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Phase diagrams of electric-field-induced aggregation in conducting colloidal suspensions
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To develop a theory for electric-field-driven phase transitionsoincentratedsuspensions, we extended our
microscopic theoryPhys. Rev. 52, 1669,(1995; 54, 5428,(1996] beyond thedilute regime. Based on the
model of the Maxwell-Wagner interfacial polarization of colloids, our theory overcomes the limitations of
Brillouin’s formula for the electric energy of conducting materials which is applicable only for negligibly small
energy dissipation and slow time variations of the field. We found that the phase diagrams of “the particle
concentration vs the electric field strength” for colloids are similar to the phase diagrams for the first-order
phase separation in quenched conventional binary systems with a high-temperature miscibility gap. This
explains why a variety of colloids exhibit similar field-induced aggregation patterns. Our theory provides a
reasonable interpretation of the available experimental data on field-induced aggregation phenomena in elec-
trorheological fluids and aqueous suspensions, whereas currently used theoretical models are in variance with
many of the data. The theoretical results enable one to trace how the variations of the electrical properties of
the constituent materials influence the topology of the suspension phase diagram and to evaluate the effects of
the field strength and frequency on the particle aggregat®h063-651X99)14208-9

PACS numbes): 82.70.Dd, 47.55.Kf, 47.65.a, 64.75+g

[. INTRODUCTION electrically uncharged conducting particles dispersed in a
conducting fluid was taken in Refl,2]. To begin with, the
Under the application of a sufficiently strong electric free energy of a conducting suspension contairfihgan-
field, a conducting colloidal suspension may undergo reversdomly arranged hard spheres subject to an electric field was
ible phase transitions from a homogeneous random arrang®itten (Ref. [1], Sec. I) as
ment of particles into a variety of ordered aggregation pat-
terns. The evolution of these structures can easily be
manipulated by varying the frequency and strength of the
applied field, both of which strongly influence the interac-
tions among colloidal particles responsible for such effectswhere the first term in Eq1) refers to the free energy of a
But in spite of numerous applications in biotechnology, sepasuspension, in the absence of the electric field, as a function
rations, electrorheology, the processing of materials, miof the volumeV, the temperaturd with kg being Boltz-
crodevices for chemical analysis, etc., which have expandeghann’s constant, and the volume concentration of the par-
rapidly over the last decade, our understanding of how théicles, c=v,N/V, with v, being the particle volume; the
electrical properties of the constituent materials influence theecond term in Eq(1) refers to the electric energy of a
electric-field-driven aggregation in conducting suspensions isuspension caused by the interaction of the particles with the
far from complete. applied electric field and by the electric-field-induced long-
The surprising fact about such electric-field-inducedrange interparticle interactions.
phase transitions is that the aggregation patterns, which are The concentration dependence of the functfg(c) in
observed in very diverse systems of colloidal suspensiong(. (1) is well understood3,4]. Specifically, it can be re-
display a number of common structural features and modegited to the suspension compressibility fac#fc) [with
of evolution, thereby implying that a universal mechanismz(c)—1 for c—0] by means of
may exist to account for these electric-field-driven phenom-
ena. It is now generally believed that this mechanism ema- cZ(c)—1
nates from the presence of the long-range anisotropic inter- fo(c)=c In—+cj —dc,
. . . . R . e 0 Cc
actions between colloidal particles due to their polarization

in an applied field. o ] o
The first step in the development of a theory for thewhere, for a suspension in the disordered stte) is given

electric-field-induced phase transitions in a suspension cﬁpprct)?(imately by, for examplE8,4], the Carnahan-Starling
equation

F=

kT }
—fo(C)—W|V, (1)
Vp

1+c+c?-c3
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&¢/eo lel(w)|<ei(w) and wts<1,
wherew andE(w) are the frequency and Fourier amplitude
of the applied electric field, respectively, is the relaxation
time of the dielectric phenomena, aqd.); denotes the time

Ael/eo average. As can be seen from E8), Brillouin’s formula is
applicable only under the severe limitations that conductivity

> effects be negligibly small so as not to cause losses in the
stored electric energy. That is why Brillouin’s formula can
be utilized in Eq.(1) to describe electric-field-driven phase

s transformations in conducting colloids only, as can be seen

FIG. 1. Frequency variation of the real componest)(and the in Fig. 1, at very low frequencies far to the left of the relax-
excess of the imaginary component over the static conductiviption peak.

I
I
I
I
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(Ael=g!—0y,_ol/w) of the complex dielectric permittivity:* To overcome t_he Iimita_tions of Brillouin’s formula, we
=& —ig! for a dielectric with a single relaxation procesg;is the ~ developed[1] a microscopic theory for the electric energy
vacuum permittivity. density W of conducting spheres dispersed in a conducting
fluid when the particles were arranged randomly and pro-
and by vided that the particles and suspending fluid can be described

by the model of a leaky dielectric, i.e., when their dielectric
. constantse, and e; and conductivitiess, and o; are fre-
Cm—C with A~1.85 asc—Cm, (20 quency indpependent. This model correspponds to the classical
mechanism of the Maxwell-Wagner interfacial polarization
wherec,~0.63-0.64 corresponds the concentration of theypical of colloids[7-9]. In this case, the short-term polar-
spheres at random close packing. Recall that, in the absenggation of the particles and fluid is determined solely by their
of an electric field, a suspension of hard spheres is stabligstantaneous polarization, whereas their long-term polariza-
approximately forc<0.50-0.55 whereas for 0.85<0.74  tion arises from the buildup of charge at the interface be-
it may undergo a transition from a disordered state to amween the particles and surrounding fluid. We exploited two
ordered face-centered-cubic struct{Be4]. microstructure-based techniques for calculating the electric
The main obstacle which had to be overcome in conenergy density. One of them is based on a mean-field ap-
structing a theory of electric-field-induced phase transitiongroximation(a cell model where the average field acting on
was that, for materials such as conducting suspensions whog@ch particle is considered to be the well-known Lorentz-
complex dielectric permittivityey =e¢—ieg varies strongly Lorenz local field[5,6] rather than the applied field, while
with the frequency of the applied electric field, the electricthe second made use of statistical methods for determining
energy densityW in Eq. (1) cannot be constructed using the average properties of dilute suspensions. To calculate, on
macroscopic electrodynami¢5]. For example, Fig. 1 illus- the basis of the second method, the first two terms in the
trates a common feature of the frequency variation of the reatxpansion for the electric energy densityas a power series
components, and imaginary component, for conducting in the particle concentration, we also had to use a renor-
suspensions, specifically, the presence of one, as shown malization technique in order to overcome the difficulty as-
Fig. 1, or more dielectric relaxation processes with characsociated with the fact that the integral of the energy of the
teristic relaxation times. Recall that, gives the dielectric long-range dipole-dipole interaction between two particles is
constant of a material, wherea% determines the power dis- only conditionally convergent. But as we fouftt], the main
sipation(loss factoy in this material due to its conductivity. contribution to the electric energy of a suspension, as well as
The reason for the difficulty in constructing the electric en-to its complex permittivity, is given by those multiparticle
ergy for a Conducting material is that such a material Conjnteractions which lead to a Change in the local electric field
tains mobile charges which dissipate electric energy andcting on a particle. That is the reason why, for example, the
electric dipoles which store electric energy, which impliescell model, which accounts only for this effect, yields the
that the total electric energy stored by a conducting materiavell-known Maxwell-Wagner expression for the complex
will depend on the time history of how the electric field was Permittivity of a suspension which correlates well with ex-
established6]. perimental datd7].
To be sure, an expression for the electric energy density The theory of Ref[1] relates the electric energy density
W of a conducting material, namely, Brillouin's formulsee ~ Of @ conducting suspension to the dielectric constants and
Eq. (3) below], can be derived from macroscopic electrody- conductivities of the particles and suspending fluid, particle
namics[5,6], but only when the energy dissipation in this concentration, and frequency and strength of the applied
material is neg||g|b|y small and the time variations of the electric field. To illustrate the advantages of this theory, the
applied electric field are very slow as compared to the rate ofirSt two terms in the expansion of the electric energy density
the relaxation phenomena, i.e., W in powers of the particle concentration were substituted in
Eq. (1), which was then used to study the phase separation of
1 , ) a dilute conducting suspension subject to strong electric
W= 2 d_w[“’ss(“’)KE (@)1 ©) fields[1]. On this basis, we then calculated in Ré¢fs2] the
critical conditions beyond which the random arrangement of
only if the particles becomes unstable in the presence of spatially

Z(c)~




PRE 60 PHASE DIAGRAMS OF ELECTRIC-FIELD-INDUCED . .. 3017

uniform and nonuniform electric fields. electric-field-driven phase transitions in colloids have not
The main objective of the present work is to extend ourbeen treated from this point of view thus far.

previous studie$1,2] beyond the dilute regime and to de- We begin in Sec. Il by discussing the similarity between

velop a microscopic theory for phase diagramscofcen- the action of electric fields on colloids and the quenching of

trated conducting suspensions subject to strong dc and agtomic systems. Next, in Sec. Il we proceed to develop a

electric fields. To this end, we employ in E€L) the full ~ classification scheme of the topologies of the phase diagrams

expression for the free energy densiy of a conducting ©f concentrated suspensions subject to dc electric fields,

suspension, as a function of a concentration, which we dewhile in Sec. IV we demonstrate that this classification
rived in Ref.[1], Sec. IV A, using the mean-field approxima- Schéme includes phase diagrams for suspensions subject to
tion, and then investigate the topology of the suspensio c electric fields as well. Unfortunately, a description of the
phaise diagram, i.e., “the particle concentration vs the elecdisorder-to-order transformations in a high-concentration

tric field strength,” and relate it to the electrical properties of Phasé cannot be included in these diagrams because of the
the constituent materials. absence of an equation for the free energy of anisotropic

A peculiarity of concentrated suspensions is that the sigifonducting aggregates, which is required. In Sec. V we shall

of the electric energy density of the interparticle interactions,Cons'.der how a spat|a] honuniformity of an electric field can
contribute to aggregation phenomena, while Sec. VI contains

i.e., 7?W/dc?, may change at some value of the concentra- . bet th I t th tical dicti
tion. As a result of this feature, which is absent in the theor)ﬂ comparison between he reievant theoretical predictions

for dilute systemg1], several typesin fact, six of phase and currently available experimental data. Specifically, we

diagrams of conducting suspensions can occur because tWé” demonstrate how these data can be interpreted within the
ability or inability of the particles to aggregate in the pres-Context of our theory and then discuss why the currently

ence of applied electric fields depends on the particle conL—’SGd theoretical qugls are unable 1o prqwde a unifying
centration as well. The results to be obtained, which includ ramework for explaining this body of experimental results.

those in Refs[1,2] as limiting cases, yield the phase dia- ection VIl summarizes the main results from our studies.
grams of a susp,ension as a function’ of the mismatch of tha&N€se enable one to trace how the variations of the electrical

dielectric constants, of the conductivities of the particles, amp;oF]erties of th? conhstitueQF materials dinfrlluencbe the. topology
of the fluid and frequency of the applied field. This, as we0! the suspension phase diagram and then, by using an ap-

shall see, provides a framework for interpreting a variety ofPropriate phase dlagram, to evaluate how the electric-field-
experimental data which appear, at first glance, to be unrépdu_CeOI _transformathns will depent_j on the strength of the
lated. In addition, we will demonstrate that similarities existapp“ed field and particle concentration.

between particle aggregation und_er the action of e_Iectrlc Il. ELECTRIC-FIELD-INDUCED PHASE TRANSITIONS

fields and phase transformations in quenched atomic sys-

tems. Although such a similarity between the structural or- As was shown in Refl1], the expression for the electric
dering in colloids and the structural behavior in conventionalenergy densityV of a conducting suspension being subjected
atomic systems—gas, liquid, crystal, and glasses—undeb a dc electric fielcE for short and for long times becomes,
suitable conditions has already been well record@g, respectively,

Sp_Sf
1+2c————
Ef 8p+28f 2
W=~ ———E° ast<tq, (49
2 Ep—Ef
C8p+28f
En— Ef
1+2c—"_——
€ g, 2¢ 9c(1—c)(eo,—&,07)?
W= _f p f+ ( )( fYp p f) 5 E2, (4b)
2 1 e o o 1-0 20 | (042 )z(l_cﬂ
Csp+28f EpT el ept2es TpTe0r opt 204

ast>tg, while for an ac electric fieldEy coswt and for the long-termi>t, regime the equation for the time average of the
electric energy of a suspension[iH|
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_|._ R
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Sp_&‘f
gpt2¢e¢

ts=

For brevity, we included the vacuum permittivigy, as a
multiplier in the definition of the dielectric constantg and
g in Egs.(4) and(5).

