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Dielectric measurements have been performed on neat acrylic core–shell particles, and core–shell modified-
epoxy networks in order to assess the accuracy of the Maxwell–Wagner–Sillars (MWS) model in describing the
dielectric properties of heterogeneous polymeric systems. Measured and predicted interfacial polarizations are
compared. The temperature dependence of the frequency of maximum interfacial dielectric loss process is well
described by the MWS model and from the temperature dependence of the conductivity of the two phases.
However, the measured and predicted absolute values differ and a distribution in the interfacial relaxation time is
observed. This is attributed to the effect of a gradient in concentration across the interface between the acrylic
particles and the epoxy matrix. It is thus concluded that the nature and properties of interphases can strongly
influence the dielectrical properties and interfacial polarization processes in polymer blends, and that theoretical
models which do not take into account details of interfacial charge transfer might not be reliable in describing the
morphology of heterogeneous polymeric systems.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Over the past two decades time dependent dielectric
measurements made over many decades in frequency have
become an effective in-situ instrumental means of observing
the changing physical properties of a polymer resin during
polymerization. Due to the development of micro-sensors,
dielectric techniques have been adapted for use both in the
laboratory and in industrial manufacturing–processing
environments. These dielectric techniques have found a
use in characterizing the viscosity changes and the degree of
cure, i.e.Tg, during polycondensation1–10.

In recent years, a major emphasis of high performance
polymer research has focused on the development of two-
phase thermoplastic/thermoset systems to improve upon
thermoset embrittlement and to obtain an optimum
combination of properties involving the toughness of
thermoplastics and the processability, strength and dur-
ability of thermosets. Important to the development of such
materials is the ability to observe the phase separation
process and to characterize the two-phase morphology.
Over the past 5 years, a number of authors have used
dielectric measurements to characterize the development of
the two-phase morphology in toughened thermosets11–17by
considering the Maxwell–Wagner–Sillers model for ana-
lyzing their dielectric measurements. In each of these cases
numerous approximations and assumptions must be made
regarding structure, shape and orientation of the embedded
particles, in addition to approximate estimation of the

dielectric properties and composition of the two phases
resulting from the phase separation process. Further, aside
from a number of classical papers on metal, mineral and
water conductive occlusions in nonconducting media (see
Refs 18,19 and references therein), there are few papers
which focus on the ability of this widely used model to
accurately describe the dielectric properties in polymeric
two-phase systems.

The aim of this paper is to assess the accuracy of the
Maxwell–Wagner–Sillars (MWS) model. Acrylic core–
shell particles having a well-defined shape are dispersed in
an epoxy matrix. As a consequence, in this case, the
dielectric properties of the particles and the matrix are well-
known whereas these properties cannot be known in
systems generated from a phase separation phenomena.
Thus dielectric measurements have been performed on the
core–shell particles of defined and uniform geometry, on
the neat epoxy matrix and on the two-phase blend. The
measured dielectric properties are then compared with
the predictions of the MWS model.

THEORETICAL AND BACKGROUND

Interfacial polarization processes occur in heterogeneous
dielectrics as a result of the build-up of space charges at
interfaces between two media having differing permittiv-
ities and conductivities20.

Van Beek and Ba´nhegyi reviewed the different models
which can be used to calculate the dielectric properties of
heterogeneous materials on the basis of the dielectric
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properties of the components, the volume fraction and the
geometry of the phases18–20.

The formulae are divided into two subgroups: asym-
metric (matrix inclusion type) and symmetric (statistical
mixture type) equations.

Among the former group, one distinguishes at low
volume fraction the well-known Maxwell–Sillars–Wagner
model21–23. The complex dielectric permittivity of the
mixture «*(q) of orientated ellipsoids with complex
dielectric constant,«p

2(q), at a volume fractionn2 dispersed
in a continuous matrix with a complex dielectric constant,
«p

1(q), can be calculated from the following equation:

«p ¼ «p
1

«p
1(1¹ n2)(1¹ A) þ «p

2(n2 þ A(1¹ n2))
«p

1 þ A(1¹ n2)(«p
2 ¹ «p

1)
(1)

whereA (0 # A # 1), is the depolarization factor of the
ellipsoidal filler particles. It depends on the shape of the
particles (length of the longa to b short axis ratio for spher-
oids) and the orientation of the field relative to the particle.
For prolate spheroids (rod or needle-like) oriented along
their larger axis,A lies between 0 and 1/3, while for oblate
spheroids (disc-like) oriented along the shorter axis,A lies
between 1/3 and 1;A ¼ 1/3 in the case of spheres. Separat-
ing the real and imaginary parts leads to Debye’s equations

