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The dielectric spectrum and the electrorheological effect in
suspensions of varying conductivity
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bstract

The dielectric behavior of electrorheological (ER) suspensions composed of non-colloidal silica gel particles of irregular shape and liquids
ith varying conductivity is examined in this work. The dielectric properties of the suspensions are analyzed in the diluted and semi-concentrated

egimes at different frequencies maintaining the electric field constant. Primarily, the dielectric behavior is studied with particular attention to the
ependence of the dielectric relaxation process on particle concentration and their relation with the conductive behavior.

The dielectric spectrum is analyzed with Maxwell–Wagner interfacial polarization model in the low frequency region and with the Debye model

t moderate frequencies. A non-localized diffusion process (or ideal conduction) is considered to analyze the dielectric spectrum in more conductive
uspensions. Since a strong correlation exists between the ER activity of a suspension and its dielectric spectrum, the modeling of the dielectric
pectrum provides understanding of the polarization processes which induce the ER effect studied in Part 2.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Electrorheological (ER) suspensions are materials that dras-
ically change their rheological behavior upon application of an
lectric field. Generally, this change is associated to an increase
n the stress when an electric field is applied perpendicular to the
irection of shearing. This increase in the stress is associated to
he fibrous structure formation caused by the polarization forces.
everal mechanisms have been proposed to explain the origin
f the ER response, among them, particle polarization, electric
ouble layers, interfacial polarization, conduction and dielectric
oss. In this regard, the dielectric spectrum of the suspension

reatly influences their ER response, in as much as the presence
f dielectric relaxation phenomena leads to the redistribution of
harges at the interface between the particles and the surrounded

∗ Corresponding author. Tel.: +52 777 3623831; fax: +52 777 3623832.
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eld. Particles aggregate provided that a certain relation between
he ratio of the particle-to-suspending fluid dielectric constants
nd that of the conductances is satisfied. Consequently, the ER
esponse is influenced by the mismatch between the relative per-
ittivities of the solid and liquid phase in the suspension [1]. A

reat deal of work has been done in recent years to establish the
ole of the mismatch conductivity in ER suspensions [2].

The relative permittivity (ε′) of a homogeneous material is
elated with the capacity of this material to polarize in the pres-
nce of the electric field. Every type of dielectric loss is related
o the charge motion and the energy involved in this process.
he total polarization is the sum of several contributions: elec-

ronic, atomic, Debye (related to the orientation of dipoles)
nd interfacial polarization (the Maxwell–Wagner polarization).
he Debye and interfacial polarizations are located in the low-
requency range of the spectrum, while the electronic and atomic
olarizations are fast polarizations, appearing at high frequen-
ies. From studies on the influence of particle conductivity and
urface properties of the particles on the ER effect, it was con-
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luded [3] that the interfacial polarization contributes to the ER
ffect. Moreover, in homogeneous two-component ER systems,
he interfacial polarization is also found to be responsible for the
R effect [4].

The dielectric loss factor is related to both energy dissipation
nd dielectric polarization rate, estimated from the maximum of
he loss peak [3,4]. It has been reported [5–8] that a fluid with
ood ER effect must have a relaxation frequency from 100 to
05 Hz.

Summarizing, the interfacial polarization of the particles
ffects the electric-field induced-aggregation in electrorheolog-
cal fluids. Hence, a correlation exists between the ER activity
f a suspension and its dielectric spectrum.

In Part 1 of this series, we study the effect of the liquid phase
roperties (conductivity and relative permittivity) and concen-
ration of the particles on the dielectric behavior of the ER
uspensions. Dielectric data are described using the interfacial
olarization (Maxwell–Wagner) and Debye models. Their rela-
ion with the macroscopic rheological behavior is examined in
art 2.

. Experimental part

.1. Preparation of the electrorheological suspensions

The ER suspensions employed in this study were prepared
sing suspensions of silica particles of irregular form (Merck
0, 0.015–0.040 mm) of approximately 22.1 �m in average size
n silicon oil, dioctyl phthalate and tricresyl phosphate. Solid
olume fractions considered are 0.03 and 0.16. The blend was
repared in a Cowles-type mixer during 10 min at 3000 rpm.
able 1 contains a summary of the corresponding viscosity and
ielectric properties of particles and fluids. The ER suspensions
ere placed in a vacuum chamber to extract the air bubbles
revious to dielectric measurements.