Equation (4a) and the first terms in Eqg4b) and (5),

(0'p+20'f)(l_c

o= ot |’

oyt 20%

particle concentration since an increase in the suspension en-
ergy would be linearly proportional to the number of par-
ticles.

The random arrangement of the particles in a suspension

which are determined solely by the instantaneous polarizas stable as long as the osmotic pressure increases with con-
tion of the particles and fluid, are consistent with the rela-centration, i.e.,
tionship for the electric energy of a nonconducting suspen-

sion given by macroscopic electrodynamijés,

1 2
W= 5 e4(C)E?, (6a)
with e4(c) given by Maxwell’s equatiofi7—9]
_ 1+28c ) _ EpEf
SS(C)—Sfl_—IBC with B= 8p+28f. (6b)

The second terms in Eq$4b) and (5) correspond to the

d (Ilvy B
—|=Z+cC >0. (8)

dz % [Wy,
dc\ kgT

dc “9c?| keT

Consequently, as seen from E§), as long as the third term

on the right-hand-side is positive, in other words, as long as
the interparticle interactions increase the suspension energy,
an increase in the strength of the electric fiedde Eqs(4)
and(5)] decreases the value @Fl/dc and finally renders the
random arrangement of the particles unstable when

all

F

©)

energy required to build the charge at the particle surface angqyy,. Eq.(9) represents the spinodal curve in an equilibrium

to redistribute the electric field inside the particles and susppase diagram of particle concentration vs the electric field
pending fluid when the time constants of the particles andyrength of a conducting suspension subject to an electric

fluid are different; that is whes/o;#¢,/0, (see[1] for
more details But since the second term in E¢) ap-

proaches zero asts— o, the electric energy of the suspen-

field. Specifically, this curve is the locus of points for which
the curvature of the suspension free energy changes from
convex to concavglO].

sion for high frequencies becomes the same as that for a gqo; the case whew?W/gc2>0 over the entire range

nonconducting material, Eq$6a) and (6b). On the other
hand, for a slowly varying electric fieldpt,<1, Eq. (5)

0=c<c,, the spinodal points exist over the entire concen-
tration range as well, so that increasing the strength of an

yields the expression for the time average of the electriGectric field applied to this suspension will eventually cause

energy which is consistent with the expression given by sub.

stituting the Maxwell-Wagner relation fat{(w) into Bril-
louin’s formula, Eq.(3) (see[1] for more details

Now, the osmotic pressure of a suspensibrjequal to
—(9F/dV)y 1. [10]] and the chemical potential of a particle
w [equal to E+IIV)/N [10]] can be evaluated from the
equation of the free energy, E(L), and are given by

Hv, (e} 4 Vp W JW ;
kB_T_C (c) PR ¢l (79
Mo, J [Wv, )
kB_T =fy(C) s ( kBT) with
cZ(c)—1
f(’)=lnc+Z(c)—1+f Tdc (7b)
0

where the first terms in Eq$7) represent the osmotic pres-

sure and chemical potential in the absence of an electric
field, whereas the second terms account for the effect of the

an electric-field-induced transition. Thus the phase diagram
of such a suspension consists of the low-field one-phase re-
gion, which includes the random spatial arrangement of the
particles in the absence of an electric field, and the high-field
two-phase region corresponding to the appearance of aggre-
gates caused by the action of an applied field. This phase
diagram appears to be similar to the concentration vs tem-
perature phase diagram of a binary fluid or a binary alloy
with a miscibility gap[10], so that these species exist in
solution at high temperature, but their mixture eventually
separates into coexisting phases below the critical point of
miscibility. In this regard, the application of an electric field
to a conducting suspension is equivalent to a quench of an
atomic system from its high-temperature one-phase state.
The critical point on the spinodal curve of the suspension
coincides with the inflection point dfl as a function ot, so
that Eq.(9) has a multiple root. The parameters of the critical
point, namelyc,, andEﬁ,, are determined from the condition

Il 9°11

o (10

=—==0.

Jc

electric-field-induced long-range interparticle interactions.
Notice that, in the absence of interparticle interactions/n a two-phase regiofat E2=E2), the values of the osmotic

W-—c dW/dc and W/ Jc would become independent of the

pressure and chemical potential of the particles in the coex-
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isting phases are equal. The latter leads to the following reticle concentration vs the electric field strength,” so that the
lations [10] between the particle concentrations in the bothfree energy will increase with a spontaneous concentration

phasesg¢, andc,, respectively: fluctuation, giving rise to an energetic barrier that will stabi-
lize the suspension. The free energy, however, turns into a
p(c1)=p(cy) and concave function of the particle concentration in the unstable

region of the phase diagram, so that no energetic barrier to
T(c,)=TI(c,) or its e uivalentjcz (c)dc=0 (11) phase separation wiII.exist in this stat.e. This distinct.ion_ can
L 2 q Cl’“ ' correspond to two different mechanisms of electric-field-
induced transformations in a suspension: spinodal decompo-
Now, Egs.(11) represent the coexistence curve in the phasesition and nucleation, as occurs in atomic systems. For
diagram of a suspension. This curve is located to the left ofitomic systems, the formeéin the unstable domajncorre-
the spinodal curve in the low-concentration part of the phaseponds to the growth of long-wavelength spontaneous con-
diagram and to the right of the spinodal curve in the high-centration fluctuations with time, whereas the nucleation of
concentration part of this diagram. Moreoves—c, and  microdomains of the other phase starts the transformation for
Co,—Ce aSE—E,,. the latter(in the metastable domairf10,11. However, as
On the other hand, if the third term on the right-hand-siderecent research demonstrafé4], there is no sharp dividing
of Eg. (8) is negative, in other words, when the long-rangeline between nucleation and spinodal transformations in
interparticle interactions lower the suspension endigy, atomic systems. Rather there exists a gradual transition in the
when 9°W/dc?<0 over the entire range<fc<c,,), an in-  dynamical behavior of a quenched system as the quench
crease in the strength of the applied electric field increaseRoint on its phase diagram varies from one domain to the
the value ofdI1/dc. In this case, the random spatial arrange-other in the vicinity of the spinodal curve.
ment of the particles appears to be stable, so that the phase In any event, we can expect that there exists some simi-
diagram of such a suspension reduces to the one-phase darity between how spinodal and nucleation transformations
main. operate in a suspension subject to an electric field and how
As can be seen from Eqgl) and(5), the sign of9?W/gc?>  they operate in quenched atomic systems, even though the
depends on the particle-to-fluid ratios of the conductivitieselectric-field-induced interparticle interactions are aniso-
and dielectric constants, the frequency of the applied electritropic. In this connection, we proceed in Secs. Ill and IV to
field, and the particle concentration. For a high-frequencyconstruct, based on Eq&) and(11), a classification scheme
electric field whenwt,—, Eq. (5) yields[see Eq.(6b) for ~ which can predict how the topology of the suspension phase
Bl diagram of “the particle concentration vs the electric field
strength” depends on the particle and fluid dielectric con-

_t ﬂ 2 (123 stants and conductivities and the frequency of applied field.
4 1-cg ¥ This will make it possible to exploit the great body of ex-
so that, at3#0, perimental data and theoretical predictions available for the
quenching of atomic systems and use it as a framework for
PW  3sg ,3255 interpreting the morphology and kinetics of aggregation pat-

pre 2(1_30)3>0 over Osc<cp. (12b terns in colloidal suspensions generated by the application of
electric fields.

Thus the sign o#?W/ dc? always becomes positive when the
frequency of the applied electric field becomes sufficiently 1Il. PHASE DIAGRAMS OF SUSPENSIONS SUBJECT
high. Hence it follows that there always exists a threshold TO dc FIELDS
value of the frequency, above which the particles having aA
dielectric constant different from that of the suspending fluid ™
(regardless of the mismatch of their conductivities,/ o) When a suspension is subjected to a dc electric feld
will aggregate as the strength of an applied electric fieldover a long period of timetét), the substitution of Egs.
becomes sufficiently large. However, as we shall see, thé&tb) for its electric energy into Eqg9) and(11) yields the
sign of 9?W/dc? may become negative for low frequencies. following expressions: for the spinodal curve,
If this happens over the entire concentration rangecO dz
<cn,, the electric-field-induced aggregation of the particles Z+cgoMe¥o=0, (13
will not occur at all. A peculiar feature of a concentrated
suspensions is that, as we mentioned in Sec. |, the sign @nd for the coexistence curve, with andc, corresponding
d*W/dc? may change at some value of the concentration. to its low- and high-concentration parts, respectively,
As in the case of conventional atomic systef6], the

use of a phase diagram provides a convenient way to distin- , , c2
guish “metastable” and “unstable” states of a suspension f0((:2)_f0(01)_)‘fC Wodc=0, (143
subject to an electric field, where we refer to the domain !
between the coexistence and spinodal curves in its phase

. . . Cy
diagram as metastable, and the domain beyond the spinodal CZZ(CZ)_ClZ(Cl)_)\j cW,odc=0, (14b)
line as unstable. The free energy of a suspension, being con-
sidered as a function of the particle concentration, is convex
in the metastable region of the phase diagram of “the parwhere

Asymptotic behavior of the spinodal and coexistence curves

C1
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v # [ W
O_E 8fE2

=0
2 3
9p 9p Tp Ip 9p
3(——1) 4—c+(2+c)— 2(2+c)+6(2—c)—+3(1+c) —) —(1—0)(—)
oy ok €p ot oy ot
= T 3—— (15
Op £t Op
2+c+(1—-c)— 4—c+(2+c)—
O¢ Ot

is the nondimensional function which represents the energghanges sign at some concentration, say, so that
of the long-range interparticle interactions under dc fields\Wo(e,/e¢,0,/0¢,¢,)=0, then the spinodal curve will ap-
and the positive parametar= stzvp/kBT, being the ratio pear on the suspension phase diagram in the range 0
of the electric energy and thermal energy, is, on the one<c, for o,>o0; and in the range, <c<cy, for op,<oy,
hand, a measure of the relative strength of the applied drespectively.

field. The last terms in Eq$14) follow from the relations Let us consider the asymptotic behavior of the spinodal

) curve in the presence of strong fields, i.e., when~. On

IW| IW (20 Wdc using Eq.(13) and the asymptotic expressions #fc) as

ac|, dc|, B o ac? c—0 andc—c,, [see Egs(2a) and(2b), respectively, spe-

2 ! cifically, thatZ—1 andZ’=0(1) asc—0, whereasZ,Z’

. aW) W wy| fcz azwd ;;Orezg?oﬁé'z —0 asc—cy,, we arrive at the following

an C% . C% . = o CW C.
2 1

A=1[cVy(eples,op/04,0) as c—0, (163
We can view Eq(13) as giving us a function (c) along
the spinodal curve on the phase diagram of a suspension. ~ A~Z'(C)/¥o(ep/es,0p/0¢,Cy) as c—cp, (16b)
Then Eqgs.(10) for the critical points\ ., andc,, correspond
to a minimum of this function. As follows from E¢13), ¥, N~=(Z+cZ') IeWo(sples,oplor,c) as c—c
should be positive at least over some concentration range if
the spinodal curve is to appear on the phase diagram. A
As can be seen from Eq.(15), the equation where \I’OWW
Vo(epler,op/0¢,c)=0 in theo,/or andey/e; plane has Cr
two roots. One of them is,= o, whereas the other gives
ep/es as a function ofop/o; andc. As an illustration, we €y /81 )
show in Fig 2 a family of curves¥Vy(e,/es,0,/0¢,¢)=0 '
in the plane ofo, /o andey/es for several values of the
particle concentration. Clearly, as seen in this figobg, is Wo<0
positive only within two domains, one of which is located in 2}
the region ofo,> o above the curveV =0, whereas the
other is in the region obr,<o; below the curve¥,=0.
Also, along the curve®d (=0, the sign of the variation of
gp/es with concentration along the linas,/o=const-1,
namely,

(c—cy). (160

_ [4-c+(2+c)oplof)? ol
B (O'p/O'f—l)z(O'p/O'f+2)2’

Ogples
éc

>0'p/a'f Vo=0
¢=0.55

0.3

is always positive. Hence, as can also be seen from Fig. 2, i
necessary condition for a conducting suspension to undergi
a phase transition in dc fields is that the particle-to-fluid ra-
tios of the dielectric constants and conductivities should lead
to positive values oV (e, /e¢,0,/0¢,0) when the particle
conductivity is larger than that of the fluid or to positive
values of¥y(e,/e¢,0p,/0¢,Cy) When the fluid conductivity

is larger than that of the particles. This means that the ran- fiG. 2. Family of curvedl (s, /51,0 /¢ ,€)=0 in theo, /o
dom arrangement of these particles should become unstabk@ndgp/sf plane forc=0, 0.3, and 0.55¥ (e, /e¢, 0, /0y ,C) is
at least in the case of a dilute suspensiorcasO for the  positive above the corresponding curve in the regioar ot o and
former case or az—c,, for the latter. If, howeverV¥, below it in the region ofor,<oy.