«9 ¼ «` þ
«s ¹ «`

1þ (qtMWS)2 (2)

«0 ¼ («s ¹ «`)
qtMWS

1þ (qtMWS)2 (3)

whereq is the angular frequency, with explicit formulae for
the low and high frequency limiting permittivity«s, «` and
tMWS the relaxation time of the interfacial polarization.

tMWS ¼ «0
«1 þ A(1¹ n2)(«2 ¹ «1)
j1 þ A(1¹ n2)(j2 ¹ j1)

(4)

«` ¼ «1
«1 þ [A(1¹ n2) þ n2](«2 ¹ «1)

«1 þ A(1¹ n2)(«2 ¹ «1)
(6)

where«0 denotes permittivity of free space,j1, j2, «1 and«2

are the conductivities and limiting permittivities (for which
by definition «0 ¼ 0) of the matrix (index 1) and the
occluded phase (index 2). Fricke24 extended the MWS
model to randomly orientated ellipsoids. Equations (2)–
(6) show that in such a case a distribution in the morphology
(shape and/or orientation) of the occluded ellipsoids leads to
a distribution of the relaxation times because of the distribu-
tion of theA values.

When the concentration of particles in the immediate
neighbourhood of a given particle is considered for high
volume fraction, Bruggeman–Hanaı¨25, Boyle26 and Boned–
Peyrelasse27 obtained formulae for spheres, orientated and
randomly orientated ellipsoids dispersed in an effective
medium whose dielectric properties are that of the mixture.
No equations can be derived for a relaxation time and Debye
equations cannot be applied.

More recently, Steeman and Maurer28,29 derived an
interlayer model for the complex dielectric constant of
ellipsoidally shaped particles surrounded by an interlayer
and dispersed into a matrix. When the volume fraction of the
interface layer equals zero, this model reduces to the MWS
model. In the case of nonconductive filler covered by a very

thin conductive layer embedded into an insulating matrix,
the Steeman–Maurer model reduces to a Debye-type
dispersion in which:

t ¼
ncore

1¹ ncore

� �
3«0

2jshellnshell

� �
«coreþ 2«matrix

ÿ ��
¹ «core¹ «matrix

ÿ �
ncoreÿ ð7Þ

«s ¼
1þ 2ncore

1¹ ncore

� �
(8)

«` ¼
(«coreþ 2«matrix) þ 2(«core¹ «matrix)ncore

(«coreþ 2«matrix) ¹ («core¹ «matrix)ncore
(9)

Each of these matrix inclusion type equations predict strong
interfacial loss only if the more conducting component is the
inclusion phase. The static conductivity is theoretically gov-
erned by that from the matrix phase.

When no clear assignment of a matrix component and a
filler component can be made, symmetrical mixture type
equations are considered. Both components are considered
to be embedded in an effective medium with properties of
the mixture. The Looyenga30, equation (10), and
Brüggeman–Bo¨ttcher–Hsu31,32 formulae are obtained

(«p)1¹ 2A ¼ n1(«p
1)1¹ 2A þ n2(«p

2)1¹ 2A (10)

If only one component is conductive, the Bru¨ggeman–
Böttcher–Hsu31,32equation predicts a percolation threshold
while the Looyenga equation predicts conduction forA ,
0.5 in the whole composition range. No equations can be
derived for a relaxation time and Debye equations cannot be
applied.

According to Bánhegyi20, matrix inclusion type equations
are suitable for the description of emulsions and filled
polymers if none of the components exhibits metallic
conductivity. Statistical mixture formulae are suitable for
compacted powders, interpenetrating network structures
and heterogeneous polymer mixtures. All of these equations
are based on continuum electrodynamic equations. They do
not take into account the mechanism of conduction nor the
details of interfacial charge transfer.

