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ABSTRACT: Epoxy/alumina nanocomposites of various
compositions were prepared by dispersing modified and
nonmodified boehmite nanoparticles in diglycidyl ether of
bisphenol-A using diethylenetriamine as curing agent.
Measurements of the viscosity of the nanodispersions pro-
vided information on particle–particle and particle–resin
interactions. The structure of the nanocomposites was
studied by scanning electron microscopy on fractured
samples. Effects of nanoparticles on polymer dynamics
was studied in detail by dynamic mechanical thermal
analysis and two dielectric techniques, broadband dielec-
tric relaxation spectroscopy and thermally stimulated

depolarization currents. Three secondary relaxations, c, b,
and x, the segmental a relaxation associated with the glass
transition, and an interfacial relaxation, in the order of
increasing frequency/decreasing temperature, were
observed and studied. A correlation between viscosity (of
the nanodispersions), storage modulus, glass transition
temperature, real part of dielectric permittivity, and ductil-
ity of the nanocomposites was observed. VC 2011 Wiley Peri-
odicals, Inc. J Appl Polym Sci 121: 3613–3627, 2011
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INTRODUCTION

Organic–inorganic polymer nanocomposites (Ncs)
have attracted much interest in recent years, as they
may exhibit significant improvement of various
properties of the polymer matrix, in particular me-
chanical properties, thermal stability, and barrier
properties, at much lower filler fractions than con-
ventional composites (macrocomposites).1–3 Polymer
dynamics studies in such systems, in particular stud-
ies of segmental dynamics and the related glass tran-
sition, are of fundamental interest for understanding,
and thus tailoring, properties improvement at the
molecular level.4,5 We may expect that chain dynam-
ics in the Ncs is modified, as compared with the
neat polymer, due to interactions at the polymer–
filler interfaces. In fact, computer simulations and

experiments with model systems provide evidence
that polymeric chains in the vicinity of a solid sur-
face, within a distance of a few nm, exhibit different
organization (density, chain configuration) and prop-
erties (thermal transitions, molecular mobility), as
compared with chains in the bulk.6 Molecular dy-
namics simulations show that relaxation times may
increase or decrease, as compared with the bulk ma-
terial, depending on the type and strength of interac-
tion and the roughness of the surface.7 Also, the
results of experiments with model systems, in partic-
ular glass forming liquids and polymers confined in
porous glasses and thin polymer films, are often dis-
cussed in terms of a layer of molecules with modi-
fied dynamics at the interface with the solid
surface.8

Results reported in literature on chain dynamics
in real polymer Ncs, on the other hand, in particular
on segmental dynamics associated with the glass
transition, often appear controversial and confusing,
as dynamics (often quantified in terms of glass tran-
sition temperature) may become faster or slower or
show no change, it may be homogeneous or hetero-
geneous etc.9 Obviously, several factors, next to
polymer–filler interactions, such as filler size, rough-
ness and morphology (degree of dispersion), may
affect polymer dynamics in Ncs and should be
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critically considered. Also, results obtained by vari-
ous experimental techniques should be critically
compared with each other, as each technique probes
molecular mobility in a different way.10 It has been
pointed out that two main contradictory effects of
nanoparticles on chain dynamics should be properly
considered11,12: dynamics may become slower, in
particular close to interfaces, due to constraints
imposed to the motion of the chains by the rigid
nanoparticles, this effect being more pronounced in
the case of covalent bonds between the two compo-
nents (hybrid organic–inorganic Ncs); at the same
time, dynamics may become faster as a result of
increase of free volume due to loosened molecular
packing of the chains (plasticization).

In this article, we report on polymer dynamics in
epoxy/alumina Ncs. Because of the wide range of
potential applications, epoxies are being widely used
as polymer matrices in Ncs. Results obtained with
epoxy/layered silicate (clay) Ncs have been
reviewed by Becker and Simon.13 Both a constant or
increased glass transition temperature Tg and a
reduction of Tg with increasing organically modified
clay addition have been reported. Sun et al.14 stud-
ied several epoxy Ncs with various inclusions (silica,
silver, aluminum, carbon black) and observed a
depression of Tg, related with enhanced polymer dy-
namics due to extra free volume at the resin–filler
interface. Miyagawa et al.15 observed a slight
increase of Tg in epoxy/clay Ncs (by 1.5�C at 6 vol
%). Lu and Nutt16 investigated the relaxation behav-
ior of epoxy/clay Ncs by a combination of standard
and temperature modulated differential scanning
calorimetry (DSC). Addition of the intercalated
nanoparticles resulted in a slower overall relaxation,
a wider distribution of relaxation times and higher
Tgs. A domain relaxation model was proposed that
included three possible relaxation modes.16 Measure-
ments by various techniques in epoxy/carbon par-
ticles Ncs showed an increase of Tg as compared
with the neat polymer matrix. In agreement with
that the time scale of the segmental relaxation associ-
ated with the glass transition increased in the Ncs,
whereas that of the secondary b relaxation remained
unaffected.17 Dielectric and DSC measurements in
rubbery epoxy networks modified with polyhedral
oligomeric silsesquioxanes (POSS) nanoparticles co-
valently bound to the chains as dangling blocks
showed that a fraction of polymer is immobilized
making no contribution to the glass transition,
whereas the rest exhibits a slightly faster segmental
dynamics due to increased free volume resulting
from loosened molecular packing of the chains (plas-
ticization by the bulky POSS units).5

Similar to other oxides, alumina has been used by
several investigators as inclusion in polymer Ncs,
although by far less frequently than silica, and

effects on polymer dynamics and glass transition
have been studied in some cases. In a series of
articles, Ash et al.18,19 investigated poly(methyl
methacrylate) (PMMA)/alumina Ncs and observed
that already at low filler content, below 1 wt %, Tg

drops by about 25�C when compared with the neat
polymer and shows no more changes on further
additions of filler. No significant Tg changes, with
respect to the neat polymer, were observed in Ncs
prepared with chemically treated with silane cou-
pling agent alumina nanoparticles and in macrocom-
posites. Poor adhesion between filler and polymer
was made responsible for the drop of Tg, which was
further rationalized in terms of a percolation model
proposed for the Tg reduction in thin polymer
films.20 A different interpretation in terms of internal
stresses at the polymer–particle interface and hetero-
geneous dynamics was proposed by Narayanan
et al.21 for similar results obtained with PMMA/alu-
mina Ncs on the basis of multispeckle X-ray photon
correlation spectroscopy. Interestingly, heating to
220�C followed by slow cooling caused the Tg to
increase to a value close to that for neat PMMA, in
analogy to the chemically treated samples in Refs. 18
and 19. In another work, dielectric and DSC meas-
urements showed a slight reduction of Tg and of its
activation energy in epoxy/alumina nanowires Ncs,
as compared with the neat polymer, which was
rationalized in terms of a proposed coarse-grained
confined-region structure model.22 A suppression of
Tg was observed also in semicrystalline poly(ethyl-
ene terephthalate)/alumina Ncs and interpreted in
terms of increased mobility near the surface of the
filler, whereas the degree of crystallinity remained
practically unaffected.23 In another semicrystalline
thermoplastic, poly(ether-ether-ketone), the presence
of alumina, as well as of silica, with a uniform distri-
bution of the nanoparticles, resulted in an increase
of the degree of crystallinity and of thermal
stability.24