0 1 2 245 6 7 3 9 10 1

12
cp/cf
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Now consider the asymptotic behavior of the coexistenceyith f (Cm c)Wodc=0 and¥,|, 2<0. On the other hand,
curve, Eqgs.(14), asA—=. In the event thary> oy, the

smaller root of Eqs(14), ¢;, approaches 2610 @60, C—0 prowded thayf ;"(Cm—¢) Wodc>0. Then we arrive at
Hence, as follows from Eq.16b), the limiting value ofc,, the same equations farandc, as Eqs(17b). Furthermore,
the larger root of Eqs(16), depends on how the integral it follows from the inequality ¢—c,)¥,>0, whenc#c,,
J5c¥dc decreases with increasing concentratiowhenc  that the right-hand side of the first expressions in Eg89)
>c, where¥, becomes negative. As long as this integraland(17b) is positive, which is required in order that- < as
equals zero at some concentration, sgywhich is smaller C>—Cp.
thanc,,, we obtain Now consider in more detail suspensions that are near the
limit of their ability to undergo electric-field-induced aggre-
a Z(ch) ol B gation, so that,—0 for o,> o or ¢c,—cp, for o,<o¢ and
AT s and |n01*fo(cz)—?\f Wodc (178  for which the variation of¥#, with concentration may be
ole 0 approximated by a linear term over the regiog @<c, or
Cc,<C<c,, respectively. Ax,—0, Egs.(13) and(14) yield

at A—e, the following expressions: for the spinodal curve,
a
with [(?cWodc=0 and Wo|s<0. On the other hand, if 3( _g) A
JereW,de>0, ¢, approaches,,. In that case, on using the Cr ) Ahg
asymptotic  relation fj(cy)—Z(c,)=(Alcy)In(Cy—Cy)
: o Cq 1 4(1+4C )
+0(1) asc—c,, [see Egs(2b) and (7b)], we arrive at the with —~ = and Ao~— ——— v (202
following expressions: Cr c2 Sl
tac |,
CmZ(C2) '
A~-———— and :
Jomew de and, for the coexistence curve XA,
N C, 3 MNg(l+6c) Ir( ch> 4AN(1+4c,)
|nc1~——f "(em—C)Wode+F4(C)—2Z(C,) (17D ¢ 2 2A\(1+4c) 3¢, Aee
Cm Jo (20
at c,—Cp,. At the other extremeg,—c,,, Egs.(13) and(15) yield, for
the spinodal curve,
The right-hand side of the first expression in E¢krb) is )
required to be positive in order fok—o as c,—c, oG C—C Ner with
whereas the coefficients of the teirin the expressions for Cm—C/ \Cm— Cr
Inc, in Egs. (179 and (17b) are required to be negative in
order forc;—0 ash—o. That such is the case follows from Cy—Cr 2 272" (c,)
the inequalityc, [§W odc> [§cW odc, which, in turn, follows co—c, 3 and \g~ P (213
from the fact that ¢, —c)¥ (>0 for c#c,. e
To examine the situation in whicty,, the larger root of ¢

Egs.(14), approaches,, as\ —%=, wheno,<o;, we com- , 3
bine Egs(14a and(14b) so as to eliminate terms of order of WhereZ"(c,)~2A/(cyn—c,)" [see Eq(2b)], and for the co-

1/(c,,—C,) at c,—Cp,. Then we obtain existence curve at> N\,
cal o)~ 2]~ [eatgler) —caZ(cy)] Cn=Co_32a 4 CnC_3 18 n(cm‘CZ)_
. cm—cr 81\ Ch—C, 2 8\ Cm—Cq
2
—)\f (co,—c)¥odce=0. (18 (21b)
C1

Notice 'that(9\1f0/(9c|Cr in negative in Eqs(20a and positive
Hence, as follows from Eq18), the limiting value ofc, the  in Egs.(213a.
smaller root of Eqgs.(14), depends on how the integral
) zm(cm—c’)\Ifod ¢’ decreases with decreasing concentration B. Classification scheme of the phase diagrams

¢ whenc<c, whereW, becomes negative. As long as this  The results of the analysis presented above demonstrate
integral equals zero at some concentration, s&Y, Eqs.  how the behavior of the spinodal and coexistence curves is

(14b) and(18) yield related to the characteristics of the electric-field-induced
long-range interparticle interactions. This yields a complete
Z(cy) . Cmlfo(c2)—Z(cy)] set of phase diagram&ig. 3 of conducting suspensions
A and ¢y~¢;— N(Cm— )Wl (19 gubject to dc electric fields, as a function of the mismatch of
1

C

TWode : . o ;
fCi‘ 0 the dielectric constants and conductivities of the particles to
those of the fluid. In this connection, it should be pointed out

at c,—Cp, that the classification scheme of the topologies of the phase
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negative dielectrophoresis, Cp <O¢ ‘

the relative strength of the applied field

EENC

r CCr Cm ¢ Cr ccr c
the volume concentration of the particles . . . .
P FIG. 4. Map of direct relationship between the mismatch of the

FIG. 3. Complete set of phase diagrams of conducting susperflielectric constants and conductivities of particles and of a suspend-
sions subject to electric fields; 1 and 2 are the spinodal and coestng fluid and the topology of the phase diagram of a conducting
istence curves, respectively; the metastable and unstable domaifidspension subject to dc fields;=0.64.
are denoted by and U, respectively. In the expressions, which
specify the topology of a phase diagram, the subscripts Osand - ) ] 2
correspond to the cases of dc and ac fields, respectively. The on6r - Specifically, Fig. &) applies Whenfochfodc:o at
phase region of a phase diagram includes the random spatial asome cg smaller than c,,, whereas, for Fig. @),

rangement of the particles, whereas the two-pzhase reg?on Co”ﬁ“gmc\lfodc>0. The high-field behavior of the lines on the

sponds to the appearance of aggregates.zE \.'P/kBT IS a phase diagrams sketched in Figéc)3and 3d) is described

measure of the relative strength of the applied fiel the volume )

concentration of the particles. by Eqs.(16@ and (169 for the spinodal curve and by Egs.
(179 [for Fig. 3(c)] and Egs.(17b [for Fig. 3(d)] for the
coexistence curves. Equatiofig0) govern the asymptotic

diagrams sketched in Fig. 3 is actually determined only byhehavior of these curves for the phase diagram in Fig3. 3

the asymptotic behavior of the compressibility facg¢c) as  asc,—0.

c—0 andc—c,, as well as by some rather general properties The phase diagrams given in FiggeBand 3f) represent

of the concentration dependence of the functibg. the case whenr,<o; and¥, changes its sign witdecreas-

The simplest phase diagram shown in Fig&) Zorre- ing concentration from positive\I(0|c:cm>0) to negative
sponds to the case whel, is negative over the entire con- (¥ |._,<0), so that it equals zero at some concentration
centration range @_c<cm, so that no aggreganon at all is ¢, . Figure 3e) applies Whenfcam(cm—c)\lfodc=0 at some
predicted to occur in the presence of a dc field. In contrast, ¢
the phase diagram sketched in Figéh)3hows what is pre- c¢§, whereas, for Fig. @), fgm(cm—c)\lfodc>0. The high-
dicted to happen wheW is positive for 0<sc<c,, so that, field asymptotics of the lines on these diagrams are described
regardless of the particle concentration, the suspension willy Eqgs.(16b) and(16¢) for the spinodal curve and by Egs.
start aggregating as long as the applied dc field becomgd9) [for Fig. 3e)] and Egs.(17b) [for Fig. 3(f)] for the
sufficiently large. The high-field asymptotics for the spinodalcoexistence curves. Equatioii2l) govern the asymptotic
and coexistence curves on this diagram are given by Eq$ehavior of these lines on the phase diagram sketched in Fig.
(163, (16b), and(17b), respectively. 3(e) asc,—Cpy,.

The diagrams depicted in Figs(c3 and 3d) are encoun- As can easily be shown from Eq4.6a, (16b), (17b), and
tered wherno,> o andW, changes its sign witincreasing  (19), the separation between the spinodal and coexistence
concentration from positive ¥,|.—o>0) to negative curves along the vertical lines of constant concentrations on
(‘If0|c:cm<0), so that it equals zero at some concentratiorthe phase diagram in Fig.(l3, as well as in the low-
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concentration parts of the phase diagrams in Figs). @&d  diagram will be given by Fig. @) as the ratiosr, /o and
3(d) and in the high-concentration parts of the phase diasp/sf fall within two domains, one of which is located in the
grams in Figs. @) and 3f), increases indefinitely with in-  region of o,<o¢ above the curve¥,=0 for c=cy,
creasing strength of the electric field. whereas the other is in the region®f> o below the curve
As seen from Fig. 3, a metastable domain in the high-y -0 for c=0. The suspension phase diagram will be rep-

concentration parts of the phase diagrams in Fig) 80r  yesented by Fig. ®) when the ratiosr, /o ande,/z; fall
c,<c<cp) and Fig. 3d) (for ¢,<c<cy) as well as in the  yjthin two other domaingFig. 4), one of which is located
low-concentration parts of the phase diagrams in Fi® 3 pelow the curve¥ ,=0 for c=0 in the region ofo,< oy,

(for ci<c<c,) and Fig. 3f) (for 0<c<c,) is retained re- \ hareas the other is above the cutg=0 for c=c,, in the

gardless of_ the strengt.h of the applied'dc field. Hence °n|¥egion of ¢,<ay. On the other hand, as long as the ratios
the nucleation mechanisms of electric-field-induced transfor- lo¢ ande,/e; lie in the region ofo,> o between the

r_nations will operate in such suspensions unQer thesg Condggrves\lf():O for c=c,, and forc=0, the suspension phase
tions. However, for the phase diagram in Figb)3 an in- iagram will be represented by FiggcBand 3d) dependin
crease in the electric field strength along the vertical line ofj agra ) erep _ese € c Yy FIg3C a_ epg 9
constant concentration will inevitably lead to the transition®n the sign of the integraf j"cWodc (Fig. 4). But if the
from a metastable to an unstable domain at any concentraatioso,/a ande/e; lie within the region ofo, <o be-
tion. Thus, for such suspensions, the nucleation mechanistween the curve®d ;=0 for c=c,, andc=0, the suspension
will operate in weak fields(below the spinodal curye phase diagram will be represented by Figte) 3and 3f)
whereas the spinodal decomposition will inevitably operatejepending on the sign of the integlfegr“(cm—c)\lfodc (Fig.

in strong fields(above the spinodal curyeThis qualitative 4, Therefore, the map in Fig. 4 enables one to trace how the
distinction between the transformation mechanisms shoulgyations of the electrical properties of the constituent ma-
manifest itself by the dependence of the morphology of theg iaq influence the topology of the suspension phase dia-

aggregation patterns to be formed on the strength of the a%'ram and then, by using an appropriate diagram in Fig. 3, to

plied field. Y .
- evaluate how the dc-field-induced transformations depend on
The map plotted in Fig. 4 demonstrates how the topolog e strength of the applied electric field and particle concen-

of the phase diagram of a suspension subject to dc field .

