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Influences of the size and dielectric properties of particles on electrorheological response

Zhi-Jie Tan, Xian-Wu Zou,* Wen-Bing Zhang, and Zhun-Zhi Jin
Department of Physics, Wuhan University, Wuhan 430072, People’s Republic of China

~Received 7 August 1998!

The influences of the size and dielectric properties of particles on the electrorheological~ER! response are
investigated by computer simulations. Our studies show that, in the case of two dimensions, the field-induced
shear stresst of one-component ER fluids can be expressed ast;ns3, wheren is the concentration of particle
number ands stands for the diameter of particles. Compared with one-component ER fluids,t is reduced 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 relation oft to the particle concentration
ratio. @S1063-651X~99!05103-X#

PACS number~s!: 82.70.Gg, 61.20.Ja, 66.20.1d
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I. INTRODUCTION

Electrorheological~ER! fluids are made by suspendin
particles in an insulating liquid whose dielectric constant
conductivity is mismatched in order to create a dipolar p
ticle interaction in the presence of an ac or dc electric fie
When an electric field is applied, the viscosity of these flu
increases dramatically. If the field exceeds a critical val
the ER fluids will turn into solids. The phenomenon is co
pletely reversible and the time scale is of the order of mi
seconds@1–9#.

The particles in a liquid are polarized upon the applicat
of an electric field. And a particle with a complex dielectr
constantẽp(v) in a liquid with a complex constantẽ f(v)
has an induced dipole moment@2,5,10#

p54p Re@ ẽ f~v!#~s/2!3bEloc , ~1!

where s is the diameter of the particle.Eloc is the local
electric field andb is the effective polarizability which can
be expressed asb5@ ẽp(v)2 ẽ f(v)#/@ ẽp(v)12ẽ f(v)#
@7,9,10#. Equation~1! shows that the induced dipole mome
is related to the size and dielectric properties of partic
And it can be known that the size and dielectric properties
particles have great influences on the characteristics of
fluids.

Although the effect of particle size on ER fluids is signi
cant@11–13#, not much attention has been given to the su
ject and most existing theoretical prediction models do
predict a particle size effect in the ER response@11#. Very
recently, Wu and Conrad studied experimentally ER flu
consisting of two kinds of particles with different size
~6 and 100mm). In this case, they found that the she
stress of the two-component ER fluid decreased and s
particles filled in between large particles@11#. Several au-
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thors have studied the contribution of dielectric properties
particles to the shear stress for one-component ER flu
@7–9#, but ER fluids consisting of two kinds of particle
which have different dielectric properties have still not be
studied.

In this paper, we investigate the general relations of
size and dielectric properties of particles to the ER respo
by molecular-dynamics simulations. We believe these re
tions would be useful to the application of ER fluids.

II. METHODS

The molecular-dynamics method, which is used to stu
ER fluids by many earlier researchers, has been proved t
an effective method@2,5,14,15#. It has been improved by
using the local field approximation to consider the mutu
polarization effects between particles@16#. The improved
method can be used to evaluate the strength of ER eff
@16,17#. Under the local field approximation, for thei th par-
ticle, Eloc in Eq. ~1! can be written as@16,17#

Eloc5E01(
j Þ i

Ei
j , ~2!

with

Ei
j5

1

4p Re@ ẽ f~v!#

3er~er•pj !2pj

Ri j
3

, ~3!

where E0 is the external electric field,Ri j is the position
vector between thei th and the j th sphere centers,er
5Ri j /Ri j , and the sum is over all the particles includin
their period images within the cutoff radiusr c . We take the
dipolar approximation and ignore the contribution fro
higher multipoles@16,17#. The electrostatic force experi
enced by thei th particle due to thej th particle is given by
3177 ©1999 The American Physical Society
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where F053p Re@ ẽ f(v)#s0
2E0

2/16. Here pa* 5pa /

$p Re@ ẽ f(v)#sa
3baE0/2% (a5 i , j ). Also, s0 is the unit of

length, which is chosen to be the maximum diameter of
particles in ER systems, andRi j* 5Ri j /s0 . The Brownian
and colloid forces are left out for relatively strong elect
field @15–17#.