In contrast to the results reported above, DSC and
dynamic mechanical thermal analysis (DMTA) mea-
surements in epoxy/alumina Ncs by Vassileva and
Friedrich25 revealed an increase of Tg, which was
highest for alumina nanoparticles chemically treated
by reactive silane coupling agent. Also, the b relaxa-
tion became slower in the Ncs with a concomitant
increase of its activation energy and a suppression
of the short-range cooperative motions related to the
high-temperature part of the relaxation. DMTA
measurements in polyurethane latex/water dispersi-
ble boehmite alumina Ncs revealed also a slight
increase of Tg, whereas no effect was observed by
dielectric relaxation spectroscopy (DRS) on the seg-
mental a relaxation associated with the glass transi-
tion.26 Finally, fluorescence measurements in poly-
mer/alumina Ncs prepared by spin coating films
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from solutions showed a substantial increase of Tg

in poly(2-vinyl pyridine) (P2VP) Ncs, a moderate
decrease in PMMA Ncs, and practically no change
in polystyrene (PS) Ncs, always with respect to the
neat polymer.27 By analogy with thin polymer films,
these results were explained by wetted P2VP-nano-
filler interfaces with attractive interactions, nonwet-
ted PMMA-nanofiller interfaces (free space at the
interface), and wetted PS-nanofiller interfaces lack-
ing attractive interactions, respectively. The presence
of wetted or nonwetted interfaces was controlled by
choice of solvent.27

We like to draw attention to the fact that interpre-
tation of experimental results on polymer dynamics
may become more complex in thermoset Ncs,
including epoxy network Ncs, as compared with
Ncs based on thermoplastic matrices. The reason for
this is that curing reactions and cross-linking density
may be modified by the presence of the nanofillers
or the matrix may be plasticized by smaller mole-
cules present in the network.13 This ‘‘secondary’’
effect (which is present also in thermoplastic Ncs
prepared by polymerization in the presence of the
nanoparticles18,19) should be distinguished from the
‘‘primary’’ one of direct influence of the nanofillers
on chain dynamics.

The epoxy/alumina Ncs under investigation in
this work were prepared by in situ polymerization
of epoxy resin oligomer (DER 332) in the presence of
alumina nanoparticles (boehmite, SASOL, Germany)
using an amine type hardener. Three types of alu-
mina have been used: Disperal D40 (nonmodified
boehmite, crystallite size 40 nm); Disperal OS1 and
Disperal OS2, treated by the producer with different
type modifiers, more details being given in the next
section. The fraction of the filler was varied between
0 and 5 mass %. Measurements of the viscosity of
the nanodispersions provided information on parti-
cle–particle and particle–resin interactions. The
structure of the Ncs was studied by scanning elec-
tron microscopy (SEM). Polymer dynamics, in partic-
ular glass transition, and mechanical properties were
studied by DMTA (1–100 Hz, �100 to 180�C). For a
more detailed study of polymer dynamics two
dielectric techniques were employed, namely broad-
band DRS (10�1–106 Hz, �150 to 120�C) and ther-
mally stimulated depolarization currents (TSDC;
�150 to 80�C). The broad frequency and temperature
ranges of DRS allow us to follow local (secondary)
and cooperative relaxations, as well as electrical con-
ductivity,28 whereas the use of TSDC enables to
extend the frequency range of measurements down
to 10�2–10�4 Hz,29 i.e., a frequency range not easily
accessible by DRS measurements in the frequency
domain. Results on polymer dynamics obtained
by the various techniques employed (DMTA, DRS,
TSDC) are critically compared with each other,

correlated to those of viscosity and SEM measure-
ments on the same samples, and discussed in rela-
tion to previous work mentioned above.
It should be noted that in recent years electrical

and dielectric measurements were employed to
study epoxy/alumina nanocomposites, for a differ-
ent reason, however, than in this article, namely in
relation to their potential application as insulating
materials.30–33 Next to mechanical and thermal prop-
erties (glass transition), specific properties significant
for that application, such as permittivity, loss tan-
gent, space charge accumulation, breakdown
strength, tree formation, and partial discharge resist-
ance, were studied. The results suggest that the
overall performance is improved on addition of the
nanofiller. The extent of modification of the various
properties depends on the amount of filler, the
degree of dispersion and specific interfacial
interactions.

EXPERIMENTAL

Materials

Epoxy/alumina Ncs were prepared using low vis-
cosity diglycidyl ether of bisphenol-A (DGEBA, com-
mercial name DER 332, Sigma Aldrich) as epoxy
resin oligomer, diethylenetriamine (Fluka) as hard-
ener, and boehmite alumina nanoparticles
(AlO(OH)) provided by Sasol (Germany) as filler.
Three types of boehmite alumina with primary crys-
tallite size 40 nm were used, one unmodified
and two modified, their characteristics being listed
in Table I. The content of boehmite alumina was var-
ied as 1, 3, and 5 mass %. These systems are amena-
ble to preparing nanocomposites by direct cross-link-
ing polymerization technique, where the nanofillers
are subject to dispersion in the liquid medium and
the mixture is subsequently polymerized to form the
nanocomposite. However, the nanoparticles as
received are highly agglomerated (Table I), hence
these agglomerates have to be broken down to

TABLE I
Characteristics of the Boehmite Alumina Particles Used

DisperalV
R

D40
DisperalV

R

OS1
DisperalV

R

OS2

Density
(g/ml)

2.9 2.7 2.7

Surface
area (m2/g)

105 265 272

Particle
size (lm)

50 45 45

Modifier No
modifier

p-Toluenesulfonic
acid SO3H
(C6H4)CH3

Alkyl (C10–C13)
benzenesulfonic
acid SO3H(C6H4)

(CH)n CH3

POLYMER DYNAMICS IN EPOXY/ALUMINA NANOCOMPOSITES 3615

Journal of Applied Polymer Science DOI 10.1002/app



individual nanoparticles, e.g., by sonication
approach. Consequently, the polymer dispersions
were prepared by a two-step direct mixing method.
The dispersions were first mixed mechanically for 30
min at ambient temperature for initial wetting of the
fillers. Then an ultrasonic bath was used for 30 min
at a temperature of 40�C for further dispersion of
the boehmite alumina nanofiller in the resin. Differ-
ent samples were prepared and cured at ambient
conditions and postcured in the course of 2 h at
100�C for structure and properties stabilization.

