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Influences of the size and dielectric properties of particles on electrorheological response
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The influences of the size and dielectric properties of particles on the electrorheol&iRaksponse are
investigated by computer simulations. Our studies show that, in the case of two dimensions, the field-induced
shear stress of one-component ER fluids can be expressed-asa, wheren is the concentration of particle
number andr stands for the diameter of particles. Compared with one-component ER fhiglseduced for
ER fluids consisting of two kinds of particles with different sizes. When small particles are in the minority, the
reduction of the shear stress can be attibuted to two reasons: one is the weakening of chains, and the other is
related to the shortening and thickening of chains. The latter can explain the reduction of the shear stress for
two-component ER fluids, containing a few large particles . For ER fluids consisting of two kinds of particles
with different dielectric properties, there is an approximately linear relationtofthe particle concentration
ratio. [S1063-651X%99)05103-X]

PACS numbg(s): 82.70.Gg, 61.20.Ja, 66.26d

[. INTRODUCTION thors have studied the contribution of dielectric properties of
particles to the shear stress for one-component ER fluids

Electrorheological(ER) fluids are made by suspending [7-9], but ER fluids consisting of two kinds of particles
particles in an insulating liquid whose dielectric constant orwhich have different dielectric properties have still not been
conductivity is mismatched in order to create a dipolar parstudied.
ticle interaction in the presence of an ac or dc electric field. In this paper, we investigate the general relations of the
When an electric field is applied, the viscosity of these fluidssize and dielectric properties of particles to the ER response
increases dramatically. If the field exceeds a critical valueby molecular-dynamics simulations. We believe these rela-
the ER fluids will turn into solids. The phenomenon is com-tions would be useful to the application of ER fluids.
pletely reversible and the time scale is of the order of milli-
secondg1-9].

The particles in a liquid are polarized upon the application

of an electric field. And a particle with a complex dielectric Il. METHODS
constanﬂgp(w) in a liquid with a complex constant(w) The molecular-dynamics method, which is used to study
has an induced dipole momeli,5,10 ER fluids by many earlier researchers, has been proved to be

an effective method2,5,14,13. It has been improved by

using the local field approximation to consider the mutual
p=47 Re €1(0)](0/2)°BE o, (1)  polarization effects between particl¢s6]. The improved

method can be used to evaluate the strength of ER effects

[16,17. Under the local field approximation, for th#h par-
where o is the diameter of the particleE,,. is the local ticle, E.. in Eq. (1) can be written a$16,17]

electric field andB is the effective polarizability which can

be expressed asp=[ey(w)—e€(w)]/[€x(w)+2€r(w)]

[7,9,10. Equation(1) shows that the induced dipole moment _ j

; . at the ; . Eoc=Eo+ >, El, W)

is related to the size and dielectric properties of particles. iZi

And it can be known that the size and dielectric properties of

particles have great influences on the characteristics of ERitp

fluids.

Although the effect of particle size on ER fluids is signifi-

cant[11-13, not much attention has been given to the sub- _ 1 3e(e-p)—p

ject and most existing theoretical prediction models do not El= = 3

predict a particle size effect in the ER respoh%&]. Very 4mRe €f(w)] Rij

recently, Wu and Conrad studied experimentally ER fluids

consisting of two kinds of particles with different sizes where E, is the external electric fieldR;; is the position

(6 and 100 um). In this case, they found that the shearvector between theth and the jth sphere centersg

stress of the two-component ER fluid decreased and sma# R;;/R;;, and the sum is over all the particles including

particles filled in between large particlg$l]. Several au- their period images within the cutoff radiug. We take the
dipolar approximation and ignore the contribution from
higher multipoles[16,17]. The electrostatic force experi-

* Author to whom correspondence should be addressed. enced by theth particle due to thgth particle is given by
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3 =Fo< «w;)3| _ _|[3(pi* &) (P - &) —pi P le —[(pf - ) (P} -&)+(pf - &) (P} ~eo)]ea, @