relates to the mismatch of the dielectric constants and thga_ll_on. . he oh di ¢ ducti

conductivities of the particles and those of the suspendin%_ 0 examine the phase diagrams of conducting suspen-
i

fluid. The curves on this map were computed using (&6) ons in more detail, we performed a ngmerical analysis of
and the following expressions: Egs. (13) and (14) for the compressibility factor and the

function W, given by Egs(2) and(15), respectively. Figure
( Tp ) 5 shows some representative examples showing how the pa-

3c?

al—1 rameters of the critical point. andc. may vary with the

ot mismatch of the particle conductivityr,/o¢. The curves
3 for e,/e¢=1.3, 1.8, and §Fig. 5a)] illustrate two different
types of the dependence f, andc,, on the ratioo, /o for
the case ok,/e;=1. These curves are plotted in Figab
e o for op,>0; since ¥, is negative foro,<o; as long as
6——(2+Cy)—(5—2¢,,) — epler=1 (see Fig. 4 Such a curvéFig. 5a)] may consist
&t Ot of either one or two branches depending on whether the line
o\ 2 gpleg=const on the map in Fig. 4 passes through the do-
+(1—cm)(—p) , (229  Main labeleda. As is seen from Fig. @), A, increases with-
(o out bound as the point which represents the particle-to-fluid
ratioso, /o andey /e in Fig. 4 approaches either the line
Cm o,=0¢ (as is the case foe,/e;=1.3, 1.8, and bor the
fo (Cm—C)Wodc cSrve‘l’o|C:0=0 (as occurs ’%orsp/sf=1.3).
The map depicted in Fig. 4 also demonstrates thgtan
0p 1) be positive fore,/es<1 only when the ratioor,/o; lies

Cm
f cVodc=
0 O'p
2+cpt+(l—cpy) —

Ot

2

X

2
3Ch o within two regions, specifically, to the right of the curve

= 5 5 Wole—o=0 for op,>0¢ and to the right of the curve
ol 24 9p 2+Cm+(1_cm)@ ‘Po|c=cm—0 for gp<gf. The curves fore,/e¢=0.2, 0.38,
ot o and 0.6 plotted in Fig. @) illustrate the dependence &f,
andc,, on the ratioo, /o in the case ot,/e¢<1 provided
x{3@ —2(2+¢y) thatop,<o;. In the ranger,> o, which lies outside of the
m ! O D
ef domain labeled in Fig. 4, these curves are quite similar to
3 the corresponding branch of the curve #gy/e¢= 1.3 shown
2) ] (22b) in Fig. 5@). As can be seen from the comparison of Figs.
' 5(a) and gb) with Fig. 4 for the case,/e¢<1, A increases
without bound as the point representing the particle-to-fluid
The domains in Fig. 4 are lettered to correspond to the phasatios o,/0; and g,/ in Fig. 4 approaches the line,
diagrams in Fig. 3. As seen from Fig. 4, the suspension phase o (as occurs fore,/e;=0.2, 0.38, and 0)6 the curve

Op
4+c,+(2—cp) —
O

2

g
) +(1-c,)

P 3(1— cm)(

Ot Ot O
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1o vary strongly with a change in the relative particle conduc-
tivity. However, the results of numerical calculations indi-
cate that the use of the reduced variabtés,, and N/ A,
makes it possible to superimpose the spinodal and coexist-
ence curves in the vicinity of the critical point, approxi-
mately at = N/\ =<2, for a variety of the particle concen-
trations, electric fields, and particle properties provided that
£,/ = 1.8 the ratioso, /ot ande,/e; fall within the regions in Fig. 4
in which the topology of the suspension phase diagram does
not change. Another possibility of superimposing the spin-
odal and coexistence curves over a variety of electric fields
and particle properties, as long &g, does not vary signifi-
cantly with concentration or when the variation ¥f, with
concentration may be approximated by a linear term, is the
use of the reduced variabM \ ., for the strength of an elec-
tric field. For the former case, E¢L3) reduces to that solved
in Ref.[1], so thatc,~0.13 and\ .,V ,=~21.20 wher is
positive. For example, this case is associated with the parts
of the curves plotted in Fig.(8) for o,/0¢<2 and in Fig.
5(b) for 0.5<0p/0¢. The other situation corresponds to the
phase diagrams depicted in Figgc)3and 3e). Under these
circumstances, the use of the reduced variable for the con-
centration, namely,d— c,)/Cygn With Cyiqin DEINg the width
o, /0¢ of the two-phase region, makes it possible to superimpose
the spinodal and coexistence curves over a variety of the
concentrations as well. This result correlates well with the
pertinent asymptotic expressions, namely, E@)) with
Cwidih=3¢C,/2 and Egs.(21) with c¢yign=3(Cm—C,)/2. An-
other important case is that of highly conducting particles, so
that o,/o¢—» and 6,/e;<(o,/0y)? then, Eq. (15
yields ¥ ,—3/(1—c)3. Under these conditions, the suspen-
sion phase diagram corresponds to Figh) 3vith ¢,,—0.27
and A;,—3.89. This limiting case correlates well, for ex-
ample, with the behavior of the curves in Figapat suffi-
ciently large values ofr, /o .

It should be pointed out that the value of the particle
content,c,, of the high-concentration phase of a suspension
in the phase diagrams in Fig. 3 increases dramatically with
the strength of the applied field. For exampie,approaches
~0.5 at\/\~2 for the phase diagram plotted in FigbR
This value almost corresponds to a transition from a disor-
dered state to an ordered face-centered-cubic structure on the
equilibrium phase diagram of hard spheres in the absence of

A Uﬁp/ﬁf =13 fepfer=13 phase diagrams. As Fig. 5 illustrates, the values,pindX .,

200
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1000
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400

200

e/t =06 an electric field[3,4]. In this connection, we also mention
recent studies of suspensions of nonconducting particles in
/e =0 nonconducting fluids subject to strong electric fie[d2]
ol which demonstrate that a high-concentrated phase in such

colloids eventually forms a crystalline body-centered tetrag-
onal solid. Thus it is quite realistic to suppose that a high-
concentration phase in the diagrams in Fig. 3 should undergo
! subsequent disorder-to-order transitions in the presence of
Op/Ot sufficiently strong electric fields as well. Unfortunately, a

b description of these transformations cannot be included in
the diagrams in Fig. 3 because of the absence of an equation
for the free energy of conducting anisotropic crystalline ag-
gregates, which is required for this analysis.

FIG. 5. Dependence of the parameters of the critical pojnt
andc,, on the mismatch of the particle conductivigy, /o for (a)
gple;=1.3, 1.8, and 5 in the region of,>o; and (b) ep/e;
=0.2,0.38, and 0.6 in the region of<or. IV. PHASE DIAGRAMS OF SUSPENSIONS SUBJECT

Wole—c, =0 in the range ofo,<o; (as occurs fore /e TO ac FIELDS

=0.6), or the curve¥|._,=0 in the range ofr,> 0. Algebraic and numerical operations in this section were
Now consider the scaling properties of the suspensioperformed with the use dIATHEMATICA [13].
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FIG. 6. Family of curvesV (e,/e¢,0,/0¢,wt;,c)=0 in the
oplo; and gyle; plane for wt;=1 on c¢c=0 and 0.55.
Y, (ep/es,0p/ 0%, 01 ,C) is positive in two domains, one of which
is located above thg curve in the region ofr,< o and above the
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with Xs(c) being the positive root of the equation
(2—3c+c®)X5+(4—15c+¢%) X~ 16—12c+c3=0.

On the other hand, ast;— o, the « and 8 curves approach
the linee ,=&¢ at any finite value otr, /o, while the points
where they intersect the axis,/e;=0 approach infinity ac-
cording to

Ct)tf 1/2

Ya,ﬁ(c)

with Y, and Y, being the only two positive rootsgY,
<Y, respectively of the cubic equation

o
Ot

(24b)

at wty— oo,

2(2+¢)%Y3-3(8+c)(2+c)(1—c)Y2—9(1+2¢c)(1-c)Y
+(1-c)®=0.
The sign ofé(sp/sf)/6c|0p,gf,wtf,q,wzo, which shows
how &, /¢ varies with concentration for the curvasand 8

along the linesr,/o;=const#1, is always positive. There-
fore, as can be seen from Fig. 6, a necessary condition for a

a curve in the region ofr,> o, whereas the other is located below conducting suspension to undergo a phase transition in the

the a curve in the region obr,<o and below thes curve in the
region ofo,> o .

When a suspension is subjected to an ac electric fiel

E, coswt over a long period of timeté-t,), the substitution
of Egs.(5) for its electric energy into Eq$9) and(11) yields
expressions similar to those in Eq43) and (14) with

g, O 92
_p,_p,wtf,C) :_(

€ O¢ (9C2 (23)

w

e
e(E);

in place of ¥ and\ = &((E)3v,/ksT, where(E)3=EJ/2 is

presence of an ac field is that the particle-to-fluid ratios of
the dielectric constants and conductivities should lead to ei-
er V,(eples,oplo¢,0t:,00>0 or YV, (gy/er,0p/
0,0t ,c)>0. If in addition, howeverW , changes sign at
some concentration, say,, so that V,(ey/es,0p/
o ,ot;,c,) =0, then the spinodal curve will appear on the
suspension phase diagram in the rangece<c, or ¢, <c
<cn, respectively. In a manner similar to that in Sec. Il A,
we can show that the asymptotic behavior of the spinodal
and coexistence curves at strong electric fields wher is
given by Eqs(16), (17), and(19)—(21) with ¥, in place of
WV,. As a result, Fig. 3 also yields a complete set of phase

the time average of the square of the electric field strengthdiagrams of conducting suspensions subject to an ac electric
andt;=&¢/oy is the time constant of the fluid. The nondi- field as a function of the mismatch of the dielectric constants
mensional function? , represents the time average energy ofand conductivities of the particles and suspending fluid as

the long-range interparticle interactions under ac fields, angvell as of the frequency of the applied field.

the value of\ is a measure of the relative strength of the

applied ac electric field; in additionV ,—¥, aswt;—0.

The map plotted in Fig.(3) [see Fig. ) for an enlarge-
ment of the left-hand side corner of Fig(ay, i.e., for 0

Reasoning similar to that in Sec. Il A shows that a curve<g,/e¢<2 and O<o,/o¢=<3] demonstrates how the topol-

Y, (eples,opl0r,wt;,c)=0 intheo,/or ande,/e; plane

ogy of the phase diagram of a suspension subject to ac fields

represents a boundary between a domain where the particlelates to the mismatch of the dielectric constants and con-
properties are such that these particles will aggregate in th@uctivities of particles and a suspending fluid fet;=5.

presence of a sufficiently strong ac electric fi¢dihce, for

The domains in this map are lettered to correspond to the

them, ¥ ,>0) and a domain where they will not aggregate phase diagrams in Fig. 3. As seen from Fig. 7, the suspension
(since, for them¥ ,<0). Figure 6 depicts a family of such phase diagram will be given by Fig(88 when the ratios
curves for different values of the particle concentration. Asg /o ande, /e fall within two domains, one of which is

seen from Fig. 6, there exist two different curves for everylocated in the region of,< o bounded by the8 curve for

value of ¢; both of them go through the point,/o
=g,/e;=1 and intersect the axes. Witht;—0, the curve

¢=0 and thex curve forc=c,,, whereas the other is located
in the region ofo,> o'; bounded by thex curve forc=0 and

labeleda approaches the corresponding curve for a dc fieldhe B curve forc=c,,. The suspension phase diagram will

(see Fig. 2 which is given by the equation
Vo(eples,op/07,€)=0 atop# o, whereas the curve la-
beled 8 approaches the line,= o, so that it intersects the
axes at the points

Op 1+3c 12

—=~1+ ot; and
Ot et

ep [Xs(0)

wtf

as wt;—0,

(243

be represented by Fig(l3 when theo, /o ande, /e ratios
fall within another two domaingFig. 7), one of which is
located above thegg curve forc=c, in the region ofo,
<o and above thex curve forc=c,, in the region ofo,
=gy, Whereas the other is located below theurve forc
=0 in the region ofo,<o; and below thes curve forc
=0 in the region ofe,=0;. As long as the ratios,/o;
ande,/g; lie within the region ofo,<o; between theg
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c=c,, andc=0, the suspension phase diagram will be rep-
resented by Figs.(8) and 3f) depending on the sign of the
integral [ ;"(c,— €)W ,dc.