Samples are typically characterized by the type of
particle modification used and the composition, e.g.,
DER/OS2(97/3) for a sample with 3 mass % of Dis-
peral OS2 particles (Table I).

Methods

The rheological parameters of the fluid compositions
were determined using Rheotron Brabender rota-
tional viscometer (cone-plate geometry) under a
steady state and oscillatory flow regime within the
shear rate range 0.3–100 s�1.

SEM micrographs were taken with a Philips 501
microscopy. Micrographs of fracture surfaces of the
neat resin and compositions with 5 mass % of boeh-
mite alumina D40, OS1, and OS2 were taken. The
specimens were coated with gold before observation
to avoid charge build up.

DMTA tests (DMTA III, Polymer Laboratories)
were conducted to study the thermomechanical
properties of the nanocomposites under dynamic
loading conditions and to determine glass transi-
tion temperatures. The dual cantilever mode was
used with fixed oscillation amplitude of 10 lm and
frequencies 1, 10, and 100 Hz. The temperature
range varied from �100 to 180�C, applying a heat-
ing step of 3�C/min. All the DMTA specimens
were rectangular bars with dimensions of 3 mm �
6 mm � 20 mm.

For DRS measurements28 the complex dielectric
constant (dielectric permittivity, dielectric function),
e*(f) ¼ e0(f) � ie00(f), was determined as a function of
frequency, f, (10�1–106 Hz) at constant temperature
(�150 to 120�C, controlled to better than 60.1K),
using a Novocontrol Alpha Analyzer in combination
with a Novocontrol Quatro Cryosystem. The sam-
ples were circular films of typically 20-mm diameter
and about 1-mm thickness and were placed between
brass electrodes.

TSDC is a dielectric technique in the temperature
domain and consists of measuring the thermally
activated release of stored dielectric polarization.29

By this technique the sample is inserted between the
plates of a capacitor and polarized by the applica-
tion of an electric field Ep at temperature Tp for time
tp, which is large compared with the relaxation time

of the dielectric relaxation under investigation. With
the electric field still applied, the sample is cooled
to a temperature T0, which is sufficiently low to pre-
vent depolarization by thermal energy, and then is
short-circuited and reheated at a constant rate b.
The discharge current generated during heating is
measured as a function of temperature with a sensi-
tive electrometer. TSDC corresponds to measuring
dielectric loss at a constant low frequency in the
range 10�4–10�2 Hz. It is characterized by high
sensitivity and high resolving power.29 TSDC mea-
surements were carried out using a Keithley 617
electrometer in combination with a Novocontrol
sample cell for TSDC measurements. Typical experi-
mental conditions were 50�C for Tp, 2 kV/cm
for Ep, 5 min for tp, 10

�C/min for the cooling rate to
T0 ¼ �150�C, and 3�C/min for the heating rate b.
Samples and electrodes were similar to those used
for DRS measurements.

RESULTS AND DISCUSSION

Viscosity measurements

Results of viscosity measurements for the various
fluid compositions at room temperature are shown
in Figure 1. For each type of filler, viscosity increases
with increasing filler content due to the increased
number of contacted solid particles in the low vis-
cosity liquid matrix. At each composition (mass frac-
tion of filler) viscosity increases in the order OS1,
OS2, D40. These results suggest that dispersions
containing nonmodified D40 demonstrate strong
particle–particle interactions. Treating the boehmite
particles with the modifiers decreases the particle–
particle interactions and increases the affinity

Figure 1 Viscosity of nanodispersions against nanofiller
concentration at room temperature for various Ncs indi-
cated on the plot.
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between the nanofiller and the resin, the strongest
effect being demonstrated for OS1. Thus, the degree
of dispersion of boehmite particles in the epoxy ma-
trix increases in the order D40, OS2, OS1, where the
OS1 treated boehmite particles demonstrate much
better dispersion compared with the untreated one
D40.

Interestingly, Karger-Kocsis and coworkers
reported that boehmite alumina nanoscale dispersed
in both low and high density polyethylene had prac-
tically no effect on melt rheology (175�C), this result
being of significant interest with respect to process-
ing of thermoplastic nanocomposites.34

Fracture behavior and morphological
characterization (SEM)

The SEM micrograph of fractured surface of the neat
epoxy system indicates glassy and homogeneous
microstructure as shown in Figure 2(a). This sup-
ports brittle nature and poor impact strength of the
epoxy resin. The SEM micrographs of fractured
surfaces of Ncs modified with 5 mass % of boehmite
alumina D40, OS1, and OS2 [Figs. 2(b–d), respec-
tively], reveal significant differences in the morphol-

ogy of the Ncs with unmodified and modified nano-
particles. While on the fractured surface of the
sample DER/D40 (95/5) large number of small
agglomerates could be observed, the fractured sur-
face of the sample DER/OS1 (95/5) is rather rough,
which indicates that the crack propagation is diffi-
cult, and shows relatively homogeneous structure
with few aggregates embedded in the matrix. The
image of fractured surface of the DER/OS2 (95/5)
sample presents smooth and homogeneous structure
without discernible particles or agglomerates.