2 1] * 4
) Rij

where Fo=37Rd¢/(w)]odE5/16. Here pt=p,/ short-range repulsive force experienced by itie particle
{wRe[Nef(w)]as,B Eo/2) (a=i,j). Also, oy is the unit of due to thejth particle. The scale of the shear stressjs

length, which is chosen to be the maximum diameter of the= 37 Re(er) E5/16.

particles in ER systems, arﬁi’]=R”—/ao. The Brownian

and colloid forces are left out for relatively strong electric ll. RESULTS AND DISCUSSION

field [15-17. . . . . — To simplify the problem, we consider a two-dimensional
The hydrodynamic resistance acting on particles is 5|mplyS uare cell (28 20) which is confined between the two par-

treated as Stokes' drag®,5,13-17. To introduce hard 9 P

spheres and hard walls into the simulation, we take a shorfg‘uileeé?(;rggiﬁe?{r;%ggd_\Fh: ZﬂgT?feﬁeg SEZ]m the pres-
range repulsion between two particles as - Thefiis g

FifP=Fol B8 exp{~ 1001~ (o + 0y)/2e,  (5) p= Loy Y~ 1
: _ Yot 2y Ypit2
and the short-range repulsion between a particle and the elec-

trodes as where y, and y; are the conductivities of the particles and
wall liquid, respectively, and/p¢= v,/ s, whereyy; is the rela-
F'"=Fol| BiBjlexd —10Q(z;— 0i/2)] tive conductivity.

—expFo|BiB;|{—10q(L—z)—0/2)]}2°, (6
PFolBy ’H A )= oil2)]} © A. Effect of particle size on electrorheological response

whereZz® is the unit vector of th& direction and_ stands for ER fluids consisting of the identical particles with the
the distance between the two parallel electrodes. same diameter and dielectric properties, are taken into ac-
~ Ignoring the inertia terml3,15—17, the equation of Mo-  ¢qynt. First we investigate the effect of particle size on the
tion for theith particle can be written as ER response. It is assumed tha#=1, i.e., ypi>1. In our

dR* simulation, five initial configurations of particles are used for

i * rept | pwall | \ % (p* * each case and the area fractions are limited between 0.13 and
= F+ 2, FP + B4+ V* (R *
dt* ;. g ;l 4 : (Ri )}/ 7i 0.40 as that used generall§9,2Q. The steady shear flow

(7)  rateis chosen to be 0.2. The' is taken between 0.5 and 1,
since the dipolar approximation will fall down for an ER
which has been made dimensionless by the followingsystem composed of particles whose sizes differ too much.
variables: force~F,, length ~op, and time ~167/Re Figure 1 gives the simulation result of one-component ER
[ei(w)]E3, where 5 stands for the viscosity of the liquid. fluids when the reduced particle diameter changes from 0.5
The electric force on each particle is the sum of dipolarto 1. The particle concentrations are taken as 0.45, 0.375, and
forces exerted by other particles within the cutoff radius 0.3, respectively. It can be seen that the reduced shear stress
as well as images. The last term in H@) is the ambient 7* is proportional to the cube of reduced particle diameter
flow velocity atR* . For steady flow, it can be represented o* when the particle concentrationis the same. Figure 2

by

VF(RO)=v" 7" X, ® o

where y* is the shear flow rate anx? is the unit vector of
the X direction.

In the simulation, we assume that an electric field is ap-
plied instantaneously @&=0. Then we integrate the motion «
equation of each particle at each step. The field-induced part
of the shear stress can be evaluated according to the relative
positions of the particlegl6—18;:

1 \ ) X ; , .
M=y ERCHY (99 005506 07 .08 09 10
i,j(all pairy o
nij=Fii(z;—2), (9b) FIG. 1. The reduced shear stress of one-component ER fluids