The hydrodynamic resistance acting on particles is sim
treated as Stokes’ drags@2,5,13–17#. To introduce hard
spheres and hard walls into the simulation, we take a sh
range repulsion between two particles as

Fi j
rep5F0ub ib j uexp$2100@r i j 2~s i1s j !/2#%er ~5!

and the short-range repulsion between a particle and the
trodes as

Fi
wall5F0ub ib j uexp@2100~zi2s i /2!#

2expF0uBiBj u$2100@~L2zi !2s i /2!#%z0, ~6!

wherez0 is the unit vector of theZ direction andL stands for
the distance between the two parallel electrodes.

Ignoring the inertia terms@13,15–17#, the equation of mo-
tion for the i th particle can be written as

dRi*

dt*
5F(

j Þ i
Fi j

el* 1(
j Þ i

Fi j
rep* 1Fi

wall1V* ~Ri* !G Y s i* ,

~7!

which has been made dimensionless by the follow
variables: force;F0 , length ;s0 , and time ;16h/Re

@ ẽ f(v)#E0
2 , whereh stands for the viscosity of the liquid

The electric force on each particle is the sum of dipo
forces exerted by other particles within the cutoff radiusr c ,
as well as images. The last term in Eq.~7! is the ambient
flow velocity atRi* . For steady flow, it can be represent
by

V* ~Ri* !5ġ* zi* x0, ~8!

whereġ* is the shear flow rate andx0 is the unit vector of
the X direction.

In the simulation, we assume that an electric field is
plied instantaneously att50. Then we integrate the motio
equation of each particle at each step. The field-induced
of the shear stress can be evaluated according to the rel
positions of the particles@16–18#:

t~ t !5
1

V (
i , j ~all pairs!

^t i j &, ~9a!

t i j 5Fi j
x ~zj2zi !, ~9b!

whereV is the volume of the simulation cell and theFi j
x is

the summation of thex component of the electrostatic an
e
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short-range repulsive force experienced by thei th particle
due to thej th particle. The scale of the shear stress ist0

53p Re(ẽ f)E0
2/16.

III. RESULTS AND DISCUSSION

To simplify the problem, we consider a two-dimension
square cell (20320) which is confined between the two pa
allel electrodes atY50 andY520. The cell is in the pres-
ence of a dc electric field. Thenb is given as@8#

b5
gp2g f

gp12g f
5

gp f21

gp f12
,

wheregp and g f are the conductivities of the particles an
liquid, respectively, andgp f5gp /g f , wheregp f is the rela-
tive conductivity.

A. Effect of particle size on electrorheological response

ER fluids consisting of the identical particles with th
same diameter and dielectric properties, are taken into
count. First we investigate the effect of particle size on
ER response. It is assumed thatb'1, i.e., gp f@1. In our
simulation, five initial configurations of particles are used f
each case and the area fractions are limited between 0.13
0.40 as that used generally@19,20#. The steady shear flow
rate is chosen to be 0.2. Thes* is taken between 0.5 and 1
since the dipolar approximation will fall down for an E
system composed of particles whose sizes differ too mu

Figure 1 gives the simulation result of one-component
fluids when the reduced particle diameter changes from
to 1. The particle concentrations are taken as 0.45, 0.375,
0.3, respectively. It can be seen that the reduced shear s
t* is proportional to the cube of reduced particle diame
s* when the particle concentrationn is the same. Figure 2

FIG. 1. The reduced shear stress of one-component ER fl
versus reduced diameter of particles. The particle concentrati
n50.45 ~solid triangle!, 0.375~open square!, and 0.3~solid circle!.
The solid lines are plots of Eq.~10!.
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plots the reduced shear stress as a function of the par
concentration for the one-component ER fluids with the
duced particle diameters of 1.0, 0.9, 0.80, 0.7, and 0.6
shows thatt* is proportional ton. Thus, we obtain the rela
tion of the reduced field-induced shear stress to the redu
particle diameter and concentration for one-component
fluids as

t* 5kns* 3, ~10!

where the coefficientk depends on the effective polarizab
ity b and shear flow rateġ. In the present case,k50.9733.