DMTA measurements

Figure 3 shows results of DMTA measurements:
storage modulus E0 and tan d of neat epoxy resin
and the Ncs at a fixed filler fraction of 1 mass %
against temperature at 1 Hz. In Figure 3(a), an over-
all decrease of E0 of epoxy resin is observed by addi-
tion of the nanofiller, both below and above Tg. The
reduction of the E0 values in the solid-state region
increases in the order D40, OS2, OS1. This indicates
that the stiffness of the Ncs is decreased but the
toughness is increased as compared with the neat
epoxy matrix. Muehlhaupt and coworkers35 reported

Figure 2 Morphology of neat epoxy resin (a) and epoxy/alumina nanocomposites DER/D40 (95/5) (b), DER/OS1 (95/5)
(c), and DER/OS2 (95/5) (d).
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that the type of organic modification of boehmite
has a significant effect on the mechanical properties
of isotactic polypropylene/alumina nanocomposites.
Brostow et al.36 reported that increase of filler–ma-
trix interfacial adhesion in low density polyethyl-

ene/boehmite composites, arising from the use of
silane coupling agent, gave rise to significant
improvement of tribological properties.
Interestingly, viscosity of the nanodispersions in

Figure 1 decreases in the same order as E0 in Figure
3. Correlation of the E0 results with those of the real
part of dielectric permittivity e0, to be discussed
later, suggests that the drop of E0 in the Ncs is
related to an increase of molecular mobility, prob-
ably at the polymer–filler interface.23 This conclusion
is supported by the results by Ash et al.18,19 in
PMMA/alumina Ncs, where a decrease of both E0

and of Tg and a room-temperature brittle-to-ductile
transition were observed, and by Vassileva and Frie-
drich in epoxy/alumina Ncs25 where an increase of
both E0 and of Tg was observed.
Three peaks are observed in the temperature de-

pendence of loss tangent in Figures 3(b) and 3(c).
The most pronounced one at about 100�C [Fig. 3(c)],
accompanied by a significant drop of E0 in the same
temperature region, corresponds to the glass transi-
tion and its peak temperature, listed in Table II to-
gether with the corresponding loss tangent value, is
a good measure of Tg (as confirmed also by DSC
measurements not shown here). Thus, Tg decreases
in the Ncs with D40 and OS2 fillers, as compared
with the neat epoxy matrix, and increases again to
the neat epoxy value in the Nc with OS1 filler. At
the same time the loss peak height increases in the
Ncs. This increase may be related to the toughness
improvement in the Ncs. The drop of Tg in the Ncs
is in agreement with results obtained in several
polymer/alumina Ncs,18,19,23 whereas its increase
back to the neat polymer value for the chemically
treated (OS1) filler resembles the results in Refs. 18
and 19.
A loss peak is observed in the glassy state at

about �50�C [Fig. 3(b)], which, in agreement with
the literature,13,17,22,25 is attributed to the b relaxa-
tion. Peak temperature and loss tangent peak value
are also listed in Table II. The most pronounced
effect of the addition of filler is a significant shift of
the peak temperature to higher temperatures, sug-
gesting an antiplasticization effect of the fillers,25

Figure 3 Storage modulus E0 (a) and tan d (b, c) of neat
epoxy resin and the Ncs against temperature at 1 Hz.

TABLE II
DMTA Results for the Peak Temperature and the Loss
Tangent Peak Height of the a and the b Relaxations in

the Ncs at 1% Mass Filler

Sample

Peak
temperature

Ta (�C)
a Loss

peak height

Peak
temperature

Tb (�C)
b Loss

peak height

Neat epoxy 107 0.66 �64 0.037
DER/D40 102 0.67 �48 0.035
DER/OS1 108 0.70 �53 0.029
DER/OS2 101 0.70 �54 0.032
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more pronounced for the unmodified filler. The b
relaxation is also dielectrically active and will be
studied extensively by dielectric techniques in the
following sections, where also the DMTA results
will be discussed in more detail.

We will comment on the third peak in Figure 3(c),
at about 30�C, later in relation to DRS measurements.

TSDC measurements

Figure 4 shows TSDC thermograms in the tempera-
ture range from �150 to 80�C for several composi-
tions: the neat epoxy matrix, three Ncs with
different type of filler (D40, OS1, OS2) at the same
mass fraction of 3%, and three Ncs with the same
type (OS2) and different mass fraction of filler (1, 3,
and 5%). These compositions were selected for a
detailed study of effects of type and of amount of
filler on polymer dynamics by dielectric TSDC and
DRS techniques. The depolarization current density J
has been normalized to the same polarizing field Ep

(different thicknesses of the samples), so that TSDC
peaks for different samples can be compared with
each other not only with respect to temperature
position but also to magnitude. The former provides
information on time scale and the latter on concen-
tration of dipoles (relaxing units in general) giving
rise to the corresponding relaxation.29

Three dispersion regions (single or multiple peaks)
are discerned in Figure 4. In agreement with TSDC
results obtained with various epoxy systems in the
past,17,37,38 the first two peaks, in the order of
increasing temperature, at subzero temperatures, are

designated as b and x relaxation, respectively. The b
relaxation has been assigned to dipolar rotation of
the pendant hydroxyl group generated on the ring
opening of the epoxy group; presumably it under-
goes a crankshaft motion which involves the gly-
cidyl portion of the resin structure.39,40 A detailed
study by using the peak resolving thermal sampling
mode of TSDC38 has indicated that the b relaxation
is double, which was interpreted in terms of the
lower temperature (faster) part arising from dipolar
motions in the less-dense regions of the network and
the higher temperature (slower) part from dipolar
motions in the more-dense regions of the network.
In another work, DMTA and NMR measurements in
a dense amino-cured epoxy network revealed also
the double nature of the (mechanical) b relaxation,
with the two parts being attributed to local motions
at the spatial scale of one epoxy-amine repeat unit
(lower temperature part) and to cooperative motions
involving at least six units (higher temperature
part).41 The less frequently studied x relaxation has
been attributed to motions of phenyl rings in the
looser part of the network.38 Both b and x relaxa-
tions in Figure 4 are affected by the presence of the
filler. We will discuss these effects in the next sec-
tion in relation to DRS measurements.
The depolarization current density in Figure 4

increases significantly at temperatures higher than
about 0�C, indicating significant contribution of con-
ductivity and space charge polarization. TSDC
experiments with polarization temperature Tp close
or above Tg determined by DMTA (Fig. 3 and Table
II), as usually done29,37,38 for following the a relaxa-
tion associated with the glass transition (dynamic
glass transition), failed to provide information on
the a relaxation, as this was masked by the signifi-
cant increase of conductivity, similar to previous
work.17,37,38 For that reason, after several preliminary
experiments, Tp in Figure 4 was chosen much lower
than Tg, around 50�C, in an attempt to study the
interfacial Maxwell-Wagner-Sillars (MWS) relaxation.
The latter arises from accumulation of charges at the
interfaces between regions of different conductivity
and dielectric constant and, thus, its study provides
information on morphology.5,10,29 Please note that
the MWS peak is present also in the neat epoxy sam-
ple, suggesting that also this sample is heterogene-
ous, in consistency with the results for the b relaxa-
tion discussed in the previous paragraph.
Conductivity and MWS relaxation will be discussed
in more detail in the next section in relation to DRS
measurements.