) . . . versus reduced diameter of particles. The particle concentrations:
whereV is the volume of the simulation cell and tIFé‘j iS  n=0.45(solid trianglg, 0.375(open squane and 0.3(solid circle).
the summation of thex component of the electrostatic and The solid lines are plots of Eq10).
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FIG. 2. The reduced shear stress of one-component ER fluids FIG. 3. The reduced shear stress of the ER fluids consisting of
versus particle concentration. The reduced diameters of particlegarticles with two kinds of sizes versus the concentration patid
o*=1.0 (solid squarg 0.9 (open triangle 0.8 (solid circle, 0.7 small particles. The area fraction is 0.236. The ratios of particle
(open squarg and 0.6(solid trianglg. The solid lines are plots of sizes:o}j/a% =1/0.8 (open circlg; 1/0.7 (solid squarg and 1/0.6
Eqg. (10). (open triangl@ The solid lines are guides to the eye.

plots the reduced shear stress as a function of the partices/ 72=[ =i jca pairsy7ij V[ =i j(a parsyTh 1= (01 /02)°, i.e., 7
concentration for the one-component ER fluids with the re-~ ¢~ Becauser is a statistic result, produced by all par-
duced particle diameters of 1.0, 0.9, 0.80, 0.7, and 0.6. Iticles, it can be easily understood that n. Proceeding as
shows that™* is proportional ton. Thus, we obtain the rela- Pefore, we obtaim~no °. . _ . _
tion of the reduced field-induced shear stress to the reduced ER fluids consisting of particles with two different sizes

particle diameter and concentration for one-component ERVere studied too. We take the diameter ratio of the two kinds
fluids as of particles as 1.0/0.6, 1.0/0.7, and 1.0/0.8. The area fraction

is kept constant at 0.236. Figure 3 shows plots of the reduced
™ =kno*3, (20 shear stress versus the concentration ratio of small particles.
The shear stresses of the two-component ER systems are
where the coefficienkk depends on the effective polarizabil- smaller than that of the corresponding one-component sys-
ity B and shear flow rate. In the present cas&=0.9733. tems. The ER systems composed of larger particles give a
This relation indicated in Eq10) is reasonable. It can be higher shear stress than those composed of smaller ones. Our
explained as follows: In steady flow, the particles in ER flu-Simulation agrees with the experimental results of Wu and
ids will form oblique chains in the balance between the hy-Conrad[11]. It can be seen from Fig. 3, also, that the more
drodynamic and electrostatic forc@s?)'ell We consider two the sizes of the two k|nd$ of partlcles d|ffer, the more the
systems which have the same particle concentration but dihear stress of the ER fluids decreases.
ferent particle size. The particle diameters afeand o, in Figure 4 makes a comparison between the structures of
the two systems, respectively. It is assumed that the arrang@n€-component and two-component ER fluids under an ex-
ments of particles are the same in these two systems, i.e., thinal electric field and steady flow. As is often seen, the
the numbers of chains are the same and shapes of chains &&angements of particles of the one-component ER fluids is
similar for the two systems. Now we compare the contribu-chain like[see Fig. 42)]. But for two-component ER fluids
tioins to the shear stress from corresponding particle Composed of particles with different sizes, the particles pre-
couples, taken from the corresponding chains in the respeder to form thick and short chains or clusters, rather than
tive systems. The ratio between the contributions to the shedprm individual chaingsee Fig. 4b)]. _
stress from the two couples can be calculated Tﬁ!lﬂzj T_o study the |_nfluence of_componen'Fs on the preakmgs of
=F'Ay;i/Fi?Ayf, where 7 is the contribution to the c_hams]: _\éve c_on|3|der.trrree kr']nds of Cgalinsd Tfhehflr.st_on? con-
shear stress from the couple of title and thejth particles;x S!SITQ‘ ol entlcg particles. The secon Ind ot chan Is a most
) o ) @ similar to the first one, but a smaller particle replaces one of
is used to distinguish the two systems=< 1 or 2). HereFj;  the particles in the chain. The third kind of chain comes from
stands for thec component of the force between thta and  the first one, but a larger particle replaces one of the particles
jth particles and\y;j is they component of the displacement i the chain. Figure 5 shows the breaking in these three kinds
between theith and jth particles. We haveAy/Ay;  of chains. For a homogeneous chain consisting of identical

