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Abstract

Composite systems of epoxy resin and SrTiO; nanoparticles have been prepared and studied in different filler concentrations.
Scanning electron microscopy (SEM) and X-ray diffraction (XRD) revealed that there was a successful filler integration and
fine dispersion in the polymer matrix. Moreover, Broadband dielectric spectroscopy (BDS) was employed for the determina-
tion of the dielectric response of all manufactured systems. Dielectric results divulge three relaxation processes which are
referred to: (a) glass to rubber transition of the polymer matrix (x-mode), (b) re-arrangement of polar side groups of the
polymer matrix (f-mode) and (c) interfacial polarization between systems’ components. It was found that all nanodielectric
systems exhibit enhanced dielectric properties which are mainly attributed to the semiconductive nanoinclusions and to the
extended interface between the polymer matrix and the nanofiller. Finally, dynamic analysis of the relaxation processes was
also performed. Vogel-Fulcher—Tammann equation describes the a-mode’s loss peak dependence on temperature, whereas
the B-mode follows the Arrhenius expression. In case of f-mode it was found that the presence of the nanoinclusions hinders

the orientation of the matrix’s polar side groups.

1 Introduction

The integration of inorganic nanoparticles in polymer matrix
allows the coupling of both matrix’s and nanofiller’s proper-
ties into the polymer composite, achieving increased func-
tionality. Therefore, nanocomposite materials have emerged
as suitable alternatives for overcoming the limitations of
microcomposites and monolithics and can be considered
as a novel class of engineering materials with enhanced
applicability. More specifically, this kind of materials can
be employed in technological applications such as: hybrid
electric vehicles, cellular phones, microelectronic devices
etc. Nanocomposites are defined as multiphase solid materi-
als with at least one of the components to have nanoscaled
structure. Nanodielectrics refer to dielectric materials which
comprise entities with dimensions at the nanometric scale.
These materials have attracted a lot of scientific interest
due to their novel physical properties (optical, electrical,
magnetic), depending on their morphology and interfacial
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characteristics of the components. While the particle size of
the reinforcing phase decreases, the ratio of surface/volume
increases, so the surface properties become crucial, achiev-
ing enhanced thermomechanical, rheological, electrical and
optical properties. The electrical performance arises from
the combination of the high breakdown strength of the poly-
mer matrix, the high permittivity values of nanofiller and
the interfacial phenomena. The type and the amount of the
nanoinclusions tailor the dielectric behaviour of nanodielec-
tric composites [1-10]. Nanocomposite materials consisted
of an amorphous polymer matrix and ceramic nanofiller are
considered as heterogeneous disorder systems in which their
electrical properties are directly related to the electric per-
mittivity and conductivity of their constituents, the volume
fraction of the filler and the size and shape of the particles.

Ceramic strontium titanate (SrTiO;) nanoparticles and
an epoxy resin were employed as the reinforcing phase and
polymer matrix respectively. Epoxy resin exhibits a lot of
advantages, such as, resistance to corrosive environments,
good thermomechanical behaviour, ease in molding etc. and
for these reasons it was preferred as the polymer matrix. On
the other hand, SrTiO; is a complex oxide having a simple
perovskite structure (ABO;). SrTiO; has high charge storage
capacity so it has potential applicability in electronic devices
as a high dielectric constant material. In recent years SrTiO;
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has been used widely as a substrate for epitaxial growth
of high temperature semiconducting films as a wide band
gap semiconductor with a band gap of 3.2 eV. In addition,
SrTiO; has a simple cubic lattice Pm3 m, which at the criti-
cal temperature (T-= 105 K) undergoes, upon cooling, a fer-
roelectric transition from the cubic to the tetragonal structure
[11-13]. Moreover, SrTiO; is often termed as an incipient
ferroelectric, since its dielectric behaviour, at low tempera-
tures, is mainly attributed to the quantum fluctuations and
preceding antiferrodistortive structural phase transition. In
the case of a quantum paraelectric the dielectric constant
diverges until reaching a temperature low enough,~4 K in
the case of SrTiO;, where quantum effects are able to can-
cel ferroelectricity [11, 12]. These unique properties make
SrTiO; a very attractive reinforcing phase candidate for the
development of nanocomposites and consequently there is
interest in studying their dielectric properties.

In this work nanocomposites constituted of an epoxy resin
(ER) as a matrix and strontium titanate (SrTiO;) nanoparti-
cles as the reinforcing phase, have been prepared and studied
at various filler contents. The prepared nanocomposites were
first morphologically characterized via X-ray diffraction
(XRD) and Scanning electron microscopy (SEM). Their die-
lectric properties and the relaxation phenomena were studied
by means of Broadband dielectric spectroscopy (BDS) in the
temperature and frequency range of 30-160 °C and 0.1 Hz to
10 MHz respectively. Dielectric analysis reveals relaxations
processes related to both polymer matrix and ceramic nano-
filler. Finally, relaxation dynamics analysis was performed
in the recorded relaxation processes.