DRS measurements

Compared with TSDC, DRS measurements provide
the possibility to vary both frequency and temperature

Figure 4 TSDC thermograms for several compositions
indicated on the plot. The polarization temperature Tp was
53�C.
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in wide ranges (10�1–106 Hz and �150 to 120�C,
respectively, in this study) and thus to study relaxa-
tions in more detail. As a typical example of meas-
urements, Figure 5a shows for the sample DER/OS2
(95/5) log–log plots of the imaginary part of dielec-
tric permittivity (dielectric loss) e00 against frequency
f at several temperatures in steps of 10�C at lower
temperatures and of 5�C at higher temperatures. The
inset shows e00 (f) plots at selected temperatures,
where we can follow three relaxations; the b and x
relaxations studied also by TSDC (Fig. 4) and, at
lower temperatures, a faster c relaxation. The latter
could not be followed by TSDC, as it is out of the
temperature range of measurements at the equiva-
lent frequency of TSDC measurements of 10�4–10�2

Hz.29 At higher temperatures, on the other hand, in

particular higher than Tg of about 100�C (Table II),
and low frequencies, where the a relaxation associ-
ated with the glass transition (dynamic glass transi-
tion) should enter into our frequency window from
the low-frequency side, the behavior is dominated
by high values of e00 arising from dc conductivity, as
indicated by the approximately linear increase of
losses with decreasing frequency.5,28 To observe the
relaxation peaks masked by the conductivity we
employed, alternatively, the e0-derivative representa-
tion,42 e00ðf Þ � e00derðf Þ ¼ � p=2ð Þ@e0=@ ln 2pfð Þ, which is
free from the dc conductivity (but not from conduc-
tivity related polarization effects). In Figure 5(b)
we present e00der (f) plots for the sample DER/OS2
(95/5) at several high temperatures indicated on
the plot. We observe that the relaxation peak
related to x relaxation process is clearly visible in
the plots recorded at low temperatures while at
higher temperatures the a relaxation peak is dis-
cerned (clearly separated at 120�C). The plots indi-
cate, however, that conduction polarization effects
take place at relatively high temperatures (close to
Tg) resulting in a poor separation of segmental a
relaxation peak from other low frequency disper-
sions even in the e0-derivative representation.
Therefore, a more detailed analysis within the
frame of this data representation is required for
any quantitative investigation of the underlying
molecular processes. It would be interesting to fur-
ther follow this point in future work.
Measurements similar to those shown in Figure 5

(also for the real part of dielectric permittivity e0,
where relaxations give rise to steps (drops)) were
obtained for all six compositions of Figure 4, where
polymer dynamics was studied by dielectric techni-
ques. In the following the results for the various
relaxations will be shown in comparative plots based
on the raw data, before we proceed in the next sec-
tion with analysis by fitting model functions to the
experimental data. To get an overall overview of the
various relaxations we show in Figure 6 the compar-
ative isochronal (constant frequency) plot of e00

against temperature T for all the compositions stud-
ied. The data have been recorded isothermally (Fig.
5) and have been here re-plotted. Because of the
small temperature step of isothermal measurements,
the results are shown in the form of lines connecting
the experimental points rather than individual
points. A low constant frequency of 1 Hz has been
chosen for the plots in Figure 6 to take advantage of
the higher peak resolving power of DRS measure-
ments at lower frequencies and to facilitate compari-
son with the TSDC plots in Figure 4 (and the DMTA
plots in Fig. 3). Because of the low frequency, the c
relaxation is out of the temperature range of presen-
tation [compare the inset to Fig. 5(a)] and only the b
and x relaxations are observed. The two relaxations

Figure 5 (a) Dielectric loss e00 against frequency f at sev-
eral temperatures for the sample DER/OS2 (95/5). The
inset shows e00(f) at selected temperatures indicated on the
plot. b) e00der (f) plots obtained by employing the e0-deriva-
tive representation for the same sample at several high
temperatures indicated in the plot.
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are shifted to higher temperatures, as compared
with the TSDC thermograms of Figure 4, because of
the higher frequency of presentation (1 Hz against
10�4–10�2 Hz). We will discuss the results for these
two relaxations in relation also to the TSDC plots in
Figure 4 and the DMTA plots in Figure 3 later by
considering also the corresponding isothermal
comparative plots. The steep increase of dielectric
loss at higher temperatures approaching Tg reflects
dc conductivity, as discussed for sample DER/OS2
(95/5) in Figure 5. We will come back to dc conduc-
tivity later.

The corresponding to Figure 6 isochronal plot of
real part of dielectric permittivity e0 against temper-
ature T for the same compositions is shown in
Figure 7, however now at the highest frequency of
measurements of 1 MHz, to get rid of conductivity
effects and focus on dipolar effects. The increase of
e0 with increasing T for each composition is rather
trivial, as it reflects the expected for a polymer in
the glassy state increase of molecular mobility with
increasing temperature, as more and more frozen
motions are gradually released. More interesting is
the significant increase of e0 at each temperature for
all Ncs as compared with the neat epoxy matrix.
An increase of dielectric constant on addition of
nanofillers has been observed also in epoxy/alu-
mina nanowires Ncs.22 The increase of e0(T) in the
Ncs as compared with the neat epoxy matrix in
Figure 7 reflects increased mobility in the Ncs and
is at the origin of the overall decrease of the stor-
age modulus E0 of epoxy resin on addition of the
nanofiller presented in Figure 3 and the corre-
sponding increase of the toughness discussed in the
section where the DMTA results were presented. In

consistency with this interpretation, the sample
DER/OS1(97/3), characterized by the lowest E0 (T)
values in Figure 3, shows the highest e0(T) values,
i.e., the highest mobility in the glassy state in
Figure 7. Moreover, comparative isothermal e0(f)
plots at low temperatures (in the glassy state), not
shown here, reveal that for the samples with a
fixed filler fraction of 3 mass % e0 increase in the
order DER, D40, OS2, OS1, whereas E0 (T) in Figure
3 decreases in exactly the same order. Different
results have been obtained in other polymer Ncs,
such as epoxy/clay Ncs,43 polycyanurate/clay
Ncs,44 and polyimide/silica Ncs,45 where rigid
nanofillers interact with the matrix, in some cases
being covalently attached to the chains, and impose
constraints to the motion of the polymeric chains,
resulting in a reduction of e0 in the glassy state.
Please note that this represents a common route for
preparing materials with low values of e0 (low-k
materials) for microelectronics applications.45