The map plotted in Figs. (@ and 4b) enables one to
trace how the variations of the electrical properties of the
constituent materials influence the topology of the suspen-
sion phase diagram and then, by using an appropriate dia-
gram in Fig. 3, to evaluate how the electric-field-induced
transformations will depend on the strength of an ac field and
the particle concentration. To this end, it is significant to
examine howV , varies with increasing the field frequency.
As follows from Egs.(12b and (23), ¥ ,—W¥ ,=38%/(1
—Bc)®>0 aswt;—». Therefore, ak,#¢e; and regardless
of the ratioo, /o, the suspension phase diagram will even-
tually correspond to Fig.(B) as the field frequency becomes
sufficiently high. The parameters of the critical poit and
c,, for this limiting case were calculated in RE2]; note that
this A, equalsA /382 in the notation of Ref[2]. The de-
pendence ofA ., andc. on 3 is plotted in Fig. 1 of Ref[2].

An increase in3 from = —0.5to =1 leads to a decrease
in A from 25.24 to 11.66 and to an increasejpfrom 0.11
to 0.27;A;—21.20 andc.,—0.13 asB—0 [2], so that\,
—x asB—0.

Depending on the values of the ratieg/ o ande, /& as
well as the particle concentratioW,, may either increase or
decrease monotonically witkt; from ¥ to ¥, or may
attain a minimum or a maximum at an intermediate fre-
guency. Moreover, this minimum may be negative even
whenWV is positive. In this interesting case, the suspension
phase diagram will correspond to Figibg at low frequen-
cies, then to Fig. @) within some frequency rangeo that
these particles do not aggregate in such ac electric fields
and then again to Fig.(B) at sufficiently high frequencies.
As an example, a map of possible forms of the frequency
dependence ot , for c—0 in theo, /ot ande /e plane is
plotted in Fig. 4 of Ref[1].

Now consider how an increase in the frequency of an ac
electric field affects the two subdomains in Fig$a)7and
7(b) within which ¥, is negative. Specifically, ast; in-
creases, the domaanlocated in the regiowr, <o shrinks to
the linee,=&¢, so that it disappears gradually a;— .

On the other hand, the domaanlocated in the regionr,

> ¢ and bounded by thg curve forc=c,, and thea curve

for c=0 [Figs. 1a) and 1b)] is retained. These boundaries
move indefinitely to the right ast;— o and, moreover, the
separation between them along the linggs;=const in-
creases. For example, this behavior can be seen from Egs.

FIG. 7. Map of the direct relationship between the mismatch of(24b) for the points of the intersection of the curvesnd 3

the dielectric constants and conductivities of particles and of a SUSjith the axise
pending fluid and the topology of the phase diagram of a conduct

ing suspension subject to ac fields fet;=5 andc,,=0.64. (b)
Enlargement of the left-hand-side cor@rse/e;<2, O<o,/ 0}
<3) of the map.

curves forc=c,, andc=0, as well as within the region of
o,= o between thex curves forc=c,, andc=0, the sus-

pension phase diagram will be represented by Figs. &d
3(d) depending on the sign of the integﬁl“c\lfwd c. Onthe
other hand, if the ratios,/o; ande,/&; lie within the re-
gion of o, <o between thex curves forc=c,, andc=0, as
well as within the region ofr,=o'; between theg curves for

p/e¢=0. Within a part of the domainr,

> o through which these boundaries traverse, the sign of
v, will vary with frequency from positive to negative and
then again to positive. This demonstrates why, should
always become positive at any fixed values of the ratios
o,lo andey /e as the field frequency is made sufficiently
high.

V. COMBINED EFFECTS OF DIELECTROPHORESIS
AND AGGREGATION

The term dielectrophoresisis used to describe the
electric-field-induced motion of electrically uncharged par-
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ticles in spatially nonuniform electric field$,8,9]. The di-  hence, Eq(26b) includes Eq.(263 as a limiting case. The
electrophoretic force experienced by a single spherical comominators in Eq(26) represent the dielectrophoretic force
ducting particle immersed in a conducting fluid under aacting on a single particlg8,9], whereas denominators ac-
slightly nonuniform electric fieldy(r,t) can be expressed as count for the effect of the other particles on the magnitude of
[2,9] the force exerted on a test particle in a suspension.
t Now consider how a spatial nonuniformity of an electric
Y Nt field can contribute to aggregation phenomena in a conduct-
foB(t E)e(rt)dt’) - v ey, ing suspension. As follows from Eg&6), the application of
(259  such a field will induce a spatial rearrangement of the par-
ticles which will be attracted toward high-field regiofmosi-

FD(r,t):3Vp8f<

where tive dielectrophoresif8,9]) when R¢B* (w)]>0 (a,> o for
R 3(80y— £007) ¢ a dc field and to low-field regiongnegative dielectrophore-
B(t)= -2 s(t)+ ———L2 P f F{ _) sis [8,9])) when R¢S* (w)]<0 (op<oy for a dc field. It is
ept2e¢ (ept2e4) tp convenient to represent the spatial variations of the local val-

ues of the particle concentratioo(r,t), and of the strength
of an electric fieldE(r,t), by a trajectory(c as a function of
E) on the suspension phase diagram which is given by one of
the diagrams in Fig. 3. With increasing electric field strength
along this trajectory, the particle concentration should be in-
creasing for positive and decreasing for negative dielectro-
horesis, respectively. These trajectories will correspond to
e lines of equal chemical potential when the particles reach
eir quasiequilibrium spatial arrangement in a nonuniform
electric field[2]. As long as such a trajectory passes through
a two-phase domain in the suspension phase diagram, aggre-
gation is predicted to occur in an associated portion of this
suspension, so that dielectrophoresis will be accompanied by
t an electric-field-induced phase transition. The limiting case
E(r,t)=e(r,t)—cf B(t—t")e(r,t")dt’. (25b) of a nonconducting suspension is examined in R&F.in
0 more detail.
The curve RES*(w)]=0 plotted on the maps in Figs. 4
and 7 delineates the different regimes of dielectrophoresis
(the region of negative dielectrophoresis contains the origin
egp/ofzsp/sf=0). It is significant that this curve lies in the
interior of the domains in Figs. 7a) and qb) and, aswt;
—0, coincides with the boundary between the domaiasd
b for a dc field(Fig. 4). Hence the domaine andf and the
domainsc andd in Figs. 4 and 7 are associated with different

with t,= (e, +2¢&¢)/(0,+ 207+) being the relaxation time for
the charge redistribution at the particle surfaéét) is the
delta function, anck is the electric field acting on this par-
ticle. The integral term in Eq(25a represents the relative
dipole strength of this particle.

With a cell model, we can generalize E@59 so as to
get an equation for a dielectrophoretic force exerted on a te
particle in a concentrated suspension subject to a nonunifor%
electric fieldE(r,t). For this purpose, the average field act-
ing on a particlee should be not the applied fieH, but the
Lorentz-Lorenz local field which is related Eby (see Sec.
IVA in Ref. [1])

By taking the Laplace or Fourier transforms of E25b), we
can express the local fieklin terms ofE and, after inverting
the transform, eliminatee from Eq. (253. But since this
procedure is rather lengthy, we shall consider only the cas
of a suspension subjected to a dc filfr) or to an ac field
Eq(r)coswt over a long period of timetéts). For a dc
electric field, we obtain that

op— O regimes of dielectrophoresis, negative and positive, respec-

3 U+—20f tively. The maps in Fig_s. 4 and 7 er_lablg one to trace how t_he
Fo=5Vpes p > VE?2. (263 properties of the constituent materials influence the electric-
2 1— Op~ 0% field-induced aggregation and dielectrophoresis in a suspen-

sion subjected to a nonuniform electric field. For example,
dielectrophoresis cannot be accompanied by aggregation if a

On the other hand, for an ac electric field, E@5) yield an  hoint representing the particle properties lies within domain
expression for the dielectrophoretic force as an oscillating in Figs. 4 and 7.

function of time whose time average is

(Fo) 8, Rdp(w)] V() VI. DISCUSSION AND COMPARISON
D/T™5 p8f|1_cﬂ*(w)|2 T WITH EXPERIMENTAL DATA

One of the main conclusions of our theory is that there are
K ~ . (26b) points of similarity between the phase diagrams of “the par-
ep(w)+2ef (w) ticle concentration vs the electric field strength” and the con-
centration vs temperature phase diagrams for the first-order
phase separation in quenched conventional binary systems
with a high-temperature miscibility gafig. 3). Specifically,
as wt;—0 as can be seen from the phase diagrams in Fig. 3, our theory
predicts that the process of phase separation in a suspension
can be characterized by two critical values of the field
and B*(w)— i wt;—o. strength,E.; andE.,. The smaller critical fieldE., corre-
gpt2es sponds to the intersection, on the phase diagram, between the

ep(w)—ef (0)

with B8* (w)=

Note that

O'p_O'f

B (w)— ————

oot 20¢
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vertical passing through the concentrationf the particles thors studied the separation of a quiescent homogeneous
in this suspension and the coexistence curve, whereas th@yer of an ER fluid into high-concentration and low-
greater fielde,, refers to the intersection of the same vertical concentration domains under the action of a transverse dc
with the spinodal curve. Accordingly, this suspension is preelectric field. Experiments were performed on a 20—vol %
dicted to remain homogeneous as long as the applied electrispension of diatomite particlégadius about 1um) dis-
fields are lower tharkc;, while, slightly aboveEc,, ran-  persed in a transformer oil(e;/eg~2.2 and e,/e;
domly distributed particles will start forming high- ~1.2-1.8, and the structural transformations were observed
concentration domains that are separated from one anothgh the plane perpendicular to the electric field. It was found
Nucleation then plays an important role in the range fromthat the suspension remained homogeneous for applied fields
Ec1 to Ec, whereas spinodal decomposition prevails atless thanE;=1.41kV/mm, but as the field strength ex-
fields larger tharkE.,. As we shall see, this framework offers ceeded this threshold value, the homogeneous suspension re-
a convincing explanation as to why a diverse set of colloidsarranged itself into a system of separated high-concentration
being exposed to sufficiently strong electric fields exhibitsgomains surrounded by a low-concentration phase. This
similar aggregation patterns. structure indicates that the phase separation was created via
Phase transformations in suspensions of electrically neuihe nucleation of a new phase, the characteristic length scale
tral particles under the action of strong electric fields werepf which increased exponentially with increasing field
studied experimentally in electrorheologi¢&R) fluids and strength. AtE.,=1.86 kV/mm and beyond, the morphology
in some aqueous suspensions related to biomedical applicaf the suspension layer changed again in that the high-
tions. An ER fluid is a suspension of highly polarized concentration domains formed an interconnected sievelike
micrometer-sized particles dispersed in low-conducting oilsstructure similar to that commonly observed in quenched
The electrically induced particle aggregation in an ER fluidconventional binary systems as long as the spinodal mecha-
manifests itself in a quick and dramatic reversible increase imjsm prevails in the first-order phase transition. For the sus-
the apparent suspension viscosity following the applicatiorpension employed in Refl22], the magnitudes of the ratio of
of an electric field. Referencd44—19 provide a good in-  the electric energy to the thermal energy calculated for the
troduction to the field of ER fluids. critical fields 1.41 and 1.86 kV/mm anme,;~3.9x 10* and
Some uncertainty in attempting to make a quantitative\ ,~6.8x 10, respectively. As can be seen from Fig. 5,
comparison between the theoretical predictions and the pulagych large values of; and\., correspond to a small mis-
lished experimental data lies in the fact that, in the experimatch of the conductivities of the particles and fluiat, (
ments involving suspensions subject to strong electric fields, 5 )/ 5 <1 when¥ o(e,/e¢,0/0¢,€)—0. This is consis-
the numerical values of the mismatch of the effective content with the fact that the suspension employed in [R2g]
ductivities of the particles and suspending fluigl,/ot,  was not activated with special polar additives used in elec-
were not well defined. Reca”, that the addition of a Sma”trorheok)gy[ls'ls,19 in order to increase the partic'e con-
amount of ionic impurities to low conducting liquids and gyctivity.
solids can radically alter their conductivity. Therefore, the  Experimental data presented in Ref23—26 show the
values of the con(_juctivities qf the particles and suspe.ndinge|ation between the morphology of the aggregation patterns
fluid in a suspension could differ by an order of magnitudeformed in a suspension under the action of a dc field and the
from those of the pure substances. Unfortunately, in spite ofismatch of the dielectric constants and conductivities of the
considerable efforts to link the electrical properties of theparticles and fluid. In Refd23—26, the structure of a qui-
particulate phase to the ER response, only a few investigasscent layer of a suspension was observed, again in the di-
tions attempted to characterize the conductivity of the distection perpendicular to the field lines, and experiments were
perse phasg20,21]. In addition, the Maxwell-Wagner model performed on model ER fluids consisting of a wide variety of
of interface polarization, which underlies our theory, requiresyarticulates dispersed in silicone 6i; /e,~2.6[27]). Spe-
some modifications related to modeling the charge transfegifically, the particles used in Ref$23—26 were micro-
inside the double layer on the particle surface in order tospheres of copper and indiufmeta), silicon (semiconduc-
provide a correct interpretation of the experimental data peregy, ep/e¢~4.5 [27)), strontium titanate(low conductivity
taining to the low-frequency complex permittivity for many ang high dielectric constant,, /e~ 50-300[27]), PMMA
colloids, even in the case of low fields,7]. (very low conductivity and low dielectric constant, /e
Nevertheless, as will be seen below, we are able to dem- g g5 [27]), and glass(low conductivity ande,/e;~1.4
onstrate how the available experimental data on the electri¢y7)) as well as Cu spheres coated with an insulating layer of
field-driven phase separation in a variety of suspensions cagio, PMMA spheres coated with a monolayer of Ni or a
be interpreted within the context of our theory and why they,,ple layer of Ni and SiQ glass spheres coated with a
currently used models of the field-induced aggregation aryver of Ni (~1.5 um thickness or a double layer of Ni and
not capable of providing a unifying framework for explain- jqyjating lead zirconic titanatéPZT) ceramics(~1 um
ing this body of experimental results. thicknes$, and glass spheres containing some amount of ab-
sorbed water. In Ref423,24] the diameters of the copper,
silicon, and SrTiQ spheres were about 4&dm, while those
of the indium, PMMA, and glass spheres were about 25, 70,
Two different regimes of an electric-field-driven separa-and 45um, respectively. In Refd.25,26 the diameters of
tion in colloids, whose appearance depends on the strengthe copper, SrTi@spheres, and glass spheres were about 65,
of the applied field as predicted by the phase diagrams 10, and 47um, respectively. The particle volume fraction of
Fig. 3, were observed in ER fluids in Rg¢R2]. These au- indium particles was 0.2, whereas the volume fractions in all