This relation indicated in Eq.~10! is reasonable. It can b
explained as follows: In steady flow, the particles in ER fl
ids will form oblique chains in the balance between the h
drodynamic and electrostatic forces@1,3,6#. We consider two
systems which have the same particle concentration but
ferent particle size. The particle diameters ares1 ands2 in
the two systems, respectively. It is assumed that the arra
ments of particles are the same in these two systems, i.e.
the numbers of chains are the same and shapes of chain
similar for the two systems. Now we compare the contrib
tioins to the shear stresst from corresponding particle
couples, taken from the corresponding chains in the res
tive systems. The ratio between the contributions to the sh
stress from the two couples can be calculated byt i j

1 /t i j
2

5Fi j
x1Dyi j

1 /Fi j
x2Dyi j

2 , where t i j
a is the contribution to the

shear stress from the couple of thei th and thej th particles;a

is used to distinguish the two systems (a51 or 2!. HereFi j
xa

stands for thex component of the force between thei th and
j th particles andDyi j

a is they component of the displacemen
between thei th and j th particles. We haveDyi j

1 /Dyi j
2

5s1 /s2 . According to Eq.~4!,

Fi j
x1

Fi j
x2

5
~s1!6/~Ri j*

1!4

~s2!6/~Ri j*
2!4

5
~s1!2

~s2!2
,

whereRi j*
a is the reduced distance between thei th and j th

particles. Then we havet i j
1 /t i j

2 5(s1 /s2)3. By using Eq.~9!
in the case of two dimensions, the ratio of the shear stres

FIG. 2. The reduced shear stress of one-component ER fl
versus particle concentration. The reduced diameters of parti
s* 51.0 ~solid square!, 0.9 ~open triangle!, 0.8 ~solid circle!, 0.7
~open square!, and 0.6~solid triangle!. The solid lines are plots o
Eq. ~10!.
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t1 /t25@( i , j (all pairs)t i j
1 #/@( i , j (all pairs)t i j

2 #'(s1 /s2)3, i.e., t
;s3. Becauset is a statistic result, produced by all pa
ticles, it can be easily understood thatt;n. Proceeding as
before, we obtaint;ns3.

ER fluids consisting of particles with two different size
were studied too. We take the diameter ratio of the two kin
of particles as 1.0/0.6, 1.0/0.7, and 1.0/0.8. The area frac
is kept constant at 0.236. Figure 3 shows plots of the redu
shear stress versus the concentration ratio of small partic
The shear stresses of the two-component ER systems
smaller than that of the corresponding one-component
tems. The ER systems composed of larger particles giv
higher shear stress than those composed of smaller ones
simulation agrees with the experimental results of Wu a
Conrad@11#. It can be seen from Fig. 3, also, that the mo
the sizes of the two kinds of particles differ, the more t
shear stress of the ER fluids decreases.

Figure 4 makes a comparison between the structure
one-component and two-component ER fluids under an
ternal electric field and steady flow. As is often seen,
arrangements of particles of the one-component ER fluid
chain like @see Fig. 4~a!#. But for two-component ER fluids
composed of particles with different sizes, the particles p
fer to form thick and short chains or clusters, rather th
form individual chains@see Fig. 4~b!#.

To study the influence of components on the breakings
chains, we consider three kinds of chains. The first one c
sists of identical particles. The second kind of chain is alm
similar to the first one, but a smaller particle replaces one
the particles in the chain. The third kind of chain comes fro
the first one, but a larger particle replaces one of the parti
in the chain. Figure 5 shows the breaking in these three ki
of chains. For a homogeneous chain consisting of ident
particles, the breaking position is random@see Fig. 5~a!#. A
smaller particle embedded in a homogeneous chain ma
the chain weaken; so the breaking appears at the place
tween two different particles, as shown in Fig. 5~b!. A larger
particle, embedded in a homogeneous chain, strengthen
chain. It follows that the breaking point prefers to the pla
between identical particles, rather than that between
larger particle and a smaller one@see Fig. 5~c!#.