The next two figures, Figures 8 and 9, show
comparative e00(f) plots at selected temperatures,
�140 and 10�C, respectively, for several composi-
tions, to facilitate discussion on the effects of nano-
particles on the c and on the b and x relaxations,
respectively.
We recall that the c relaxation could not be stud-

ied neither by DMTA (Fig. 3) nor by TSDC (Fig. 4),
being in both cases out of the temperature range
of measurements at the low frequencies of these
techniques. Owing to this difficulty, data on the c
relaxation in epoxies are rather scarce in literature
(compared, for example, with the b relaxation) com-
ing mostly from broadband DRS. Systematic DRS
studies in neat DGEBA (typically EPON 828) and
mixtures with amines at various stages of

Figure 6 Isochronal (constant frequency) plot of dielectric
loss e" against temperature T at 1 Hz for several composi-
tions indicated on the plot.

Figure 7 Isochronal (constant frequency) plot of real part
of dielectric permittivity e0 against temperature T at 1
MHz for several compositions indicated on the plot.
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polymerization and network formation (unreacted,
partially polymerized, fully polymerized) show that
the time scale of the c relaxation remains practically
unchanged, whereas its relaxation strength
decreases, becoming so small in fully reacted sys-
tems that the relaxation can no more be
resolved.39,40,46,47 These results support the notion
that the c relaxation arises from the motion of local-
ized dipoles of the epoxide end groups. These are
consumed during reaction, so that the strength of
the relaxation decreases and the process approaches
extinction at the final stages of polymerization.47

Thus, the relatively large strength of the c relaxation
in Figure 8 suggests that the materials under investi-

gation are incompletely polymerized, which appears
reasonable in terms of the relatively soft conditions
of curing (2 h at 100�C). For comparison, no c relax-
ation could be resolved by DRS (in contrast to a
clear b relaxation) in epoxy/carbon Ncs prepared
from Araldite, diethylenetriamine, and carbon nano-
particles by curing for 3 h at 140�C.17

The time scale of the c relaxation (frequency posi-
tion of the loss peak in Fig. 8) remains unaffected on
addition of filler. This result was confirmed by iso-
thermal plots, similar to those in Figure 8, at several
temperatures and by isochronal plots, similar to
those in Figure 6 but at higher frequencies. Addi-
tional evidence will be provided by analysis of the
DRS data in the next section. The magnitude of the
relaxation (maximum of loss peak), however,
increases in the Ncs, as compared with the neat ep-
oxy, in agreement with the overall increase of e0(T)
in the glassy state shown in Figure 7. This increase
will be quantified by analysis in the next section.
We turn now our attention to Figure 9 and the b

relaxation. We recall that this relaxation has been
studied also by TSDC (Fig. 4) and by DMTA (Fig. 3
and Table II). Confirmation that it is the same relax-
ation studied by three different techniques is pro-
vided by comparison of the time scale of the relaxa-
tions in Figures 3, 4, and 6, which will be quantified
later in terms of analysis and the Arrhenius plot in
Figure 10. Similar to the c relaxation mentioned
above, the b relaxation has been systematically stud-
ied by DRS studies in neat epoxy resin and mixtures
with amines at various stages of polymerization
and network formation (unreacted, partially poly-
merized, fully polymerized).39,40,46,47 A weak b

Figure 8 Isothermal e00(f) spectra for the compositions
indicated on the plot at �140�C to follow effects of the fil-
ler on the c relaxation.

Figure 9 Isothermal e00(f) spectra for the compositions
indicated on the plot at 10�C to follow effects of the filler
on the b and x relaxations.

Figure 10 Arrhenius diagram for the materials and the
relaxations indicated on the plot. TSDC data have also
been included, details in text.
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relaxation is present also in neat DGEBA. It becomes
faster on addition of amines (unreacted mixtures47),
whereas in the course of polymerization it becomes
slower (although to a smaller extent than the seg-
mental a relaxation) and its magnitude increases.
Beiner and Ngai47 have shown that the b relaxation
in the epoxy systems is of the Johari-Goldstein type,
i.e., it is the initiator of the a relaxation.

The most pronounced effect of the addition of fil-
ler on the b relaxation in Figure 9 is the shift of the
loss peak to lower frequencies, i.e., the relaxation is
slower in the Ncs as compared with the neat epoxy.
Similar results were observed in comparative iso-
thermal plots at lower temperatures (where the b
relaxation is shifted to lower frequencies in the cen-
tral part of our frequency window and can be better
studied) and in the isochronal plot of Figure 6.
TSDC results in Figure 4 are less conclusive in that
respect. The DMTA results at 1 mass % filler in Fig-
ure 3 show a similar shift of the relaxation to higher
temperatures in the Ncs of about the same extent as
in the isochronal DRS plot of Figure 6. It is interest-
ing that, although the frequency of measurements is
the same in Figures 3 and 6, the DMTA loss peaks
are shifted by about 10�C to higher temperatures as
compared with the DRS loss peaks. This is due, at
least partly, to the fact that, as typically in DMTA
measurements, the loss tangent tan d ¼ E00/E0 has
been used for the presentation of the data instead of
the loss E00, which, due to the drop of E0 with
increasing temperature, shifts the peak to higher
temperatures. It is worth mentioning here that both
the position and, in particular, the magnitude of the
dielectric b loss peaks in Figures 6 and 9 are affected
by the x relaxation, which shows strong variation
with composition. As a result, comparison between
the individual Ncs with respect to the magnitude of
the b relaxation on the basis of the raw data
becomes ambiguous.