A. Experimental data and their interpretation by our theory
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other suspensions were in the range 0.05-0.10. Unfortuhose of the suspending fluid. In particular, suspensions of
nately, these authors did not measure the particle conductivcopper and indium patrticles fall in the region of large values
ity. Aggregation patterns were observed for spatially uniformof o,/ in Fig. 4 and their phase diagram is represented by
electric fields in the range 0.5—-0.7 kV/mm. Under these conFig. 3(b) with values of\, being at least 0D(10%) as can
ditions and for the particle sizes referred to above, thebe seen from Fig. ®). Hence, for suspensions of metallic
electric-energy—to—thermal energy ratid\igxpplog. Inad-  particles, the experimental conditions of Rgf23—26 cor-
dition, field-induced aggregation patterns were observed imesponded to the regime,,,&\, which, in the phase dia-
spatially nonuniform electric fields over a similar range of gram, we associate with the unstable domain lying far be-
electric field strengths generated by needle-needle, needlgond the spinodal curve. This is consistent with the
plate, and concentric cylindrical electrod&s,26. experimental results that these suspensions formed netlike
In the presence of an electric field, the Srfi@nd Si  aggregation patterns similar to the structures observed in
spheres formed a system of separated chainlike aggregatggenched binary systems when the spinodal mechanism
aligned in the direction of the field lines as is typically ob- plays the main role in the phase separation.
served in ER fluids[14—-19. However, the aggregates Even though a detailed analysis of a suspension with
formed by the Si spheres were significantly greater in lengtitomposite particles is beyond the present scope of our
than those formed by the SrTiGpheres under the action of theory, the scheme in Fig. 4 also readily explains why the
the same strength of the applied field. On the other hand, theoating of the PMMA particles with nickel affected their
morphology of the aggregation patterns observed in suspebility to aggregate in the presence of a dc electric field.
sions of copper and indium spheres subjected to a dc electrfgpecifically, without coating, the parameters of the PMMA
field was completely different from that in suspensions ofsuspension fell within domains in Fig. 4 where the suspen-
SrTiO; and silicon spheres in that these metallic particlession phase diagram is given by Figag so that no aggre-
formed a netlike(also referred to as fractastructure. But — gation would be expected to occur. As can be seen from Fig.
when the copper spheres were coated with an insulating layér for &,/£;~0.85, in order for the PMMA particles to ag-
of Si0,, the aggregation patterns were found to be similar tagregate in dc fields it is required that the value of the ratio
those formed in a suspension of SrEifarticles. o,/o should lie in the range either from 1 to about 4.5 or
Another interesting phenomenon was observed in suspefess than about 0.7. This argument is consistent with the
sions with PMMA and glass spheres. In the absence of coatow-conducting properties of the PMMA materials. On the
ing, the PMMA particles did not aggregate at all, but whenother hand, covering a particle with a thick nickel layer led
these same spheres were coated with a very thin nickel layelQ a large value of the ratio, / o¢ with o, being taken as the
short chainlike separated aggregates were formed whichffective conductivity of a composite particle. Hence the pa-
were aligned in the direction of the field lines. When, how-rameters of this suspension fell into the region in Fig. 4
ever, the thickness of the nickel layer was increased so as telated to the phase diagram given by Figo)3with rela-
form a uniform conducting layer, the PMMA particles tively small values ofr, (see Fig. 5. This means that the
formed netlike aggregation patterns similar to those formedtrength of the applied electric fields in these experiments
by metallic spheres. If this outer nickel layer on the PMMA fell within the unstable part of the suspension phase diagram,
spheres was then covered with an insulating layer of,SiO far beyond the spinodal curve. As a result, a suspension of
short chainlike aggregates appeared again. Similarly, fothe PMMA spheres coated with a thick nickel layer formed
glass spheres, the structure of the aggregation patterns wastlike aggregation patterns very similar to those in suspen-
radically altered as the amount of water absorbed by the&ions of metallic particles. To this end, it is quite reasonable
particles was increased or as they were coated with eithdp expect that the cases of PMMA particles coated with a
only conducting(Ni) material or sequentially with conduct- very thin Ni layer or double layer coated with an inner thick
ing (Ni) and insulating PZT) materials. Specifically, at rela- Ni layer and an outer insulating SjQayer were associated
tively low water content(up to about 1 wt% the glass Wwith the region of moderate values of,/ o in Fig. 4. Such
spheres formed chainlike separated aggregates whose length/o; ratios correspond to the phase diagrams given by
increased with the amount of absorbed water. Howeverrigs. 3b), 3(c), or 3(d) with sufficiently large values ok,
when the water content exceeded several percent, the aggisee Fig. 5. Consequently, according to our model, the value
gates became shorter and more branchy. On further increasf A, for such suspensions was associated with the meta-
ing the amount of watefmore that about 5 wt9% the sus- stable domain between the coexistence and spinodal curves
pension structure became similar to the netlike aggregatioim the suspension phase diagram. As could be expected for
patterns observed in suspensions of metallic particles. Thiis domain, a suspension should form a system of separated
netlike aggregation structure also appeared when the glasggregates similar to structures observed in quenched binary
spheres were coated with a conducting nickel layer. Howsystems when nucleation plays an important role in the phase
ever, this netlike pattern transformed back to chains when aseparation. Such is indeed the structure observed in experi-
insulating PZT layer was coated over the Ni layer. Experi-ments with PMMA particles coated with a thin Ni layer or
ments in Refs[25, 26 showed that the spatial nonuniformity double layer coated with Ni and SjQayers.
of electric fields does not affect the morphology of the par- The impact of absorbed water and coating with nickel on
ticle aggregation patterns. the aggregation patterns of glass spheres in the presence of a
The experimental data reported in R§83—26 fit natu-  dc electric field observed in Reff23—-26 provides further
rally into the scheme in Fig. 4, which demonstrates how thesupport for our proposed model. Recall that, as follows from
aggregation processes in dc fields depend on the mismatch Bfg. 4 for ,/e¢~ 1.4, the value of the ratier,/o; is re-
the dielectric constants and conductivities of the particles tguired to be greater than unity for glass particles to aggregate
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in dc fields. But the water content of glass spheres in Refgarticle concentration vs the electric field strength” in Fig. 3.
[23, 24 was varied in the same range as that of traditionalAll the experiments discussed above, though, were con-
water-activated ER fluids where, as has been well establishetlicted in suspensions where the ratjde; was greater than

in experiments with such ER fluid45-19, the conductivity —approximately 0.85.

of similar dispersed patrticlgglass, silica, quartz, aluminum In relation to the behavior of suspensions with small val-
and magnesium silicate, zeolite, ¢tincreases drastically ues ofe,/es andop/oy, it is pertinent to mention the ex-
with the amount of absorbed water. Consequently, it appearseriments of Refs[28,29 on the ac-field-induced aggrega-
reasonable to suppose that the value\gf, was associated tion of polystyrene £,/¢,~2.5) spheregdiameter of 1.3—
with the unstable domain in the suspension phase diagram5 um) suspended in an aqueous medium and confined to a
for highly watered glass spheréfarge o,/o¢ ratiog and  thin layer. The properties of these suspensions were located
with the metastable one for particles with relatively smallin the vicinity of the origin of the coordinatés,/e;<1 and
water conten{moderates /o values. As a result, highly  ¢,/0<1) of Figs. 4 and 7, and therefore their phase dia-
watered particles formed netlike aggregation patternsgrams refer to those plotted in Figid. In Ref.[28], 30- and
whereas particles containing small amount of water formed a50-kHz fields of 0.1-0.13 kV/mm were applied to a 0.9—
system of separated aggregates. This argument is consistanil % suspension in the plane of the layer, whereas in Ref.
with the experimental result that highly watered glass par{29] a 1.5-kHz field of 0.03 kV/mm was applied transversely
ticles formed a structure similar to the netlike structure ob+to a layer of a 0.12—vol % suspension. The strength of the
served in suspensions of glass particles covered with a compplied fields in these experiments corresponded dgy
ducting nickel layer for which, as one would expect, theequal to approximately 1:710° and 2.5<10° in Ref. [28]
o,/ oy ratio was large. and 300 in Ref[29].