Low frequency effects are often mentioned in hetero-
geneous systems and attributed to interfacial polarization33–43.
Only a few quantitative descriptions of the detected effects
based on the equations previously mentioned have been
given. Matrix inclusion formulae were in good agreement
with the experimental data for polycarbonate/styrene–
acrylonitrile copolymer multilayers structures33 and clay-
filled ethylene–propylene rubber copolymer44. For glass-
bead reinforced polystyrene45 the interfacial relaxation time
was predicted to be within 10% of the MWS model
prediction up to a volume fraction of 0.20. At higher
content, the model diverged. Phase separated systems like
epoxy–elastomer14–16 or epoxy–thermoplastic12,13 blends
seem to obey these matrix inclusive laws as an interfacial
polarization effect is only detected if the conductive phase
(elastomer for the first case and epoxy for the second) is the
occluded one. On the other hand, Steeman46 showed that the
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«s ¼ «1
j1 þ [A(1¹ n2) þ n2](j2 ¹ j1)

j1 þ A(1¹ n2)(j2 ¹ j1)
þ n2j1

[j1 þ A(j2 ¹ j1)](«2 ¹ «1) ¹ [«1 þ A(«2 ¹ «1)](j2 ¹ j1)
[j1 þ A(1¹ n2)(j2 ¹ j1)]2 (5)



interfacial loss detected on a polycarbonate/styrene-co-
acrylonitrile containing a butadiene rubber blend was much
better described by the Looyenga statistical mixture equation.

Theoretical results from Boned and Peyrelasse27 show
that matrix inclusion type heterogeneous materials should
display symmetrical relaxation (circular arc with centre
lying below the horizontal axis on a Cole–Cole plot) only in
the case of dispersed spheres. The asymmetry of the
interfacial polarization (skewed arcs on a Cole–Cole plot)
should increase with increasinga/b asymmetry of the
ellipsoid. Hollow glass-bead triazine-based thermoset
composites47, clay-filled ethylene–propylene rubber
copolymer (a/b # 3)44, occluded spherical particles of
amine-terminated polyoxypropylene or carboxyl-termi-
nated poly(butadiene-co-acrylonitrile in an epoxy–amine
cross-linked matrix15,16 and poorly interdiffused PVC
particles48 gave rise to a symmetrical interfacial relaxation.
An exception was reported by Perrier45. Glass beads
dispersed in PS lead to a perfect Debye-like process for a
volume fraction of 6.8%, while for 12.5–47.3%, asymme-
trical relaxations were observed. Reducing the bead
diameter from 90 to 20mm resulted in a Debye-like MWS
process up to a volume fraction of 20%.

According to the MWS model, an activation energy
identical to the Arrhenius temperature dependence of the
conductivity of the highly conductive components is to be
expected. For smalln2, andj1 p Aj2, equation (4) can be
reduced to:

tMWS ¼ «0
[«1 þ A(«2 ¹ «1)]

Aj2
(11)

As stressed by Aldrich47:

](ln tMWS)
](1=T)

¼
¹ ](ln j2)

](1=T)
þ

](ln[«1 þ A(«2 ¹ «1)])
](1=T)

(12)

and in most polymeric systems, the second term of the right
part of equation (12) is negligible. This correlation between
tMWS andj2 has been observed experimentally33,48. Other
studies showed an Arrhenius temperature dependence of the
relaxation times15,16.

EXPERIMENTAL

Materials
A mixture of diglycidylether of bisphenol-A (DGEBA,

Mn ¼ 380 g mol¹1) and 3 aminomethyl-3,5,5 trimethylcy-
clohexylamine (IPD,M ¼ 170 g mol¹1) was used as the
epoxy continuous phase. An amino hydrogen-to-epoxy ratio
of 1 was chosen in order to obtain the higher glass transition
temperature,Tg. A cure schedule of 1 h at 1408C followed
by 6 h at 1908C was used. An industrial dried core–shell
latex based on poly(butyl-acrylate) core (Tg ¼ ¹ 568C) and
a carboxyl-functionalized cross-linked poly(methyl metha-
crylate) shell (Tg ¼ 958C) particle, denoted CSR1 (EXL
8666 from Rohm and Haas) was used as the dispersed phase.
The mean diameter of the CSR1 particles is equal to
250 nm. The poly(methyl methacrylate) is 16% of the total
mass, which means that the shell thickness may be greater or
less than 7 nm according to the grafting density and the
molecular weight of the poly(methyl methacrylate)
chains49. The reagents and core–shell particles are
described inTable 1. Measurements were also carried out
on other core–shell particles denoted CSR2, which differ
from the ones previously mentioned by their polybutadiene
core (EXL 2611 from Rohm and Haas), and on a

conventional poly(methyl methacrylate) (Mw ¼ 120.000
andI p ¼ 2.4 from Aldrich).