A b relaxation with characteristics similar to those
in this study has been observed by DRS also in ep-
oxy/alumina nanowires Ncs22 and in epoxy/carbon
Ncs17 and by DMTA in epoxy/alumina Ncs.25 The
results obtained in the latter study are confirmed by
our results, in particular the DMTA results in Figure
3 and Table II, where direct comparison is more
straightforward because of the same technique. In
both cases an antiplasticization effect of the alumina
filler was observed, i.e., a shift of the loss peak to
higher temperatures/lower frequencies and a
decrease of peak height. Analysis of the data in that
work indicated, in agreement with previous work,41

that the b relaxation in epoxy is double and that the
high-temperature part of the relaxation was sup-
pressed on addition of the alumina filler.25 The two
parts of the relaxation have been attributed to local
motions at the spatial scale of one epoxy-amine

repeat unit (lower temperature part) and to coopera-
tive motions involving at least six units (higher tem-
perature part).41 The shape of the b loss peak in Fig-
ure 3 is consistent with a double character of the
relaxation, in agreement also with results of a previ-
ous study in epoxy by means of a peak resolving
thermal sampling mode of TSDC.38 Heterogeneity of
the network in terms of regions with lower and
higher density was considered as responsible for the
double character of the b relaxation.38 On the other
hand, using atomic force microscopy Duchet and
Pascault48 showed that epoxy-amine networks can
be homogeneous at the nanometric scale. Neverthe-
less, the TSDC results in Figure 4, in particular the
presence of the interfacial MWS peak in all the ther-
mograms, are in favor of a heterogeneous nature of
both the neat epoxy and the Ncs under investigation
here.
In contrast to the results for the c and b relaxa-

tions presented above, results are less clear for the
third secondary relaxation x. Neither the time scale
(position) nor the magnitude of the relaxation
change systematically with composition and alumina
particle modification in both DRS (Figs. 6 and 9) and
TSDC measurements (Fig. 4). The scattering in the
magnitude of the relaxation is particularly pro-
nounced. In a previous work on epoxy networks the
x relaxation has been studied in detail by TSDC and
attributed to motions of phenyl rings in the looser
part of the heterogeneous network,38 which might be
consistent with the large variations from composi-
tion to composition. Please note that a relaxation
with similar time scale and significant scattering in
the magnitude has been observed also by DMTA on
the same samples (Fig. 3, tan d peak at about 30�C).

Analysis of the DRS data

The DRS data at each temperature for each of the
three relaxations c, b, and x, similar to those shown
in Figures 5, 8, and 9, were analyzed by fitting the
Havriliak-Negami (HN) model function17,28

e�ðxÞ ¼ e1 þ De

ð1þ ðixsÞaÞb
(1)

to the data. In this equation De ¼ es � e1 is the
dielectric strength with es ¼ limxs<<1 e0ðxÞð Þ and
e1 ¼ limxs>>1 e0ðxÞð Þ, s the characteristic time scale
of the process and x the angular frequency (x ¼ 2pf)
of the applied electric field. Parameters a and b
describe the symmetric and asymmetric broadening
of the loss peak, where m ¼ a represents the slope
on the low frequency side of the dielectric response
and n ¼ ab the slope on the high frequency side. In
the case b ¼ 1, the HN model function becomes the
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Cole-Cole model function. When more than one
peaks are present in the e00(f) (b and x relaxations,
Fig. 9) a sum of HN terms is used, while the contri-
bution of conductivity (at higher temperatures, over-
lapping with the x relaxation, as indicated in Fig. 5)
is described by adding in HN eq. (1) the term Kx�s,
where K and s are constants.28

This kind of analysis provides information on the
time scale (s), the magnitude (relaxation strength,
De) and the shape (a, b) of each of the relaxations.
Analysis showed that the three relaxations are sym-
metric (b ¼ 1), as often observed for secondary
relaxations.28,44 In what follows, we focus mainly on
the time scale of the relaxations, the most significant
information extracted from the analysis. This was
further analyzed in terms of the Arrhenius diagram
by plotting the logarithm of the frequency of maxi-
mum dielectric loss, fmax ¼ 1=2ps, obtained at each
temperature from the HN analysis, against recipro-
cal temperature (Fig. 10, we note here that due to
symmetric shape of the relaxation peaks (b ¼ 1) the
characteristic frequency obtained by the HN analysis
coincides with the frequency of maximum dielectric
loss). In the following, we present and discuss the
results obtained by the analysis for the three relaxa-
tions c, b, and x.

Results for the time scale of the c relaxation are
not included in Figure 10 to expand the reciprocal
temperature axis and show results for the other two
relaxations in more details. As mentioned in the
previous section, the time scale of the c relaxation
does not change with composition (Fig. 8). The tem-
perature dependence of the time scale of the relaxa-
tion is well described by the Arrhenius
equation28,44

fmax ¼ f0 exp
�Ea

kT

� �
(2)

where f0 is the pre-exponential factor, Ea is the acti-
vation energy and k is Boltzmann’s constant. The
values of the activation parameters, Ea ¼ 0.30eV and
f0 in the range of 1015 Hz, common to all composi-
tions studied, are in the range of values reported for
epoxy networks in the literature (Ref. 47 and referen-
ces therein). The relaxation strength De, obtained by
the HN analysis, increases for each composition sys-
tematically with increasing temperature. Mean val-
ues over the temperature range of measurements for
this relaxation are in the range 0.5–0.6, increasing
slightly in the Ncs as compared with the neat epoxy
network, however by far not as much as it might be
suggested by Figure 8. This is often so in polymer
Ncs, where an overall increase of the dielectric
response is observed, attributed to increased conduc-
tivity and conductivity effects17 and/or increase of
the internal electric field.49 As mentioned above the

relaxation is symmetric (shape parameter b ¼ 1). For
each composition the shape parameter a decreases
with increasing temperature and mean values over
the temperature range of measurements are in the
range 0.15–0.20 without any systematic variation
with composition. The small value of a is consistent
with the results shown in Figure 8 where the relaxa-
tion extends over several decades, as typically
observed for secondary c relaxations in polymeric
materials.5,44

Results of the analysis are less unambiguous for
the b and x relaxations, because of overlapping of
the two and of the latter with conductivity (Figs. 5,
6, and 9). The temperature dependence of the b
relaxation (Fig. 10) is described by the Arrhenius eq.
(2). Please note the good agreement with the TSDC
data in Figure 10. The TSDC points are determined
by the temperature of the TSDC peak (Fig. 4) and
the equivalent frequency of TSDC measurements
taken as 1.6 � 10�3 Hz, corresponding to a relaxa-
tion time of 100 s.9,29 The shift of the b relaxation to
lower frequencies/higher temperatures on addition
of the filler (anti-pasticization, Figs. 6 and 9) is not
reflected in the activation parameters Ea and f0 of
the Arrhenius eq. (2), which show unsystematic scat-
tering with composition around mean values of 0.60
eV and 1015 Hz, respectively. Values in the same
range have been reported for various epoxy net-
works.17,37,38,47 For each composition the relaxation
strength De and the shape parameter a show little
variation with temperature and no systematic varia-
tion with composition being in the range 0.7–1.0 and
around 0.35, respectively.
Results for the x relaxation in the literature are