The same reason readily explains why the coating of cop- As was observed in Ref§28,29, polystyrene spheres
per spheres with an insulating layer of $i@ well as the formed separated chainlike aggregates aligned in the direc-
coating of the nickel layer on the glass spheres with an intion of the field lines. These resembled the structures typical
sulating PZT layer(a double coating caused a radical of ER fluids which are also related to the phase diagram in
change in the morphology of the dc-field-driven aggregatiorFig. 3(b), however, fore,/e;=1 andop/o¢=1. The simi-
patterns. This is because the effective ratjg/o; was dras-  larity between the structure formation in these suspensions is
tically reduced due to the coating, so that, fell into the  consistent with what would have been expected from the
metastable domain in the suspension phase diagram. Assimilarities between their phase diagrams. It should be noted,
result, phase separation in suspensions made of coated cdmwever, that as shown in Rdf30] the Maxwell-Wagner
per particles and double-coated glass spheres occurredodel should be modified by including a frequency-
mainly via the nucleation mechanism, leading to the formadependent surface admittance in order to account for the ob-
tion of a system of separated aggregates. served low-field complex dielectric permittivity of an aque-

Similarly, if silicon and strontium titanate particles are to ous suspension of polystyrene spheres. Therefore, a more
aggregate in dc fields, the value of the ratig/ o should be  detailed analysis of the phase diagram of polystyrene suspen-
greater than unityFig. 4). As one could expect, the values of sions is beyond the present scope of our theory.
the ratioo, /o for these particles were significantly lower  In relation to the expected ability of suspensions, having
than those of metallic particles; hence, the valua gf;was  small values of the ratie /<, to undergo spinodal decom-
associated with the metastable domain in their phase digsosition, it might be well to point out Ref$31,32. These
grams. Consequently, these particles formed separated aggersthors reported the results of light-scattering studies of the
gates under the action of a dc field. The fact that the aggrestructure formation in transparent suspensi@isl7 vol %9
gates of silicon particles were greater in size than those off silica spheres (diameter of 0.7 um) in
the SITiQ particles may be attributed to the larger conduc-4-methylcyclohexandle ; /e~ 13.5 ande, /e~ 0.3) subject
tivity of silicon, leading to a smaller value of., compared to 12-kHz electric fields-0.8—3 kV/mm. The measurements
with that for strontium titanate particles. This, in turn, leadsof the depolarization of the scattered light indicated that
to a larger value ok .,,/A; for the silicon particles, thereby these particles were sufficient refractive-index matched to
resulting in a larger “supersaturationli.e., the distance the suspending fluid so as to ensure single scattering from a
from the coexistence curve in the phase diagramhich  suspension. Light-scattering data taken within milliseconds
“drives” the field-induced phase separation. after the application of an electric field showed two distinct

The experimental resu[25,2€ that a spatial nonunifor- lobes orthogonal to the field lines. These lobes had an inten-
mity of the electric fieldon the scale larger than the particle sity maximum at some nonzero wave vector, indicating a
size) does not influence the morphology of the field-inducedstrong spatial correlation between unstable concentration
aggregation patterns demonstrates that the driving force fdtuctuations. These authof31,32 emphasized that this scat-
aggregation is determined by thleeal strength of the electric  tering pattern was the two-dimensional analog of the scatter-
field. This correlates well with our mod¢l,2] in that the ing ring commonly observed in the spinodal decomposition
driving force for aggregation arises from the field-inducedof quenched conventional binary systems which are isotro-
interparticle interactions(governed by the local field pic. Moreover, a typical scattering ring was observed when
strength, whereas the spatial nonuniformity of the field af- the light beam was directed along the field lines. The fact
fects spatial variations in the particle concentration. that the silica suspensions in the experiments of Refs.

It is significant that our theory predicts that the similari- [31,32] showed the field-induced spinodal decomposition is
ties in field-driven phase separation processes in suspensioosnsistent with the predictions of our theory. Specifically,
are associated with the same type of phase diagrams of “théne conditions of these experiments corresponded to values
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of the electric energy-to-thermal energy rakig,, from ap- model, it is significant that the dried cornstarch had a larger
proximately 3.3< 10° to 4.5x 10*. As can be seen from Fig. dielectric constant and a smaller conductivity than the corn
5 for e,/e¢~0.3, these values Of,, far exceeded, for a oil, but that the cornstarch conductivity increased rapidly
dc field and, consequently,, for ac fields since the latter With the amount of absorbed water, so that it became larger
decreases with increasing field frequency wigte ;< 1. than the oil conductivity at water contents greater than 3
One of the important theoretical predictions of our modelwt %. This result correlates well with the requirement that, in
is that the field-induced phase separation can occur in sugrder for particles having,>¢; to aggregate, the value of
pensions associated with positive as well as negative regimébe ratioo, /o should exceed unityFig. 4).
of dielectrophoresis in Figs. 4 and 7. In other words, the Recently published data on ER responses in a model
ability of particles to aggregate in the presence of a spatiallgmulsion systemi21] also substantiate the predictions which
uniform electric field is not related to the sign of the dielec- follow from Fig. 4. Here, two immiscible fluids, a chlori-
trophoretic force acting on them in a spatiaignuniform  nated paraffin oil(e¢n/e9~8.1, ocn~10"°S/m) and a sili-
field. This statement correlates well with, for example, thecone oil(e5/e¢~2.7, 0~ 10" 12S/m), were used to prepare
observed similarities between the structure formation irthe emulsions. Those having 10 and 20 vol % silicone oil
aqueous suspensions of polystyrene sphg2829 and in  consisted of silicone oil droplets dispersed in the paraffin oil.
ER fluids[23—2§ discussed above. Those suspensions werdt silicone volume fractions 30% and above, the emulsions
associated with the domains of negative and positive dieleczonsisted of paraffin oil droplets dispersed in the silicone oil.
trophoresis in Figs. 4 and 7, respectively. Data on theTheir structure formation was observed, however, only in
electric-field-induced scattering dichroism in suspensionghin layers of 10% and 90% emulsions, to which a dc field
[33] provide more support for this view. In RdB3] experi-  was applied in the plane of a sample. In both emulsions and
ments were performed on concentratd®—40 vol% sus-  in the absence of the electric field, droplets of the dispersed
pensions of silicon dioxide spher¢sizes from 0.092 to 0.7 phase were found to be randomly distributed within the con-
pm) subject to dc electric fields up to 1 kV/mm. The par- tinuous matrix. But immediately following the application of
ticles were refractive-index matched to a suspending fluidan electric field of 5 kV/mm to the 10% emulsion, the drop-
Specifically, particles smaller than 0#Zm were suspended lets of silicone oil formed chainlike aggregates aligned along
in cyclohexane §¢/ey~2) or cyclohexane with a small the field lines. These aggregates were not stable under static
amount of decalin. Those particles exhibited positive dielecconditions, however, in that they disappeared gradually due
trophoresis. Larger particles were suspended in a mixed sote the existence of field-induced fluid motions in the sample
vent of toluene §;/s,~2.4) and ethanolg;/eq~24). For and, as time elapsed, also coalesced. In contrast, after apply-
them, the sign of the dielectrophoretic force was negativeing a dc field of 4 kV/mm to the 90% emulsion, paraffin oil
Measurements of the time variation of the dichroism follow-droplets formed stable slender “warmlike” liquid columns,
ing the application and removal of the electric field providedmainly oriented along field lines. Although the experiments
evidence that the imposition of an electric field f, of Ref. [21] indicated significant complications in field-
~6—-200) on these suspensions caused the particles to forghiiven processes in emulsions, as compared with that in sus-
an anisotropic structure. These measuremgg8kindicated  pensions, arguments based on the map in Fig. 4 can explain
that, regardless of the sign of the dielectrophoretic force, althe sharp contrast between the structure formation in these
their suspensions showed similar trends as concerns the demulsions.
pendence of the field-induced dichroism on the particle con- The conditions of the experiments reported in Réfl]
centration and field strength, even though the time scale fotorresponded to values of the electric energy-to-thermal en-
relaxation increased monotonically with particle size. ergy ratio\ ¢, €qual to approximately 1:810° for the 10%
The maps plotted in Figs. 4 and 7 show that the applicaemulsion and 3.9 10° for the 90% emulsion. The former
tion of electric fields can cause a suspension to undergwas associated with the ratios,/e;~0.33 and o,/
phase separation only on condition that the ratigéo; and ~10"3, whereas the latter with the ratios,/e~3 and
gp/e; fall outside the domains associated with the phaserp/of~10°’. The values of the dielectric relaxation timg
diagram in Fig. 8a). In particular, Fig. 4 predicts that par- for these emulsions were0.01 s. For short times<tg, the
ticles dispersed in a fluid having a smaller dielectric constanelectric energy of both emulsions was determined by the ra-
than that of the particless¢<ep) will not aggregate in dc tio £,/e¢ [see Egs.(4d and (12b)], so that the droplets
fields if their conductivities are smaller than that of the fluid started aggregating as soon as the dc field was applied since
(op<oy). Such particles will aggregate, however, if their A¢,,far exceeded the high-frequency linig,= Ao/3B? (see
conductivity is increased to the point where it becomes largeSec. IV) equal to approximately 270 and 160 for the 10%
than that of the fluid due to absorption of small amounts of aand 90% emulsions, respectively. However, the stability of
polar liquid (water, for exampleor the addition of some the structure in the long-time limie>t, involved the ratio of
ionic dopants. It is interesting to note that a theory for dilutethe conductivities as well. For these emulsions, the ratios
suspensiongl] leads to the same prediction. As was alreadye,/e; and o,/ o+ fell within different domains in Fig. 4 re-
discussed in Ref.1], data on the dc-field-induced structure lated to the phase diagram in Fighg Specifically, the point
formation in ER fluids consisting of humidified cornstarch in of the 10% emulsion was located near the upper boundary of
corn oil [20] provide support for this view. Specifically, the left domain, whereas the point of the 90% emulsion was
these experiments showed that cornstarch formed chainlikecated inside the right domain far away from its boundaries.
structures for water contents greater than 3 wt %, but incomHence this explains why both emulsions underwent a dc-
plete chains and partial alignment of the particles at lowefield-induced structure formation and why the long-term sta-
water contents. For the purpose of the applicability of ourbility of the 10% emulsion under static conditions was sig-
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nificantly lower. It might be well to point out that the ertheless, one might expect a correlation between field-
possibility of the scenario which was observed in Rétl] induced shear stresses and long-range interparticle interac-
for the 10% emulsion, namely, that a structure formed im-tions. Based on this assumption, we can link the ER response
mediately (<t;) after the application of a dc field can be- to these function®¥, and¥ . For example, our model for a
come unstable in the long-time limit, was predicted in Ref.dilute suspension in Refl] that gaveW, andV , atc=0

[1]. clarified the reasons why the ER activity of a suspension

Field-induced formation of chainlike aggregates was alsa@orrelates with its dielectric spectrum and why the yield
observed in agueous emulsions and suspensions of biologicsthear stresses increase initially with an increase in the ratio
cells, erythrocytes, potato starch, ion-exchange resins, fat,/o¢ up to a maximum and then decrease as was first re-
globules, etc[34—-3§, over a range of frequencies and field ported in Ref[18]. Also, it was predicted that, depending on
strengths. The frequency dependence of the dielectric conthe values of the ratiog,/e; and /0, the function
stant and the conductivity of these systems exhibit more tha®w |._, can decrease or increase monotonically or even vary
single dielectric dispersions, which in turn, requires modifi-nonmonotonically with increasing field frequenayt;. All
cation of the Maxwell-Wagner model in order to representthese results remain unchanged in the case of a concentrated
the experimental data. Hence one might expect that the phasaspension. Thus our theory provides a natural interpretation
diagrams of such colloids could be significantly richer thanof the general trend found in the literature on ER flUiti6—
those plotted in Fig. 3. Even so, our theory appears to be able9,39-42 that, with increasing field frequency, it is possible
to justify Schwan’s semiempirical relation between the parto observe either a monotonically decreasing, a monotoni-
ticle sizeR and threshold strength of an ac fieHy,, re- cally increasing, or a nonmonotonically varying ER re-
quired to cause aqueous dispersions to aggrd§ét87: sponse.

In connection with the frequency dependencelpf, we
recall the fact(see Sec. IY that domaina located in the
region o,> o [Figs. 1@ and 7b)] is retained in ac fields
with its boundaries moving indefinitely to the right as;

EnRM =K. (27

Schwan then showel®6,37] that by choosing a value d€

on the right-hand side of Eq27) lying in the range 6.6 o This peculiarity provides a natural interpretation of the
X107°=11x10 "V m™, itis possible to fit the experimen- pservation that, in many ER fluids, the ER response drops
tal data on chain aggregation in aqueous suspensions of S'lh”rastically within some narrow frequency range. The phe-
con particles(low polarized and various biological cells omenon of the drastic drop in the ER response was first
(highly polarized for particle sizes from~1 to ~100 um.  reported in Ref[43] and, since then, has been considered
Schwan proposed E27) based on the assumption that, for mostly as an artifact because no reasonable explanation
the onset of a chain formation, the energy of a polarizeoy|d e provided. According to our model, however, such a
particle subject to an external electric field should equal tthrop in the ER response of a suspension can be related to
thermal energy36]. _ o frequencies when domampasses either through or near the
_ But as can be seen from the phase diagrams in Fie3, point eples and oy /oy, Which represents the properties of
gives the lowest value of the electric energy-to-thermal enyyis syspension in Fig. 7. At these frequencies, the values of

ergy causing phase separation and that the ac field streng{pw and, correspondingly, the ER response decrease dramati-
Eocr associated with . is [see Eq(23)] cally.