A volume fraction of CSR1-particles equal to 15.3% was
considered. The mixing of the DGEBA prepolymer and the
CSR1 particles (dried for 2 h under vacuum at 808C before
use) was carried out under high speed mechanical stirring
using a Ultraturax T50 device operating up to 8000 rpm.
The temperature was kept below 908C to prevent degrada-
tion of the shell. The comonomer IPD was added to the
mixture under stirring. Trapped air was removed over 1 h
under vacuum. The materials were moulded into 0.6 mm
thick plates. The CSR1 and CSR2 particles were also
moulded as 0.6 mm thick films by compression-moulding
from the dried latex powders. They were obtained under
different pressures (60, 100 and 150 bar) at 1808C.

The glass transition temperatures were measured using
differential scanning calorimetry with a DSC7 Perkin Elmer
apparatus under nitrogen atmosphere with a heating rate of
108K min¹1. The morphology of the CSR1 and CSR2 films,
and modified epoxy network was checked by transmission
electron microscopy (TEM). In addition, dynamic mechan-
ical spectroscopy was performed on a 2 mm thick CSR-film
using a RDA700 viscoelasticimeter from Rheometrics
operating at 1.63 10¹2 and 10 Hz.

For electrical measurements, aluminium electrodes with a
diameter of 20 mm were sputtered on both sides of the
samples. They were then stored in a vacuum desiccator
under the presence of silica gels. In any case, measurements
were carried out under nitrogen atmosphere. Samples were
first heated 208C aboveTg for 10 min to allow frozen-in
deformation to relax and to ensure good contact with the
electrodes.

DC conductivity measurements
Conductivity measurements were carried out in a two-

electrode cell. The measuring circuit consisted of a Keithley
617 electrometer with incorporated voltage source, a PC
computer for data acquisition, storage and handling of the
results and the thermoregulated measurement oven. Mea-
surements were performed on temperature steps (10 K
interval). The cell was equilibrated for 35 min at the
measurement temperature. A constant step voltage 100 V
with a duration of 10 min was applied to the sample after
which the measured resistance was used to calculate the DC
conductivity. Between two measurements, the cell was
short-circuited for 45 min.

Dielectric measurements
Dielectric measurements were performed on a dielectric

thermal analyzer DEA 2970 from TA Instruments. Two
types of experiment were carried out: isochronal runs at
2 K min¹1 over a frequency range from 1 to 50 000 Hz (15
data points being collected within a period of 1 min) and
isothermal runs at 10 K measurement intervals (26 data
points were collected within a period of 10 min). The
frequency range was from 0.01 to 50 000 Hz. The sample
was kept for 45 min at each measurement temperature,
10 min being necessary to obtain thermal equilibrium. Each
data point presented is an average of three values.

RESULTS

As shown in the TEM micrographs (Figure 1) the core–
shell particles kept their morphology for compression-
moulded dried latex (Figure 1a) and as a dispersed phase in
the epoxy matrix (Figure 1b). The dynamic mechanical
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spectra of CSR1 particles show the main relaxation
associated with the glass transition of the PMMA shell
(Figure 2). The existence of a rubbery plateau indicates that
the PMMA shell is cross-linked and that the processing
(temperature, pressure) does not affect the core–shell
particle structure. In additionFigure 1bshows that a good

state of dispersion of the CSR1 particles within the epoxy
was obtained.

During the emulsion polymerization of the CSR particles,
the sodium dodecyl sulfate was used as emulsifier. After
drying, it can be supposed that some of the surfactant remains
adsorbed on the particle surface. Differential scanning
calorimetry doesn’t display a melting peak at 2078C of the
sodium dodecylsulfate indicating that the commercial core–
shell particles considered in this study were washed to
remove the free stabilizer. Thus, the remaining surfactant
should be strongly adsorbed on the particle’s surface.

The measured glass transition temperature of the neat
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Table 1 Reagents and components used to prepare the core–shell modified epoxies

Name Chemical formula Supplier

DGEBA Bakelite 0164

IPD RX chimie

Core–shell
Rohm & Haas
(1) EXL 8866
(2) EXL 2611

Figure 1 (a) TEM micrographs of the CSR2 film. (b) TEM micrograph of
the CSR1-modified epoxy network (15.3% vol.)
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Figure 2 Dynamic mechanical spectra (G9 and tand versustemperature)
at 10 Hz of the CSR1 film (2 mm thick)

Figure 3 Log (conductivity)versus1000/temperature for neat epoxy (O),
CSR1-modified epoxy system (X), CSR1 film (B), CSR2 film (A) and
PMMA (W)



epoxy and modified-epoxy cured systems are 151 and
1468C, respectively. This slight decrease ofTg observed will
not affect the electrical properties. It could be due to the
overlapping of the glass transition region of the PMMA
shell with that of the epoxy matrix.