.2. Dielectric characterization

Dielectric measurements were performed in a Dupont (DEA
970) dielectric analyzer. Experimental conditions covered a
requency range of 0.1–100 000 Hz, 1 V amplitude at 30 ◦C. The
elative permittivity of the silica particle εp was estimated from
hat of the suspension by a volume average calculation [9] given
y the equation
= εpφ + (1 − φ)εL (1)

here ε and φ are the relative permittivity and volume fraction
f the suspension and εL the relative permittivity of the fluid.

b
c
p
e

able 1
haracteristic of solid and liquid phases

aterials Relative permittivity 60 Hz

ilica (Merck 60, 0.015–0.040 mm) 10.9
ilicon oil (S100) 2.40
ioctyl phatalate (DOP) 4.60
ricresyl phosphate (TCP) 6.10
cochem. Eng. Aspects  301 (2007) 63–68

he impedance (Z*) and modulus (M*) of the suspensions were
alculated through the field transformations:

′ = M ′′

ωC0
(2)

′′ = M ′

ωC0
(3)

′ = ε′

ε′2 + ε′′2 (4)

′′ = ε′′

ε′2 + ε′′2 (5)

here C0 is the vacuum capacitance, ω is the frequency and the
omplex nomenclature is implied.

. Results and discussion

.1. Dielectric properties

The combination of impedance and modulus spectroscopy
as been showed as a useful technique in the analysis of dielec-
ric data, since they display complementary information. Both
ulk and interfacial impedances are separated in a simple and
onvenient form. Differences occur because the two methods
pply different weighting schemes to the experimental data. In
he modulus representation, the height of each peak is propor-
ional to the inverse dielectric constant and so, information about
he electrode-solution double layer and interfacial effects tend to
e suppressed. A double peak in this representation is ascribed
o two phases of different conductivity. On the other hand, the
eak heights in the impedance spectrum are proportional to the
lobal resistance, and so the most resistive element will domi-
ate the spectrum. For example, the electrode effect shows up
s a low frequency spike in the impedance spectrum, but it is
nvisible in the modulus spectrum.

The real and imaginary parts of the relative permittivity of
he silicon oil–silica gel particles (0.03 volume fraction) at 30 ◦C
re plotted in Fig. 1a and b. In Fig. 1a ε′′ presents a relaxation
t a frequency of 60 Hz, with relaxation time (τ = 0.00265 s).
his frequency corresponds to the inflection point of the rel-
tive permittivity (ε′) versus frequency curve (Fig. 1b). In the
ow frequency range, however, the dielectric loss increases as
he frequency diminishes, with inverse proportionality. This

ehavior closely corresponds to a superposition of two pro-
esses: a conductivity contribution corresponding to the inverse
roportionality of ε′′ with frequency and a relaxation process
xhibiting a maximum in ε′′ located at higher frequencies, the

Conductivity (S cm−1) Viscosity (mPa s)

2.0 × 10−9 –
6.8 × 10−16 95
2.3 × 10−11 50
1.4 × 10−9 50
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Fig. 1. (a) Dielectric loss and (b) relative permittivity, vs. frequency of silica par-
ticles in silicon oil. Experimental data and predictions of the Maxwell–Wagner
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′′ 1 εS − ε∞
olarization model (Eqs. (6) and (7)). Particle volume fraction is 0.03. Values
f ε∞ = 2.7, εS = 5.25, τ1 = 4.8E−4, τ2 = 310 and τw = 1.42.

atter ascribed to a Debye-like relaxation process. Since the
R suspension consists of conductive particles dispersed in
dielectric medium, their polarization process should occur

t the particle/oil interface [10], and hence the relaxation is
ocated in the low frequency range [3,5]. The dominant phys-
cal process responsible for the polarization in this system
silicon oil–silica) is thus the interfacial (Maxwell–Wagner)
olarization.