2 Experimental details
2.1 Sample preparation

The preparation of the nanocomposites was performed by
employing commercially available materials. The polymer
matrix phase was developed by combining a low viscosity
epoxy resin (ER) (bisphenol-A) with a slow rate reacting
cycloaliphatic amine as curing agent. Both reactants, with
trade names Epoxol 2004A and Epoxol 2004B respectively,
were provided by Neotex S.A. Strontium titanate (SrTiO5)
nanoparticles were purchased from Sigma Aldrich and as
it is stated in their datasheet, their diameter is less than
100 nm. The fabrication procedure consisted of the fol-
lowing steps: (i) the epoxy resin (ER) matrix was prepared
by mixing in 2:1 (w/w) ratio of the epoxy prepolymer and
the curing agent. (ii) As the polymer matrix was in the liq-
uid state pre-calculated amounts of SrTiO; nanofiller were
added. (iii) The resulting mixtures were subsequently stirred
at a slow rate under ultrasonication avoiding thus the crea-
tion of clusters. (iv) The homogenized mixtures were poured

to moulds and (v) the initial curing process took place at
ambient conditions for a week, followed by post-curing at
100 °C for 4 h. The curing and post-curing procedures have
been established via several test methods. The selection of a
high post-curing temperature targets to the mechanical sta-
bility of the polymer via the completion of the cross-linking
process.

The SrTiO; content of the prepared nanocomposites was
expressed in parts per hundred resin (phr) per mass and
were: 0 (unreinforced epoxy), 3, 7, 10, 12 and 15 phr.

2.2 Methods
2.2.1 X-ray diffraction (XRD)

A Bruker AXS D8 Advance device with a Bragg-Bretano
geometry was employed for the conduction of XRD analysis.
More specifically, a LynxEye detector and Cu Ka spectral
line (line (A = 1.54062 A) was used as the incident radia-
tion. The slit of the source was 0.6 mm and the current and
voltage source were set at 40 kV and 40 mA, respectively.
Finally, the scan mode was continuous with an angle step of
0.02" (26) and the scan speed was 0.5 s/step.

2.2.2 Scanning electron microscopy (SEM)

Nanocomposite’s morphology, the quality of nanofiller dis-
persion, along with the existence of agglomerates, voids
and clusters inside the polymer matrix were investigated by
means of SEM (Carl Zeiss EVO MA 10).

2.2.3 Differential scanning calorimetry (DSC)

DSC measurements were conducted by a TA Q200 device
(TA Instruments). The scan rate operation was 5 °C/min and
the samples were placed in an aluminum crucible, while an
empty one was used as reference. The temperature range was
from 30 to 160 °C.

2.2.4 Broadband dielectric spectroscopy (BDS)

All nanocomposites were electrically characterized by
means of BDS. The frequency range was varied from 0.1 Hz
to 10 MHz via an Alpha-N Frequency Response Analyzer,
which was supplied by Novocontrol Technologies. The tem-
perature was tailored by Novotherm system (Novocontrol
Technologies) with+ 0.1 °C accuracy, while the applied
V..ns Was constant at 1 V. A two gold-plated dielectric sys-
tem (BDS 1200) was used as the dielectric cell. Isothermal
frequency scans were performed for every nanocomposite
system from ambient to 160 °C with a temperature step of
5 °C. The real time acquisition of all data was conducted via
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Windeta software. Dielectric measurements were conducted
according to the ASTM D150 specifications.

3 Results and discussion

3.1 Structural and morphological characterization
of SrTiO; nanocomposites

After the preparation of SrTiOs/epoxy samples, XRD pat-
terns were recorded in order to confirm the successful fab-
rication of nanocomposites. Specimens’ morphology was
also examined via SEM. Figure 1a depicts the XRD patterns
of all examined systems. It is evident that there is success-
ful integration of the filler in the polymer matrix. Scherrer
formula was employed for the determination of the SrTiO;
nanoparticle’s size, Eq. (1).
K- 2

D(nm) = m ()
where K=0.9, 4 = 1.54062 A which is the wavelength of
X-ray, p is Full width at half maximum (FWHM) of each
peak and 0 is the Bragg angle. It was found that the average
size of nanofillers is 28.0 nm.

Epoxy resin, as an amorphous component, has no diffrac-
tion peaks, so the recorded peaks of the composite systems
correspond to the SrTiO5 nanoinclusions. Moreover, peaks’
intensity increases with filler content, while the spectrum of
SrTiO5 nanoparticles is also presented as a reference. Fig-
ure 1b presents an indicative SEM image of cryo-fractured
surface for the 15 phr SrTiO; nanocomposite. The dispersion
of nanofillers in the polymer matrix can be considered fine
and homogeneous without extensive aggregates, even at the
highest content of nanoinclusions. The size dispersion of
nanoparticles has been determined by employing Image J
software and interpreting SEM image (15 phr SrTiO;). It
was found that there is a wide dispersion of sizes, with two
major counterparts ranging between 40—60 and 80-100 nm
(Fig. 1c).