Plots of log(conductivity)versus1000/temperature are
shown inFigure 3 for the unmodified epoxy network, the
CSR1 films and the modified epoxy network. Straight lines
are obtained, indicating the presence of Arrhenius processes
being thermally activated. Between 140 and 1508C, i.e. at

the glass–rubber transition, the DC conductivity of the neat
epoxy network rises due to an increase in the charge
carriers’ mobility. No difference in the DC conductivity of
the CSR1 films was observed in relation to the compression-
moulding conditions indicating the absence of air lamellae.
Unexpectedly, no rise in the DC conductivity is observed
above the glass transition temperature of the shell. An
increase in the conductivity of the epoxy matrix is observed
from the neat network to the CSR1-modified epoxy
network. This increase is thought to be due to diffusion of
sodium dodecyl sulfate surfactant from the shell surface into
the epoxy matrix. Measurements carried out on CSR2
particles and on poly(methyl methacrylate) are also
reported. They are examined in Section 5.

The permittivity,«9, and the loss factor,«0, of the CSR1
films for frequencies from 1 to 3000 Hz as a function of
temperature are shown inFigure 4. No difference was
observed with varying moulding pressure. The loss factor
displays a maximum due to the glass–rubber transition of
the poly(butyl-acrylate) while in the same temperature
range the dielectric constant increases from 3.2 to 5. With
increasing frequency the transition is located at higher
temperatures. Above the glass–rubber transition of the core
the loss factor,«0, displays a sharp increase due to electrical
conduction of this medium. Simultaneously the permittivity,
«9, at the low frequencies goes up to very high values which
indicates an electrode polarization phenomena. The high
frequencies reveal a relaxation associated with the glass–
rubber transition of the shell.

The permittivity, «9, and the loss factor,«0, of the
unmodified epoxy network for frequencies from 1 to
3000 Hz as a function of temperature are shownFigure 5.
At low temperature, theb peak is attributed to the relaxation
of the hydroxyether units –O–CH2–CH(OH)–CH2 created
during the cross-linking reactions and from the initial epoxy
prepolymer50. In the high temperature region an electrode
polarization phenomena leads to very high«9 values as a
consequence of the rise in the conductivity as the glass–
rubber transition is approached.

The measured loss index spectrum contains contributions
from two sources: dipolar reorientation and diffusion of
charge carriers. When interfacial polarization also occurs, it
can be written,

«0meas(q,T) ¼ «0pol(q,T) þ «0inter(q,T) þ «0DC(q, T) (13)

with

«0DC(q,T) ¼ jDC(T)=(«0q
1¹ k) (14)

where 0# k # 1. When the losses due to ohmic electrical
conduction,«0DC, dominates:

«0meas(q,T) < jDC(T)=(«0q
1¹ k) (15)

In Figure 6 the logarithm10 of the measured dielectric loss
index, «0, is plotted as a function of frequency at several
temperatures between 80 and 1508C for the unmodified
epoxy network. Two distinct dependencies with the fre-
quency appear as the temperature reaches the highest
values. Below a critical temperature dependent frequency,
a mean 0.906 ¹ 0.01 value is obtained for the parameterl1
¹ kl. Above this critical temperature dependent frequency a
mean 1.006 0.01 value is found (all correlation parameters
are . 0.999). We suspect the difference arises as a conse-
quence of the electrode polarization phenomena observed
on the lower frequencies. Between 80 and 1208C the CSR1
film displayed al1 ¹ kl equal to 1.006 0.01.
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Figure 4 The dielectric constant«9 and loss factor«0 of CSR1 film as a
function of temperature at several frequencies

Figure 5 The dielectric constant«9 and loss factor«0 of the neat epoxy
network as a function of temperature at several frequencies

Figure 6 Log (loss factor «0) versus log (frequency) at several
temperatures for neat epoxy network (dashed lines for slope¼ 0.9 and
full lines for slope¼ 1)



