectric constant of glass spheres dispersed in vacuum oil are measured
as a function ofapplied electric fieldfrequency and water content. Based on a model in which the dielectric
constants of the solid and the liquid constituents are given by the Debye form with a log-normal distribution of
relaxation times, it is shown that the electrical and the mechanical electrorheological responses can be consis-
tently explained through first-principles calculatiof$1063-651X%97)51102-0

PACS numbg(s): 41.20.Cv, 61.90+d, 62.20—x

Electrorheological(ER) fluids are a class of materials contrast to prior studies of the problems, our work distin-
whose rheological properties are controllable by the applicaguishes between the complex partkfw) and the dc con-
tion of an electric field. The discovery of this type of mate- ductivity effect, and employs first-principle calculations for
rial was made by WinsloWl], who observed the ER effect our experimentally measured quantities. The resulting quan-
with cornstarch suspended in oil. In the past decade, resear¢ifative account of the experimental data based on the Debye
in ER fluids has attracted much renewed interest. In particumodel is noted to also rule out the “water bridge” mecha-
lar, the role of water in producing the ER effect has been anism [5] as a significant contributofwithin the frequency
widely debated topid1-5]. For example, a recently pro- range studiedto the yield stress in our system, where the
posed “water mechanism” is the so-called “conductivity ef- water trapped in the contact areas between particles is held
fect” [2,6—13, where the presence of dc conductivity is key responsible for holding the particles together.
to the observed enhancement of ER yield stress in the pres- The ER fluids of our experiment consist of 1u%a glass
ence of water. In particular, Feliet al.[8] and Conract al.  spheres suspended Vracuum oil. To prepare the samples,
[9,11] have studied the conductivity effect in ER systemsboth the glass spheres and oil were heated at a temperature of
and analyzed the results in terms of a dielectric responsg20 °C for about 24 h to remove any trace water. The dried
function e(w)=K(w)+id4mol/w, where K(w) and o are  particles were immediately placed in glass tubes, into which
real numbers. Here is the dc conductivity of the system. In different amounts of water were injected with a pipette. The
this work, we study the role of water in ER properties modi-weights of the dried particle, and particles with water added,
fications in a system consisting of 1:6n glass spheres dis- were measured by an electronic balaf@HAUS CORP.
persed in vacuum oil. By measuring the frequency dependemaP250D), from which the water contents were calculated.
cies of the static yield stress and the low-field complexThe water contents of the three samples 1, 2, and 3 are
dielectric constant as a function of increasing water content).04979, 0.07986, and 0.11441, respectively, in weight frac-
and by calculating the same quantities through firsttion of glass spheres. The mouths of the tube were sealed and
principles approaches, it is found that both the electrical anthen stored at a temperature of 120 °C for 10 h. The tubes
the mechanical electrorheological responses can be consiwere rotated continuously to ensure uniform vaporization.
tently explained on the basis of a model whereKli{@) part  After cooling to room temperature, a measured amount of oil
of the dielectric constants for both the solid and the liquidwas injected into the tube, and the hydronic particles were
constituents of the ER fluids are frequency-dependent comuniformly immersed in oil through the application of ultra-
plex numbers given by the Debye form with a log-normalsonic vibrations, with a volume fraction of about 9%.
distribution of relaxation times. The dc conductivity term,  With a cell comprised of two parallel plate electrodes, the
i4molw, can also be included in our model as an additionaldielectric measurements of the ER fluids were performed by
fitting parameter. However, best agreement between theogn HP4284A LCR meter in a frequency range of 20 Hz to
and experiments is found by setting the dc conductivity to100 kHz. The static yield stress was measured by using a
zero. Our results therefore suggest that the presence of watstandard parallel plate torsional device with a root-mean-
essentially modifies the dielectric constants of the constitusquare(RMS) electric field of 510 V/mm applied across the
ents from good insulators to that of poor insulators, given byER fluids sandwiched between the two parallel plates. The
the Debye form, anih the frequency rang€20-1C° Hz) we  lower plate was rotated slowly, dragging the top plate with a
studied,the dc conductivity plays at most a very minor role torque, which was connected via a torque meter to the top
as compared to the imaginary partk{w) in our analysis. plate. The static yield stress was read out when slipping oc-
The case where dc conductivity truly dominates, such as mesurred between the two plates, after subtracting off the zero-
tallic particles suspended in oil, is also discussed and corfield value (which is about 1% of the high-field valueThe
trasted with the effect of water. It should be remarked that irstatic yield stress was observed to have an acciatield

strength dependence.
In Figs. 1 and 2, the measured real and imaginary parts of
*Permanent address: Department of Physics, Jiaotung Universit§he dielectric constants are plotted as a function of frequency
Shanghai, People’s Republic of China for the three samples with increasing amount of water. In