This process arises when the system is composed of two
ifferent phases, which differ in their permittivities or conduc-
ivities. The interfacial behavior can be modeled by a circuit
onsisting of two resistances (R1 and R2) and two capacitances
C1 and C2) in parallel. This can be described by the fol-
owing expressions for the relative permittivity and dielectric
oss:
′′ = ε∞
ωτw

+ �εωτ

1 + ω2τ2 (6)

M

l
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′ = ε∞ + �ε

1 + ω2τ2 (7)

= τ1R2 + τ2R1

R1 + R2
(8)

w = τ1τ2

τ
(9)

1 = R1C1, τ2 = R2C2 (10)

here R1 and C1 are the resistance and capacitance of phase 1,
1 and τ2 are time constants of the circuit representing the indi-
idual layers, the static and high frequency dielectric constants
re εS and ε∞, where �ε = εS − ε∞. The interfacial polarization
esults from the mismatch of conductivities or permittivities of
he contiguous dielectric layers. The dielectric loss exhibits an
nterfacial polarization term and a conductive term, the latter
ives rise to the increasing loss with decreasing frequency over
he lower frequency regime.

In the modulus representation, the conductive and the relax-
tion parts of the spectrum can be worked out from Eqs. (6)
nd (7). The conductive part of the spectrum can be analytically
btained by performing the limit ω → 0 of Eqs. (6) and (7) and
sing Eqs. (4) and (5). This gives the following approximation:

′
c = ε−1

S τ2
MCω2

1 + τ2
MCω2

(11)

′′
c = ε−1

S τMCω

1 + τ2
MCω2

(12)

here the conductive relaxation time is given by:

MC =
(

εS

ε∞

)
τw (13)

he modulus peak of M′′ has a magnitude of

′′
c max = 1

2
ε−1

S (14)

ocated at a frequency ωmax = τ−1
MC.

The relaxation part of the spectrum corresponding to a Debye
rocess can be expressed in terms of the modulus representation
ccording to the following expressions:

′
D = ε−1

S + ε−1∞ ω2τ2
M

1 + ω2τ2
M

(15)

′′
D = (�ε/εSε∞)ωτM

1 + ω2τ2
M

(16)

here the relaxation time is given by:

M = ε∞
εS

τ (17)

nd the peak magnitude is
D max =
2 εSε∞

(18)

ocated at ωmax = τ−1
M .
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Fig. 2. Imaginary part of the dielectric modulus vs. frequency of silica particles
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Fig. 3. (a) Dielectric loss and (b) relative permittivity, vs. frequency of silica par-
ticles in silicon oil. Experimental data and predictions of the Maxwell–Wagner
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n silicon oil. Predictions at low frequency follow Eq. (12), and those at mod-
rate frequency follow Eq. (16). Particle volume fraction is 0.03. Values of the
onstants are: τM = 1.36E−3 and τMC = 2.76.

The values of the relative permittivity at low and high fre-
uencies can be extracted from Fig. 1b, i.e., εS = 5.25 and
∞ = 2.7. By Eq. (17), the modulus peak is shifted to higher
requency (around 100 Hz) than that of the Debye peak shown
n Fig. 1a, since τM < τ (see Fig. 2). The value of the maxi-

um according to Eq. (18) is 0.078. The conductivity peak in
ig. 2 is located at a frequency calculated from Eq. (13) (around
.06 Hz). The magnitude of the maximum calculated from Eq.
14) is 0.10.