The dielectric spectrum of the modified epoxy network is
shown inFigure 7. Between¹50 and 508C, thea relaxation
of the core andb relaxation of the matrix superimpose. In
comparison with the dielectric spectrum of the neat matrix
(Figure 5), in the lowest frequency range a new process
appears at 508C. A higher level of conductivity is also found
as observed with a large increase in the dielectric loss in the
high temperature region. To study this process, isothermal
measurements were carried out as described in the
Experimental section. The permittivity,«9, (Figure 8a)
and the loss factor,«0, (Figure 8b) of the CSR1 film, the
unmodified and modified epoxy system are shown at 1008C.
A relaxation, which is not evidenced for the neat epoxy
network is clearly displayed. In order to separate this
expected MWS loss from the low frequency contribution of
DC conductivity, it was necessary to subtract a contribution
which is 1/q0.9 dependent. Thel1 ¹ kl parameter was found
unchanged from the unmodified to the CSR1 modified
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Figure 7 The dielectric constant«9 and loss factor«0 of CSR1-modified
epoxy network as a function of temperature at several frequencies

Figure 8 (a) The dielectric constant«9 of the neat epoxy network (O), CSR1-modified epoxy network (X) and CSR1 film (B) as a function of frequency at
1008C. (b) The loss factor«0 of the neat epoxy network (O), CSR1-modified epoxy network (X) and CSR1 film (B) as a function of frequency at 1008C



epoxy network. As mentioned by Pethrick and co-work-
ers12–14, the shape of the loss curves is very sensitive to the
subtraction of the DC conductivity. Too large a subtraction
artificially sharpens the peak (by reducing the amplitude at
low frequencies), reduces the intensity and increases the
position of the maximum on the frequency axis, whereas too
small a subtraction leads to the reverse effect. Between the
Cole–Cole and the Cole–Davidson equations5, the only one
which allowed us to both fit«9 and«0 curves was the Cole–
Cole formula expressed by

«p(q) ¼ «` þ
(«s ¹ «`)

1þ (jqt0)b
0 # b # 1 (16)

Further, equation (16) can be separated into real and ima-
ginary parts:

«9(q) ¹ «`

«s ¹ «`

¼
(1þ (qt0)bcosbp=2)

1þ 2(qt0)bcosbp=2þ (qt0)2b
(17)

«0(q)
«s ¹ «`

¼
(qt0)bsinbp=2

1þ 2(qt0)bcosbp=2þ (qt0)2b
(18)

Whenb ¼ 1, equation (16) reduces to the Debye equation.
t0 is the mean relaxation time andb is a measure of the
distribution of relaxation times.

At each temperature, a contribution which varies as in
C(T)/q0.9 was subtracted from the dielectric loss index, with
C(T) ¼ jDC(T)/«0. C was increased to the upper limit for
which the shape of the Cole–Cole plot was that of a
symmetric circular arc with its centre lying below the
horizontal axis. Above this upper limit an apparent skewed
arc was displayed because the amplitude at the low
frequencies was too reduced. The maximum observed in
the loss factor determined the mean relaxation time. The
dielectric increment,«s ¹ «`, was estimated from the Cole–
Cole plots, and the parameterb was calculated, using the
following equation5:

«0max¼
«s ¹ «`

2
tanbp=4 (19)

The resulting subtracted data and the fits at 1008C are
plotted in Figure 9a and b. An Arrhenius temperature
dependency as predicted by the MWS model is displayed
for the resulting relaxation times (Figure 10). The extracted
relaxation strength«s ¹ «` is found to increase with
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Figure 9 (a) The dielectric constant«9 of CSR1-modified epoxy network (X), the fit with the Cole–Cole equation (dashed lines), and the MWS prediction
(full line) at 1008C. (b) The loss factor«0 of CSR1-modified epoxy network (X), the calculated loss factor«0 after subtraction of the DC conductivity (W), the fit
using the Cole–Cole equation (dashed lines), and the MWS prediction (full line) at 1008C



temperature (Figure 11). A meanb ¼ 0.606 0.02 value can
be estimated.

DISCUSSION

As observed inFigure 3, the high conductivity measured for
the CSR1 particles can be attributed to the poly(butyl
acrylate) core. In the measuring temperature range, i.e.
100–1808C above itsTg, it must be in the form of a highly
conductive polar fluid. Given the low polarity of the
polybutadiene, such a level of conductivity is not observed
for the CSR2 particles. The low conductivity measured for
the poly(methyl methacrylate) suggests that we may
consider the CSR1 particles as a conductive core surrounded
by an insulating shell and the moulded films as conductive
spheres occluded in an insulating matrix. However, in such
a case, charge carriers would build up at the interface
between the core and the shell. Using the conductivities
measured between 80 and 1208C on the poly(methyl
methacrylate) and on the CSR1 moulded film forj1 and
j2 a huge MWS process is predicted with«s ¹ «` reaching
50 in the frequency range from 0.1 to 1 Hz (equations (4)–
(6)). Such a phenomena was not displayed in the dielectric
spectrums of the CSR1 moulded films. As a result we
have to consider the possibility that the poly(methyl