=01/0,. According to Eq.(4), particles, the breaking position is randdsee Fig. 5a)]. A
smaller particle embedded in a homogeneous chain makes
|:;<J.l (Ul)Gl(Ri*j 1ya (01)? the chain weaken; so the breaking appears at the place be-

tween two different particles, as shown in Figbp A larger
particle, embedded in a homogeneous chain, strengthens the
chain. It follows that the breaking point prefers to the place
whereR{ “ is the reduced distance between thie andjth  petween identical particles, rather than that between the
particles. Then we havqulq-izj =(0o1/0,)% By using Eq(9) larger particle and a smaller ofisee Fig. £)].

in the case of two dimensions, the ratio of the shear stresses, To sum up, the structures of chains or clusters have im

B2 (@8R (07
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shear flow
20 = 3 Eo
8 % E, shear flow
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. 15 20 FIG. 5. Breaking of chainga) the chain consisting of identical
X(units of o5) particles,(b) chain containing a smaller particle, afel chain con-
taining a larger particle.
shear flow
15 .
~ wherer; is the reduced shear stress for the ER system con-
L sisting of particles with relative conductivityéf, and 75
g " represents that for the ER system with relative conductivity
5 ySf. Here x stands for the concentration ratio of particles
> 5l with relative conductivityy5.
We also investigated the structures of ER fluids composed
o of two kinds of particles with different conductivities, under

an external electric field and steady flow. We find that the

X(units of o) arrangements of particles are thin and long-chain-like for this

kind of two-component ER fluid. The arrangements are simi-

FIG. 4. The structures of ER fluids in steady shedr=0.2.(a) lar to those for corresponding one-component ER fluids. This

One-component ER fluidp) two-component ER fluid. The ratio of is just the reason why the shear stress of these two-

the diameters of two kinds of particles i§//o3 =1/0.6 and the component ER fluids has an approximately linear relation to
concentration ratio of large particles is 0.2. the particle concentration ratio, such as Etfl).

portant effects on the ER respon§gl], and individual
longer chains contribute to the shear stress more than thicker
and shorter chains, and the clustf24,22. In addition, the IV. CONCLUSION

smaller substituting particles weaken the chains and the This work shows that molecular-dynamics simulation is

larger ones strengthen the chains. Thus, it turns out that g, effective method to study the electrorheological response.

decrease of the shear stress, for two-component ER fluidgye optain two expressions: one is the relation of the shear
containing a few smaller particles, can be attributed to twq

reasons: one is the weakening of the chains, and the other%ress to the particle size and concentration for one
related to the structures of the short and thick chains or clus-
ters. The latter can explain the reduction of the shear stress
for two-component ER fluids containing a few larger par-

ticles.

B. Effect of the dielectric properties of particles
on the electrorheological response

Our study is limited to ER fluids composed of two kinds
of particles which have the same size but different conduc-

tivity. The shear flow ratey and reduced particle diameter
o* are cr;osen to be 0.2 and 1, respectiv@&(f is taken as
18, andy;; is taken as 4, 6, 8, or 12 corresponding to the . ; . L
range of|E|2 from 0.25 to 0.73. Here the relative conductiv- 00 02 04 06 08 10
ity of the ith kind of particles is expressed aﬁpf (i
=1,2). The concentration ratio of particles with small con- FIG. 6. The reduced shear stress of ER fluids consisting of two
ductivity is varied from zero to 1. And the total concentration kinds of particles with the different conductivities versus the con-
of particles was always kept constant at 0.375. The simulaeentration ratiox of particles with small conductivity. The ratio of
tion results are given in Fig. 6. It shows that the shear streselative conductivitieszy,/ v5=18:12(open trianglg, 18:8 (solid

has an approximately linear relation to the concentration rasircle), 18:6 (open squang and 18:4(solid trianglg. The solid

tio of particles: lines are plots of Eq(11).
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component ER fluids; the other is the relation of the shear
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