For increasing concentration (φ = 0.16) the suspension with
ilicon oil (Fig. 3a and b) shows an increase in the static and
ptical permittivities and a decrease in the relaxation time,
anifested as a shifting of the Debye peak to higher frequen-

ies (200 Hz) as shown in Fig. 3a. The conductive part of the
ielectric loss varies inversely with frequency, as the interfacial
olarization mechanism predicts, although at this concentration
he slope has a lower value. However, it is possible to find an
pproximate value of the characteristic time of the conductive
art of these data from Eq. (6) in the limit of low frequency. Data
hown in Fig. 3b reveal that the values of the permittivities are
pproximately εS = 8.5 and ε∞ = 3. The conductive peak of the
odulus spectrum, as shown in Fig. 4, is located at a frequency

f 0.12 Hz with magnitude of 0.066, according to Eqs. (13) and
14). The Debye peak is located at 765 Hz with magnitude of
.10, according to Eqs. (17) and (18). The conductive contribu-
ion to the spectrum has a characteristic frequency that increases
ith concentration and the relaxation part of the spectrum has a

haracteristic frequency that also increases with rising particle
oncentration.

Modeling of the more conductive systems, i.e., silica particles
ith either DOP or TCP, requires consideration to a non-

ocalized conduction process [11] in which εS → ∞, τ� → ∞

nd ε∞ = C/C0 (C0 is the vacuum capacitance). Non-localized
onduction is a diffusion process in which the conductivity
elaxation time, instead of the Debye relaxation time, is the
haracteristic variable of the process. In fact, this non-localized

M

olarization model (Eqs. (6) and (7)). Particle volume fraction is 0.16. Values
f ε∞ = 3.0, εS = 8.5, τ1 = 4.8E−4, τ2 = 310 and τw = 0.46.

rocess can be regarded as a localized one with an infinitely long
ime constant, and then, it can be related to the Debye relaxation
ith some restrictions. Therefore, the ideal conduction or non-

ocalized conduction can be treated as a extremely strong Debye
elaxation, with high dielectric loss usually accompanied by ris-
ng ε′at low frequency. In the absence of interfacial effects, the
on-localized conductivity is known as the dc conductivity. This
eads to the result that the relaxation times of the modulus and
mpedance are almost equal. Here we use the impedance repre-
entation of data since in this case a semicircle will now appear
n the complex impedance plane rather than in the dielectric con-
tant plane. The expressions for the real and imaginary parts of
he modulus and impedance spectrum are given by:
′ = ε−1∞ ω2τ2
M

1 + ω2τ2
M

(19)
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Fig. 4. Imaginary part of the dielectric modulus vs. frequency of silica particles
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Fig. 6. Imaginary part of the impedance and modulus vs. frequency of silica par-
ticles in dioctyl phthalate (DOP). Particle volume fraction is 0.16. Experimental
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n silicon oil. Predictions at low frequency follow Eq. (12), and those at mod-
rate frequency follow Eq. (16). Particle volume fraction is 0.16. Values of the
onstants are: τM = 2.0E−4 and τMC = 1.3.

′′ = ε−1∞ ωτM

1 + ω2τ2
M

(20)

′ = R

1 + ω2τ2
Z

(21)

′′ = RωτZ

1 + ω2τ2
Z

(22)

qs. (21) and (22) can be represented by an equivalent RC circuit
sed to describe polycrystalline electrolytes [12].

When the DOP is used as dispersant, the ratio of particle

onductivity to liquid conductivity is 87. At low particle concen-
ration (0.03), M′′ presents two peaks with different magnitude
Fig. 5) but smaller that those obtained using S100, indicat-
ng that the relative permittivity of this system is larger. The

ig. 5. Imaginary part of the impedance and modulus vs. frequency of silica par-
icles in dioctyl phthalate (DOP). Particle volume fraction is 0.03. Experimental
ata and predictions from Eqs. (16) and (20) (modulus) and (22) (impedance)
re shown.
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ata and predictions from Eqs. (16) and (20) (modulus) and (22) (impedance)
re shown.

mpedance peak is located at the same frequency of the first mod-
lus peak (1 Hz), because the modulus and impedance relaxation
imes are equal. The second modulus peak is located at a fre-
uency around 100 Hz. Similar behavior has been reported for
olycrystalline electrolytes [12], having two phases with differ-
nt relative permittivity and conductivity. As described before, in
he impedance representation, the impedance peak corresponds
o dominating resistance of the system, i.e., the resistance at the
iquid–particle interface. Because the impedance peak is located
n the low frequency range of the spectrum, it is likely that this
eak is related to the interfacial resistance at the liquid–particle
nterface. The higher frequency modulus peak may represent the
ulk conductive structure with lower resistance than that of the
nterface.