To sum up, the structures of chains or clusters have

ds
s:

FIG. 3. The reduced shear stress of the ER fluids consistin
particles with two kinds of sizes versus the concentration ratiox of
small particles. The area fraction is 0.236. The ratios of part
sizes:s1* /s2* 51/0.8 ~open circle!; 1/0.7 ~solid square!, and 1/0.6
~open triangle!. The solid lines are guides to the eye.



ck

th
at
id
w
er
lu
re
r

s
uc
r

he
v-

n
on
ul
re
ra

on-

ity
es

sed
r

he
his
mi-
his
wo-

to

is
se.
ear
ne-

l

two
n-

f

f

3180 PRE 59TAN, ZOU, ZHANG, AND JIN
portant effects on the ER response@11#, and individual
longer chains contribute to the shear stress more than thi
and shorter chains, and the clusters@21,22#. In addition, the
smaller substituting particles weaken the chains and
larger ones strengthen the chains. Thus, it turns out th
decrease of the shear stress, for two-component ER flu
containing a few smaller particles, can be attributed to t
reasons: one is the weakening of the chains, and the oth
related to the structures of the short and thick chains or c
ters. The latter can explain the reduction of the shear st
for two-component ER fluids containing a few larger pa
ticles.

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

Our study is limited to ER fluids composed of two kind
of particles which have the same size but different cond
tivity. The shear flow rateġ and reduced particle diamete
s* are chosen to be 0.2 and 1, respectively.gp f

1 is taken as
18, andgp f

2 is taken as 4, 6, 8, or 12 corresponding to t
range ofubu2 from 0.25 to 0.73. Here the relative conducti
ity of the i th kind of particles is expressed asgp f

i ( i
51,2). The concentration ratio of particles with small co
ductivity is varied from zero to 1. And the total concentrati
of particles was always kept constant at 0.375. The sim
tion results are given in Fig. 6. It shows that the shear st
has an approximately linear relation to the concentration
tio of particles:

FIG. 4. The structures of ER fluids in steady shear.ġ* 50.2. ~a!
One-component ER fluid;~b! two-component ER fluid. The ratio o
the diameters of two kinds of particles iss1* /s2* 51/0.6 and the
concentration ratio of large particles is 0.2.
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t* 5t1* 1~t2* 2t1* !x, ~11!

wheret1* is the reduced shear stress for the ER system c
sisting of particles with relative conductivitygp f

1 , and t2*
represents that for the ER system with relative conductiv
gp f

2 . Here x stands for the concentration ratio of particl
with relative conductivitygp f

2 .
We also investigated the structures of ER fluids compo

of two kinds of particles with different conductivities, unde
an external electric field and steady flow. We find that t
arrangements of particles are thin and long-chain-like for t
kind of two-component ER fluid. The arrangements are si
lar to those for corresponding one-component ER fluids. T
is just the reason why the shear stress of these t
component ER fluids has an approximately linear relation
the particle concentration ratio, such as Eq.~11!.

IV. CONCLUSION

This work shows that molecular-dynamics simulation
an effective method to study the electrorheological respon
We obtain two expressions: one is the relation of the sh
stress to the particle size and concentration for o

FIG. 5. Breaking of chains:~a! the chain consisting of identica
particles,~b! chain containing a smaller particle, and~c! chain con-
taining a larger particle.

FIG. 6. The reduced shear stress of ER fluids consisting of
kinds of particles with the different conductivities versus the co
centration ratiox of particles with small conductivity. The ratio o
relative conductivities:gp f

1 /gp f
2 518:12~open triangle!, 18:8 ~solid

circle!, 18:6 ~open square!, and 18:4 ~solid triangle!. The solid
lines are plots of Eq.~11!.
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component ER fluids; the other is the relation of the sh
stress to the concentration ratio for two components ER
ids composed of two kinds of particles with different diele
tric properties. They are useful to the application of ER fl
ids.
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