1063-651X/97/562)/12944)/$10.00 55 R1294 © 1997 The American Physical Society



55 FREQUENCY AND WATER CONTENT DEPENDENCIES . . . R1295

60 g g g 20
Sample 1 G e
e Sample
w% 40 o Sample 2 % 15 _‘_.\/\ 1
o + Sample 3 4 oot
: %
n‘: "_3 10 \B\L—“—Tvﬁ—uagaﬂ——ﬁq 1
320 ;:
-4 § 51 ]
]
0 5 2 3 "3 s
10 10 10 10 10 0Y — =
10 10 10
Frequency (Hz)
Frequency (Hz)

FIG. 1. The real part of effective dielectric constant of the three G. 3. Th bol d fitted (I i vield
samples plotted as a function of frequency. The symbols represent FIG. 3. The measure(symbol3 and fitted (lines) static yie

the experimental measurements and lines are fitted theoretical cavess plotted as a function of frequency. From bottom to top:
culations. sample 1, sample 2, and sample 3.

Fig. 3, the measured static yield stresses for the same thré‘\éhere

samples are plotted as a function of frequency. It is seen that 1

the water content has an important effect on the frequency r= —f dr’ p(r')V'Go(r—r")-V’ ®)

dependencies of the complex dielectric constant and the v

static yield stress. To explain these experimental results, we  on
the following formalism for the calculation of the static ) : ; .

use =1/4x|r—r’| denoting the Green’s function for the Laplace

yield stress and the dielectric constant. equation, andv the sample volume. By defining the inner
We model the ER fluid as a two-component system con- q ' P - By 9

sisting of spherical solid particles of radilsand complex product operation as
dielectric constant, dispersed in a liquid characterized by

integral-differential operator, withGg(r—r")

£,. The electrostatic problem to be solved is given by (¢|¢>:j dr p(r)Ve(r)* - Viy(r), 4
V.1- 1 7(r) |V =0 (1) it becomes possible to write the effective dielectric constant
s ’ as

wheres=¢,/(e,—¢1) is the only relevant material param- €57 1 1 2] 1 1

eter in the problem. Here is the electrical potential and P VJ dr(l— gﬂ(r)) S itgddy.
n(r) is the characteristic function of the solid component,

defined as having the value 1 at those spatial points occupig&tom Eqgs.(2) and(5), it follows that the effective dielectric
by the solid particles, and zero otherwise. The formal soluconstant is given by the Bergman-Milton representaftiod]:
tion of Eg. (1), given the condition ofAg¢/I=E=1 in the

z direction, can be expressed in the operator notation as €77 1 fn
Dt SV s (6)
€5 V 5 s—s,
z
d): — ST, (2) _ 2 .
s—T Here f,=|(z|¢,)|%, ands, and ¢, are thenth eigenvalue
and eigenfunction of the operatbr.
30 Since ER systems are always operated at frequencies
N o Sample 1 <10 Hz, the long-wavelength limit is valid. Therefore, the
W o, O Sample2 free energy density of the system is given[p]
b B + Sample 3
200 1
£ . f=— _——Re(e,,)E5— ST, 7
o 8
g 10
E whereE, is the averagéor applied electric field,S is the
E entropy, andr is temperature. It should be noted that in Eq.
0 . PP, (7), wheree,, is complex, its imaginary part relates to the
10" 10° 10° 10° 10° dissipation of the system. However, as long as heating of the
Frequency (Hz) system is not excessive, the condition of lowest free energy

should be operative. This is generally the case in most physi-
FIG. 2. The imaginary part of effective dielectric constant of the cal systems. It follows that in the limit of small applied field,
three samples plotted as a function of frequency. The symbols reghe ground state of the ER fluids is clearly the one that has
resent the experimental measurements and lines are fitted theoretire highest entropy, i.e., the randomly dispersed configura-
cal calculations. tion. This is the state in which the complex dielectric con-
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stant of the system is measured. In the high-field limit, the TABLE I. The fitted parameters for the three samplésandL
entropy part of the free energy may be neglected, and thetands for particles and liquid, respectively.
particle structure that gives the largest effective dielectric

constant, or the lowest free energy density, was first pro- €u €A 7o (S) A
posed by Tao and Syl 6] to be a body-centered-tetragonal

. . . . P 62.7 789 2.9%10°2 2.89
(BCT) structure based on dipole interactions. This groundS
. - ample 1 L 2.2 273 4.52 3.44

state structure was later confirmed by various authbvs- 5
; . R P 247 561 3.5%10 4.39
20] with more accurate calculations. The static yield stres ample 2 L 26 49.8 10K 10-3 1.49
was measured at the high-field state. Unfortunately, we havd™""P b a2 123 625 10~ 0

yet been unable to systematically measure the dielectric con- ‘ ' .,
Sample 3 L 3.3 44.6 4.4%10 .832

stants of the high-field state.
To calculate the static yield stress of an ER fluid, it is
necessary to perturb away from the equilibrium state by apy