scarce.37,38 The temperature dependence of the time
scale of the relaxation is described by the Arrhenius
eq. (2), with values of Ea in the range 0.70–1.00 eV.
Rather good agreement between DRS and TSDC
data is observed (Fig. 10). For each composition the
shape parameter a shows little variation with tem-
perature, whereas the relaxation strength De
increases significantly with increasing temperature
above about 50�C. The relaxation is stronger and
more narrow than the other two (De and a in the
range 1.0–1.3 and 0.45–0.50, respectively).
Conductivity and conductivity effects were ana-

lyzed in terms of ac conductivity rac and of electric
modulus M. rac was calculated from the measured
dielectric loss (imaginary part of dielectric permittiv-
ity) e00 by means of28,50

racðf Þ ¼ e00ðf Þxe0 (3)

where eo is the permittivity of free space.
Figure 11 shows comparative plots of rac(f) for the

six compositions studied by dielectric techniques at
a relatively high temperature (120�C), where all
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samples are well above their Tg (Table II). We
observe for each composition the well-known behav-
ior of change from frequency independence at low
frequencies (plateau, dc conductivity) to strong fre-
quency dependence at higher frequencies (ac con-
ductivity).50 The different values of dc conductivity
for different compositions should be related with the
type of modifier used (addition of charge carriers)
rather than with morphology and polymer dynam-
ics. We observe in Figure 11, more clearly for some
compositions, a structure (shoulder) in rac(f), e.g., at
about 1 kHz for sample DER/OS2 (97/3). This
shoulder should be related with interfacial polariza-
tion51 and its investigation may provide information
on morphology. To facilitate discussion on that we
have included in Figure 11 plots of the imaginary
part of electric modulus M00 at the same temperature
of 120�C. The complex electric modulus M* is
defined by52

M�ðf Þ ¼ 1

e�ðf Þ ¼ M0ðf Þ þ iM00ðf Þ (4)

The electric modulus formalism has proved effec-
tive in analyzing ionic conductivity and interfacial
effects in amorphous materials.51,52 M’’(f) shows a
peak in the frequency range of change from dc to ac
conductivity (conductivity relaxation) and, similar to
e00(f), additional peaks corresponding to dipolar and
interfacial relaxations.51 This is evident for DER/OS2
(97/3) sample, where a double peak is observed, the
higher frequency component corresponding to the
shoulder in the rac(f) plot. To make that more clear
and to stress the methodological aspect, we compare
in Figure 12 the frequency dependence of various
relaxation functions, including rac(f) and M00(f), for
DER/OS2 (97/3) sample of Figure 11, now at the

more convenient temperature of 90�C. We observe
that the higher frequency component in M00 corre-
sponds, in addition to the shoulder in rac(f) dis-
cussed above, also to weaker structures in e00(f) and
in tan d(f) [shifted to lower frequencies as a result
of the transformation in eq. (4)51]. Each of these
structures can be used to study interfacial polariza-
tion/relaxation, modulus being often more conven-
ient for that.
We turn back to Figure 10 in relation to interfacial

polarization. It is out of the scope of this article to an-
alyze in detail interfacial effects within the different
formalisms. For that reason we show in Figure 10
data for the frequency of maximum of the M00 disper-
sion corresponding to conductivity relaxation and
interfacial polarization (Figs. 11 and 12) without fur-
ther analysis. It is evident that the data for M00 corre-
spond well to the TSDC data for the MWS interfacial
polarization, which provides further support for the
interpretation of the M00 data. The temperature de-
pendence of these data seems to follow the Vogel-
Tammann-Fulcher (VTF) behavior, characteristic for
the glass transition,53 rather than the Arrhenius
behavior. This would suggest that the conductivity
mechanism at the origin of the interfacial polariza-
tion/relaxation is governed by the motion of the
polymeric chains. For a proper analysis of the tem-
perature dependence of the M00 data in Figure 10 and
discussion of the results in terms of morphology, we
should first analyze the frequency dependence of the
M* data (similar to those shown in Fig. 11) by using
proper model functions. It would be interesting to
further follow this point in future work.

CONCLUSIONS

DMTA and two complementary dielectric techni-
ques, broadband DRS and TSDC, were employed to

Figure 11 Comparative plot of ac conductivity and of
imaginary part of electric modulus M00 against frequency f
at 120�C for the samples indicated on the plot.

Figure 12 Comparative plot of various dielectric func-
tions, e0, e00, tan d, M00, ac conductivity, against frequency f
for the sample DER/OS2(97/3) at 90�C.
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study in details effects of nanoparticles on polymer
dynamics in epoxy/alumina nanocomposites of vari-
ous compositions prepared by dispersing modified
and nonmodified boehmite nanoparticles in DGEBA
and using diethylenetriamine as curing agent. Vis-
cosity measurements in the nanodispersions before
polymerization provided information on the quality
of the dispersion of particles and on morphology,
which was correlated with morphology and dynam-
ics of the cured samples. SEM on fractured samples
was used for morphological characterization of the
cured samples.

Five relaxations were observed and analyzed by
the combination of the three techniques: the sec-
ondary c, b, and x relaxations in the glassy state,
the segmental a relaxation, associated with the
glass transition, and the interfacial MWS relaxa-
tion, associated with the heterogeneous structure
of the samples. Effects of the type (modification)
and of the amount of filler on the time scale, the
magnitude and the shape of the relaxations were
studied, where possible quantified, and discussed
in relation to previous work on similar systems.
Next to complementarity, the results revealed
interesting correlations between the various techni-
ques, in particular a correlation between viscosity
(of the nanodispersions), storage modulus, glass
transition temperature, real part of dielectric per-
mittivity, and ductility. This correlation provides
additional support for the notion that rheological
measurements in the nanodispersions before poly-
merization are a powerful tool for optimizing
processing conditions.17,54 In addition, the correla-
tion between increase of the real part of dielectric
permittivity e0(f) (i.e., increase of molecular mobil-
ity), decrease of the storage modulus and increase
of ductility on addition of nanoparticles and
depending on the type of modification, may pro-
vide a basis for using dielectric measurements,
easily available over wide ranges of frequency and
temperature, to predict mechanical properties.
Finally, the investigation of conductivity and inter-
facial polarization/relaxation provides information
on morphology, as motion and trapping/release of
ions probe local morphology. This point should be
further followed in future work by proper analysis
of the corresponding dielectric data within differ-
ent formalisms.

The authors thank Dr. A. Malyschew, Sasol (Germany) for
kindly providing the boehmite alumina nanofillers.
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