(28 B. Drawbacks of currently available models
for electric-field-induced aggregation
in suspensions

2T
2mes
With T=300K, &¢/e¢q=78, and the limiting values ok, ) )
equal to 33.6 for low(e,/e;<1 ando,/o¢<1) and 3.9 for Two basic models have been_ used to interpret _the ten-
highly (o7,/as>1) polarized particlegsee Secs. Ill and )/~ dency of a group of neutral particles to form chainlike ag-
we obtain that the right-hand side of E8) falls within the ~ gregates aligned in the direction of the electric lif@9,14—
range between 3:410 6 and 9.8<10 ¢V m¥2 in reason- 19,34-38. One qf them is related to the well-known
ably good agreement with the value Kfin Eq. (27) pro-  €duation for the dipole-dipole ener@yyq [5] between two
posed by Shwan. Therefore, E§8) can be used for obtain- _nonco_nductlng spheres immersed far apart in a nonconduct-
ing a rough estimate of the smaller critical fielid, above ing fluid:
which particles will start aggregating, except for very dilute e s
or for highly concentrated suspensions since, in that case, thgy, = 3e(E%v, 82 Bl Mt
value of E.; varies drastically with concentratiofsee the ept 285
coexistence curves in the phase diagrams in Fig. 3 (29
Although our theory does not deal with the rheology of
ER fluids, it provides some insight into the major trends ofwherea is the particle radiusk is the distance between their
the ER response. Recall that field-induced shear stresses éenters, and is the angle between their line of centers and
ER fluids depend on the interaction between nearly touchinghe direction of electric field. Two polarized spheres clearly
particles[17-19, whereas our model considers primarily attract each other, irrespective of the sign@fas long as
long-range interparticle interactions represented  bycog ¢>1/3, in particular, when their line of centers is paral-
Wo(epler,oplo,C) [see Eg.(15] for dc fields and lel to the electric field. On the other hand, they repel each
V¥, (eples, 00/ 0¢, 01 ,C) [see Eq(23)] for ac fields. Nev-  other if cog #<1/3, in particular, when their line of centers is

a 3
ﬁ) (1-3cog ) with g=
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perpendicular to the electric field. Numerous theoretical paean be obtained by replacimgjin Eq. (30) by Rd 8* (w)] [see
pers exploit modifications of this model for computer mod-Eq. (26b)]. The force-based models which employ Eg1)
eling of aggregation phenomena in ER flujd®,14,18. In  show that the ability of the particles to aggregate under the
general terms, this model is similar to the de Gennes—Pincuaction of strong electric fields depends on the mismatch not
model[44] for aggregation phenomena in colloids of ferro- only in dielectric constants, but also in the conductivity be-
magnetic grains. tween the particles and fluid. Specifically, for the particles to
The other interpretation of field-induced particle interac-aggregate under the action of low-frequency fields, it is re-
tions is based on the distortion of the applied electric field inquired that their conductivity be different from that of the
the vicinity of each particle, which leads to a dielectro-fluid (so thato,# o), whereas for high-frequency fields a
phoretic force acting on another parti¢iee Sec. Y. For a  mismatch in dielectric constant is requirésb thate,# &¢)
nonconducting sphere immersed in a nonconducting fluid,see Eq.(26b) as wt;—0 and wt;—«, respectively. Al-
the field is intensified near the poles and reduced near thgough this model is superior to the electrostatic one, its
equator whenB>0, while the reverse occurs whe®<0.  predictions are still at variance with many of the experimen-
The dielectrophoretic force acting on a nonconducting sphergal results discussed in Sec. VI A. In particular, the prediction
is [see[5] or Eq. (253 ] that the dc-field-induced interparticle interactions are in-
creasing functions of the mismatch in the conductivity is in
contradiction with the fact that the yield shear stresses of ER
fluids increase initially with an increase in the ratig/ o up
to a maximum and then decreddd]. Also, this force-based
Since the dielectrophoretic force drives a particle towards thenodel is unable to explain why PMAA spheres with metallic
high-field regions fo3>0 and towards the low-field regions coating (o,> o, positive dielectrophoresisdid aggregate
for 8<0, we find that two particles aligned parallel or per- under the action of a dc field, whereas the same spheres
pendicular to the electric field will attract or repel each otherwithout metallic coatinglo,<o¢, negative dielectrophore-
correspondingly. Hence the tendency of the particle motiorsis) did not aggregat€23]. In fact, this model predicts that
derived from Eq4(30) is consistent with that following from the PMMA particles should aggregate irrespective of the
Eq. (29). coating since their conductivity in both cases was different
The core assumption in both these models is that the pafrom that of the suspending fluid. Any further attempts to
ticles and fluid are treated as nonconducting and hence thesmaprove the force-based model by accounting for the sign of
models are referred to as electrostdfi6,18,19. They pre- the dielectrophoresis will contradict the observations of Ref.
dict that, as the strength of an applied electric field becomeg33] that the ability of particles to aggregate is independent
sufficiently large, particles having a dielectric constant dif-of the sign of the dielectrophoretic force.
ferent from that of the suspending fluid, so thg 0, will Now let us consider the energy-based models. Those
aggregate. In addition, as can be seen from E2Z®. and which are commonly used in the literatuter example,
(30) the field-induced interparticle interactions should be ar(8,36,37,4%) employ a rather arbitrary modification of the
increasing function of the mismatch of the dielectric con-equation for the energy of the dipole-dipole interaction of
stants of the particles and fluid. However, as has been wideliwo conducting spheres. Specifically, by using an analogy
discussed in the literatufé@6,18,19, the predictions of elec- with the transformation of Eq30) into Eq. (31), they re-
trostatic models often contradict many of the experimentaplace 82 in Eq. (29) with either|B8* (w)|? or |Rd B*(w)]|
data on ER fluids. As an example, we can mention that susAlthough such equations include the mismatch in the dielec-
pensions of barium titanate particles, wherg/sy~ 1600, tric constants as well as in the conductivities between the
give a weak ER performance, which, however, can be sigparticles and fluid, their predictions are still at variance with
nificantly improved when the particles absorb a smallmany of the experimental results discussed in Sec. VIA. For
amount of watef[16]. Also, the predictions of the electro- instance, sincgsee Eq(26b)]
static model are inconsistent with the experimental results
discussed in Sec. VIA according to which PMMA spheres e 12 . 5
did not aggregate without the presence of metallic coating 8% ()[R B* () ]|*—
even thoughB+# 0 and that silicon particles3~0.3) formed
aggregates longer in size than those formed by S§TiOthey predict that the particles having the conductivity differ-
spheres =0.9) [23]. ent from that of the fluid(so thato,# o) will aggregate
Recent attempts to generalize the electrostatic polarizatioginder the action of low-frequency fields. This result is in
model in order to include the effects of conductivity employ contradiction with the experimental observations mentioned
the Maxwell-Wagner mode9,16]. Specifically, they either above that PMAA spheres with metallic coating & o)
use the expression for the dielectrophoretic force acting on gid aggregate under the action of a dc field, whereas the

conducting sphere or attempt to include the complex particleame spheres without metallic coating,& o) did not ag-
dipole coefficients* (w) into Eq.(29) for the dipole-dipole  gregate[23].

3
Fo=5vperBY E2. (30)

O'p_O'f 2

as wt;—0,
opt20;¢ f

energy. . ' ' In Ref.[1] we performed rigorous calculations of the elec-
The equation for the dielectrophoretic force for thetric energy of two conducting spheres and the surrounding
Maxwell-Wagner modef9], conducting fluid for the Maxwell-Wagner model. As was

shown in Ref[1] (see Sec. Il D, the dipole-dipole energy
W4 of these spheres, being subjectedijoa dc fieldE for

3
— * 2
Fo= 2 Vpei R A* () ]V(E)T, (31) short and long times an() an ac fieldE, coswt over a long
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period of time, is given by the following expressions, respechad to be overcome in constructing a theory was that the
tively: (i) for a dc electric field, electric energy density of conducting suspensions cannot be
constructed using Brillouin’s formula given by macroscopic
electrodynamicg5,6] since this formula is applicable only
under the severe limitations of negligibly small conductivity
effects. To overcome these limitations of Brillouin’s for-
with w(t)—B* as t<t, and W(t)—»Wo|._o ast>t,,  mula, we developed a microscopic theory for the electric
where t,=(e,+2¢¢)/ (0, +207) Is the relaxation time of energy density of conducting spheres randomly dispersed in
the interfacial polarization an®q|._o is given by Eq.(15)  a conducting fluid provided that the particles and fluid can be
atc=0, and(ii) for an ac electric field, described by the model of a leaky dielectfit,2]. This
5 model corresponds to the classical mechanism of the

(%) (1-3co6), (33 [I\gag\]/vell—Wagner interfacial polarization typical of colloids
' One of the main predictions of our theory is that there are
where(W9(t))|;=V,|c_o is the time average o¥°(t) as  points of similarity between the phase diagrams of conduct-
t>t, with ¥ |._o given by Eq.(23) atc=0. ing colloids subject to dc and ac electric fields and the con-

On comparing Eq(29) with Egs.(32) and (33), we see  centration vs temperature phase diagrams for the first-order
that ast>1,, the effect of the interfacial polarization on the phase separation in quenched conventional binary systems
particle interaction is reflected by the difference between thevith a high-temperature miscibility gaFig. 3). As a resullt,
values of the coefficieng? for nonconducting particles and the process of field-induced phase separation in a suspension
those of¥|._o and¥ |, for conducting particles. Hence can be characterized by two critical values of the field
Egs. (32) and (33) predict that the application of a suffi- strength,E.,; andE.,, depending on the particle concentra-
ciently strong dc and ac electric fields will cause the particlesion. We predict that the particles will be randomly distrib-
to aggregate as long ao|._o and ¥, |._, are positive. As  uted as long as the applied electric fields are lower fhgn
a result, these predictions are in fact equivalent to thosen the other hand, in the range frdgp, to E.,, nucleation
given by the maps in Figs. 4 and 7 for the limiting case ofof high-concentration domains that are separated from one
dilute suspensions as—0. The validity of these predictions another is predicted to play the major role, whereas spinodal
was discussed in Sec. IV A. decomposition of a suspension prevails at fields larger than

An attempt to perform computer simulations of the field- E,. This explains why a diverse set of colloids being ex-
induced fractal pattern formation of metal particles in an in-posed to strong electric fields exhibits similar aggregation
sulating fluid was undertaken in R¢#6]. The model pro- patterns.
posed in Ref[46] considers the two-dimensional motion of  We demonstrated that our theory offers a convincing in-
polarized particles subject solely to the forces exerted by &erpretation of the available experimental data on aggrega-
spatially nonuniform external electric field and by the fluid tion phenomena in electrorheological fluids and aqueous sus-
[i.e., the dielectrophoretic force, E¢30), and the Stokes pensions under the action of strong electric fields. Then we
drag force acting on a single parti¢tleThis model ignores showed that currently used energy- and force-based theoret-
the field-induced interactions between the polarized particlegcal models are in variance with many of these experimental
their hard-core interactions, and the Brownian forces as wellesults, so that they are unable to provide a unifying frame-
as the difference between the local effective field acting on &vork for interpreting this body of data.
particle and the external field caused by the presence of other In summary, our theory enables one to trace how the
dipoles. As a result of these assumptions, this model prevariations of the electrical properties of the constituent ma-
dicts, for example, that the application of a uniform electricterials influence the topology of the suspension phase dia-
field would cause no motion or aggregation of the particlesgram of “the particle concentration vs the electric field
This prediction is in contradiction with the faf25,26 that  strength” and then to evaluate the effects of the field strength
the spatial nonuniformity of the applied electric field doesand frequency on the particle aggregation.
not influence the morphology of the field-induced aggrega-
tion patterns observed in suspensions.

2
de=3st2Vp‘lfd(t)(%) (1-3cog 0), (32

W, 3 E2(w(t
dd= 5 &Vp o Pe())
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