methacrylate) shell isn’t insulating for the poly(butyl
acrylate) charge carriers. This might be due to the shell
thickness which is only 7 nm. In polymeric materials like
the ones studied here the concept of band conduction by free
charge carriers does not apply and charge transport occurs
by a hopping mechanism operating between localized sites
such as polar or ionic groups51. Jumping distances of 8–
20 nm have been calculated for poly(ethylene terephtalate)
and for polypropylene52. This suggests that the shell might
be too thin to limit the percolation of charge carriers, which
can be concluded from the sharp rise in the loss factor,«0,
due to ohmic electrical conduction just after the glass–
rubber transition of the poly(butyl acrylate) core (Figure 4)
and the insensitivity of the temperature dependency of the
measured conductivity to the glass–rubber transition of the
poly(methyl methacrylate) shell (Figure 3). Thus, predic-
tions have been carried out considering homogeneous
particles occluded in an homogeneous matrix. The con-
ductivity measured on the moulded CSR1 film was taken to
bej2.

For these acrylic spherical core–shell particles of uniform
size where orientation is not a parameter of the modeling,
the MWS model predicts the relaxation times shown in
Figure 10. The temperature dependence of the relaxation
times both measured and predicted is in good agreement.
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Figure 10 Log (interfacial relaxation time)versus(1000/T), (X): predicted by the MWS model and (W) extracted from the Cole–Cole analyses for the CSR1-
modified epoxy network

Figure 11 Interfacial relaxation strength«s ¹ «` extracted from the Cole–Cole analysis as a function of temperature for the CSR1-modified epoxy network



Clearly the temperature dependence ofj1 and j2 does a
good job of predicting the change intMWS with temperature.

The predicted values oft differ by a factor of 4.5. The
predicted values using equation (4) are nonsensitive to
the volume fractionn2 as equation (11) shows. However the
predicted values assume that the conductivity,j2, of
the occluded particles is unchanged from the moulded
core–shell film to the particles in the epoxy. This
assumption is questionable because the value ofj1 for the
epoxy matrix is increased by a factor of 3.5 from the neat
network. Values obtained from DC conductivity measure-
ments are reportedFigure 3. They were found to correlate
well with values of j1 used in the subtraction process.
Diffusion in the matrix of sodium dodecyl sulfate surfactant
initially adsorbed on the particles is likely to occur, which
must increase the conductivity of the epoxy phase.
However, in order for the predicted absolute value of
tMWS to agree with the measured value,j2 would have to be
reduced by a factor of 5. As previously mentioned, charge
transport can occur by a hopping mechanism. The

probability of a hopping transition is determined by the
combined effect of the distances between the two sites and
the potential barrier that has to be overcome. Thus
conductive properties are determined by the most difficult
transitions which limit the percolation of charge carriers
from one electrode to the other. Associated with a narrow
interface between a conductive phase and a less conductive
phase is a strong potential barrier where charge carriers are
blocked. Shafferet al.have shown that core–shell particles
of a poly(butadiene-co-styrene) core with slightly reticu-
lated poly(methyl methacrylate-acrylonitrile) shell are
swelled by the epoxy prepolymer during the dispersion
process53. After curing, the final particle morphology is a
shell or core–shell with an epoxy gradient concentration.
The ideal and real core–shell morphologies in this study are
depicted inFigure 12. The resulting interface is a diffuse one.
Correlation between the hopping probability of charge carriers
and molecular mobility of the polymeric environment is easy
to envisage. Detrapping from localized sites like strong
dipoles or charge transport along the backbone or side groups
must be favoured by segmental motions. So, utilizing the
concept of a gradient concentration we think that in place of a
high potential barrier, numerous weaker ones with larger
hopping probabilities are associatedwith thisdiffuse interface,
which permit the injection of charge carriers from the
conductive phase to the less conductive phase. The conse-
quence is that there isn’t a sharp transition in conductivity at
the interface but a continuous decrease as depicted inFigure
13. So, at the interface the differencej2 ¹ j1, which is
considered in equation (4), is reduced andtMWS is increased.