When the concentration of particles increases (Fig. 6), the
osition of the peaks is similar to that at lower concentration, but
ith small increment in magnitude in (M′′, Z′′). The interfacial

onductivity is larger but the bulk conductive structure remains
ith no substantial change.
With TCP, the particle and liquid conductivity are almost

qual, and the behavior of M′′ and Z′′ at low (0.03) and high
0.16) particle concentrations is shown in Figs. 7 and 8, respec-
ively. For φ = 0.03, the two peaks in M′′ tend to merge. The first
ne corresponds to the interfacial resistance and has a similar
haracteristic frequency of the impedance peak. Notice that both
he impedance and modulus peaks appear now at a frequency
f 100–200 Hz, a frequency shift of two decades from that with
OP. As compared with the DOP system, in this case the inter-

acial resistance is much lower (more than two decades), and the
endency to merge of the modulus peaks reflects that the parti-
le and liquid phases tend to become a single conductive phase.
s the particle concentration increases to φ = 0.16, the overall
ehavior does not change substantially, although the resistance
ncreases. The difference between the impedance and modulus

elaxation times becomes less significant when the permittivities
f particle and liquid are similar, as demonstrated by Hodge et
l. [12]. The process shown here corresponds to a non-localized
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Fig. 7. Imaginary part of the impedance and modulus vs. frequency of sil-
ica particles in tricresyl phosphate (TCP). Particle volume fraction is 0.03.
Experimental data and predictions from Eqs. (16) and (20) (modulus) and (22)
(impedance) are shown.

Fig. 8. Imaginary part of the impedance and modulus vs. frequency of sil-
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ca particles in tricresyl phosphate (TCP). Particle volume fraction is 0.16.
xperimental data and predictions from Eqs. (16) and (20) (modulus) and (22)

impedance) are shown.

onduction mechanism or long-range diffusion process and the
uspension acts as a single phase. This occurs in the pure liq-
id or at high particle concentration. The spikes showed in the
mpedance spectra in Figs. 7 and 8 correspond to the electrode
ffects, which are separated from the bulk response and moved
own the frequency scale. These spikes observed in the Z′′ spec-
rum of the TCP suspension may be ascribed to high impedance
ue to the generation of charge carriers at the metallic–liquid

nterface, resulting from electrochemical reactions [13]. These
ffects are invisible in the modulus spectrum, since the elec-
rode relative permittivity attains very high values, as explained
efore.

[
[

[

cochem. Eng. Aspects  301 (2007) 63–68

. Conclusions

The dielectric spectrum of particle suspensions of different
onductivity was analyzed with the Maxwell–Wagner polar-
zation and Debye models. The dielectric spectrum of dilute
uspensions of low conductivity reveals a Maxwell–Wagner
nterfacial polarization dominated by the conductive term at low
requencies, where the dielectric loss has a slope of minus one.

Debye peak is observed at moderate frequency. In the modu-
us representation, the presence of the two peaks, a conductive
nd a relaxation peak, is clearly observed. As the concentration
ncreases, the slope in the conductive regime of the dielectric
oss lowers, but the relaxation peak remains the same.

As the conductivity of the suspension increases, the dielectric
pectrum is dominated by a delocalized diffusion process of the
harges, which is modeled with expressions for the dielectric
pectra similar to those reported for polydomain electrolytes.
he interfacial resistance decreases substantially as revealed by

he tendency of the modulus peaks to merge, which reflects that
he particle and liquid phases tend to become a single conductive
hase.

The dielectric behavior of suspensions with different con-
uctivity largely influences the electrorheological response of
he systems. In fact, with increasing conductivity, the variation
f the viscosity and yield stress of the suspension with electric
eld changes. It is quadratic at low electric fields or low particle
oncentrations, but becomes less dependent of the electric field
ue to decreased particle polarization brought about by higher
onductivity. This aspect is examined in detail in Part 2.
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