: . . “Hitted the parameters of the spheres and the liquid in an it-
plying a shear deformation to the system that is perpendlcuérative manner in order to converge to the optimal fit. That

lar to the applied field. The she_ar_de_formati_on basically ha?s, we first determined the,, of the liquid from the measured
two_cr(])mponents, "he" f_ea}ghdghalr_l IS t||tedd \;]V'th g shlear alnglﬂigh frequency effective dielectric constant. Then with a rea-
0 Wltj- Fespeﬁt ot 'el leld direction, ag thereby Ias_? edon'sonable guess for the dielectric constant of the spheres, we fit
ge}te 18, 1 € pgrtlc es are separated as a resu t: 0 .et%'e remaining three parameters of the liquid dielectric con-
mine the static yield stress, the free energy density is flrsgt

calculated as a function of shearing angle. The stress is thqﬂ

o.btained by nu.merical different[ation of the free energy den'stant as known, we fit the four parameters for the dielectric
sity as a function of the shearing angfe The static yield . nqant of the solid spheres to the measured frequency
stress is defined to _be_the maximum stress beyono! which ﬂ\}aariation of the yield stress. The three parameters of the lig-
stress decreases with Increasing stra|_n, .., the sqhd SUUCIUTRy dielectric constant are then refitted, and this iteration is
becomes unstable. This is described in more detail elseWhe[:%ntinued until convergence results. The resulting parameter
[20]. . . . . values are given in Table I. It should be noted that while
We model the dielectric constants of the solid particlespere are 5 total of seven fitting parameters for the three
and the liquid by a Debye form with a log-normal distribu- ¢ 5 of each sample, four of those parameters are related to
tion of relaxation times, the distribution functions of the relaxation times, and there-
fore can only affect the results in a very constrained manner
A , (8) [22]. That is, the good agreement between theory and experi-
1-lwr ments as seen from the two lower-water-content samples,
and the consistency that is achieved between two different
types of properties, reflect the validity of the Debye model
and yield the distributions of relaxation times as a result. The
’ (9) fit for the yield stress of the third sample is less impressive
than the other two. Nevertheless, the theory does give correct
qualitative behavior. It should be noted that in the Debye
€., is the high frequency dielectric constaaj, is the differ-  model the dc conductivity is zero. We have tried to insert an
ence between static and high frequency dielectric constanfdditional term in the dielectric constants of solid particles
w is the frequency of the applied field, andis the Debye and the liquid,i47o/w, to reflect the presence of the dc
relaxation time.A and 7, are two parameters of the log- conductivity. However, our fitting process yields zero as the
normal distribution. final value for that term, i.e., there is no dc conductivity
Since the ER system before the application of a high eleceffect. In fact, a separate experiment had been carried out by
tric field has the random dispersion microstructure, its effecusing metallic spheres and insulated electrodes, where the dc
tive complex dielectric constant at low volume concentrationconductivity truly dominates. It was seen that the spheres do
may be calculated by the Maxwell-Garnett form[@4] with  not form columns. Instead, they form a fractal-like pattern. A

ant to the measured frequency dependence of the effective
electric constant. Then by treating the liquid dielectric con-

&€

£—g,= J d7P(7)
where

P 1 '{ (In7/79)?
= —8X —
T 2wAr 2A?

a high degree of accuracy: little thought on this result led to the recognition that the
presence of particle dc conductivity essentially modified the
Eeff €2 €178 (10) electrodes from planar to irregular shapes, with sharp corners

(single particle where the electric field is the highest. The
situation then becomes similar to that of diffusion-limited
Here the subscripts 1, 2, and eff stand farticle, liquid, aggregation, and the formation of a fractal-like pattern is
and effective respectively;p is the volume fraction of therefore not surprising. Details of the metallic-particle ex-
spheres. Because the volume fraction is sr@fb) in our  periment will be reported elsewhef@3]. The point here,
experiment, the effective dielectric constant is more sensitivéhough, is that if the particle dc conductivity were indeed
to the dielectric constant of the liquid as can be calculatedlominant, its effect should be easily visible as in the metallic
from Eq. (10). In contrast, the static yield stress, which is case.

measured under high applied field and the particles are in A plausible physical picture that emerges from our results
close proximity to each other, is sensitive to the dielectricis that the water phase exists as droplets in oil, and the dis-
constant of the spheres. Based on this observation, we hatebution in relaxation times reflects the distribution in the

Seff+282 _p81+ 282 ’
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size of the droplets, though the precise connection is still to In conclusion, we have measured the frequency-
be determined. At low water contents, the droplets tend talependent effective dielectric constant and yield stress of
aggregate at the surfaces of the spheres, leaving the oil relgtass or vacuum oiwith different water contents. The mea-

tively free of water. That is evidenced by the fact that thesured results are found to be quantitatively explainable on
dielectric constant of the liquid phageonsisting of oil plus  the basis of a model in which both the dielectric constants of

water dropletsis very close to that of oil at low water con- solid and liquid are given by the Debye form, with a log-

higher water content, however, the droplets could be dis-
persed in the oil as well, thus affecting the dielectric constant We wish to acknowledge the support of HKUST Research

of the liquid phase.
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