The high frequency limiting permittivities,«1` (4.20) and
«2` (4.50), determined from isothermal runs, gave a value of
4.24 for the high frequency limiting permittivity«` (equation
(6)) which is near to the 4.20 measured value. To calculate
the low frequency limiting permittivity«s (equation (5)),
those «1 and «2 values couldn’t be used because the
unmodified epoxy network and CSR1 films display a
frequency dependent behavior. The lowest measuring
frequency available for our equipment, 0.01 Hz, didn’t
permit a direct measurement of the low frequency limiting
permittivities «1s and «2s. However, equation (3) can be
reduced to equation (20) for smalln2 andj1 p j2:

«s ¼ «1s(1þ 3n2) (20)

Only n2 and«1s govern the«s value.
Shown inFigure 14 are calculated values of«1s using

equation (5) and the experimental«s determined at the low
frequency end of the Cole–Cole dispersion. Unlike the
prediction of tMWS, equation (3) is quite sensitive to the
value of n2. The best fit back calculated values of«1s

occurred when the volume fraction of occluded conducting
particles is set to 0.11. This result might reflect the extent of
swelling of the particles by the epoxy network. Given the
volume fraction of the core–shell particles and the shell
thickness, the volume fraction of the poly(butyl-acrylate)
core is 0.13; or it suggests that the MWS model is not
reliable to accurately predict the interfacial polarization
intensity when diffused interfaces are considered.

The low frequency limiting permittivities«1s increase
with temperature. We believe it is a consequence of a low
frequency polarization process in the matrix. This assump-
tion is supported by recent work by Wu and Tung54. They
showed that the oscillating motions of charge carriers under
an alternative electrical field lead to a low-frequency
relaxation behaviour. For an epoxy network based on a
prepolymer DGEBA and nadic methyl anhydride, the
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Figure 12 Depiction of the core–shell morphologies in the cured-epoxy
network: (a), ideal; (b), real

Figure 13 Transition in conductivity at the interface of the core–shell
particles in the cured-epoxy network: (a), ideal; (b), real

Figure 14 Dielectric constant«9 of unmodified epoxy network (full lines)
as a function of temperature at several frequencies and back calculated
values of the low frequency«1s permittivity of the matrix with equation (5)
andn2 ¼ 0.11 (W)



characteristic frequencies are between 10¹6 and 10¹4 Hz at
temperatures between 10 and 408C. The frequency beha-
viour of the neat epoxy network shown inFigure 14and the
shape of the low frequency limiting permittivity«1s curve
suggest that the lower frequency involved in the interfacial
polarization process is 10¹4 Hz.

The Cole–Cole distribution factorb, that gave the best fit
to the dielectric data for the epoxy-core–shell particle
system, was 0.6. The MWS model predicts a Debye-like
relaxation for spherical particles of uniform composition.
Thus a value ofb equal to 1 is predicted by the MWS model.
It is interesting to speculate why there is a relatively broad
distribution of relaxation times. We propose that the
distribution in t for this very uniform spherical dispersion
of core–shell particles can arise at the interface, a narrow one
leading to a narrow spatial distribution of charge carriers, and
a large one leading to a large spatial distribution of charge
carriers trapped in the interfacial zone.

CONCLUSIONS

For this blend of polymer materials based on acrylic
spherical core–shell particles of uniform size dispersed in
an epoxy network, where orientation is not a parameter of
the modeling, the MWS model does appear to provide
accurate predictions of the dielectrical properties«1, «2 and
j2 temperature dependence oftMWS, the relaxation time of
the interfacial polarization process. For a sharp interface,
the MWS model predicts a single relaxation time withb ¼ 1
for the Cole–Cole parameter. A value ofb ¼ 0.6 provided
the best fit to this system of uniform spherical particles. This
distribution in relaxation time is attributed to a gradient in
concentration across the interface, a phenomena which is
likely to occur during the formation of many two-phase
polymer systems. Thus the main additional modification
needed for the MWS model is the ability to predict the
distribution in relaxation times as measured by a parameter
such as the Cole–Cole distribution factorb based on the
nature of the interface and the details of charge transfer. The
nature and properties of interphases should strongly influence
the dielectrical properties and interfacial polarization pro-
cesses in polymer blends, and might lead to an erroneous
description of the morphologies through the use of theoretical
models which do not recognize the need to include the
physical and chemical nature of the interface. Overall, the
results suggest that dielectric spectroscopy can be a high
sensitivity technique to study the interfacial characteristics in
polymer blends such as the degree of inter-diffusion.
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