3.2 Dielectric characterization of SrTiO;
hanocomposites

Polymer matrix nanocomposites are mainly electrical insu-
lators due to the fact that the concentration of free charge
carriers is very low. Thus, their electrical properties are
associated to the dielectric relaxation phenomena occurring
under the influence of AC field. These relaxation processes
basically concern the dipolar orientation effects of both per-
manent and induced dipoles and in some cases to the space
charge migration. The presence of nanofiller affects these
relaxations processes in multiple ways. Therefore, it is cru-
cial to examine the influence of nanoinclusions upon these
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Fig. 1 a XRD patterns of SrTiO; nanoparticles and all studied nano-
composites, b SEM image of the 15 phr SrTiOs/epoxy nanocompos-
ite and ¢ dispersion of nanoparticles’ size in the 15 phr SrTiO5 nano-
composite as determined via Image J software

relaxation processes. Dielectric spectra of such systems
appear to be complex. The SrTiO; nanocomposite systems
were electrically characterized via BDS. 3D dielectric spec-
tra of the real part of dielectric permittivity, loss tangent and
conductivity as a function of temperature and frequency, are
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represented for the 7 phr SrTiO; reinforced nanocomposite
in Fig. 2a, b and c respectively.

As a wide band gap semiconductor, SrTiO; exhibits
higher values of €' than the corresponding ones of the insu-
lating matrix. Thus, the nanoreinforced SrTiO; systems
acquire higher values of ¢’ in comparison with the epoxy
resin in the whole frequency and temperature ranges. Fig-
ure 2a indicates the dependence of the real part of permit-
tivity upon the frequency of the applied electrical field, &’
diminishes with the increase of frequency. At lower frequen-
cies dipoles attain sufficient time to orient themselves in
the direction of the altering field and for this reason &’ gets
higher values. By the same token, as the frequency increases
dipoles fail to be aligned in the direction of the AC field,
resulting in low polarization level and ¢’ values. Further-
more, temperature facilitates the polarization process due
to the thermal agitation of the dipoles, as a result &’ acquires
high values in the range of low frequencies and high temper-
atures. 3D permittivity spectra (Fig. 2a) show two step-like

N

’ .
T ot 7phr SrTiO,

transitions, implying the presence of dielectric relaxation
processes. These relaxation processes are more evident in
the 3D loss tangent spectra (Fig. 2b). Figure 2b shows the
formation of three peaks, indicating the presence of three
relaxation processes. More specifically, at intermediate
frequencies and temperatures, a strong relaxation process
appears which is related to the glass to rubber transition of
the amorphous polymer matrix (a-relaxation). At the low
frequency and high temperature range a second relaxation
process is observed, which is attributed to interfacial polari-
zation (IP) process. Interfacial polarization process mainly
appears in electrically heterogeneous systems of two or more
phases and it is also known as Maxwell -Wagner Sillars
(MWS) effect. At the constituents’ interface large dipoles
are formed, because of the accumulation of unbounded
charges, exhibiting time delay in their orientation parallel
to the field as the applied field’s frequency increases, leading
to IP vanish. The third relaxation process is observed at high
frequencies, and is associated with the re-orientation of the

Fig.2 Dielectric spectra of the 7 phr SrTiO; nanocomposite as a function of temperature and frequency for the: a real part of dielectric permit-

tivity, b loss tangent and ¢ AC conductivity
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polar side groups of the main polymer chain (B-relaxation).
Figure 2c exhibits the variation of 6, with temperature and
frequency. It is evident that at low frequencies the influ-
ence of the temperature is more pronounced, revealing a
thermally activated conduction mechanism. The temperature
impact decreases with frequency, and in the high frequency
range o, appears to be temperature independent. At con-
stant temperature o, follows Eq. (2):

o4c(@) = ope + A(w)° 2)
where o) is the @ — 0 limiting value of 6,-(w) and A, s
are parameters depending on temperature and filler content.
Equation (2) is often called the “The AC universality law”
due to its general validity [14-16].

In the low frequency range, charge carriers are forced to
migrate over larger distances and their transport is confined
by the presence of isolated conductive sites within the insu-
lating matrix. At high frequencies localized charge carriers
motion takes maximum advantage of adjacent conductive
regions by executing jumps (hops) between of them. Fig-
ure 2c indicates that as the temperature increases the expo-
nential part of the o, curves shifts to higher frequencies.
Finally, at intermediate frequencies the presence of “shoul-
der-like” peaks is evident, which are related to the dielectric
relaxations phenomena occurring in this frequency range.
Figure 3a depicts comparative plots of ¢’ as a function of fre-
quency at 30 °C, while Fig. 3b presents the variation of £’ as
a function of temperature at 0.1 Hz, for all studied systems.

Figure 3a shows that all reinforced systems exhibit higher
€’ values in comparison with the epoxy resin. The specimen
with the highest filler loading does not exhibit the maxi-
mum &’ value, indicating that the optimum performance does
not correspond to the maximum filler content. This devia-
tion probably expresses the existence of particle clusters in
the nanocomposite with the maximum filler loading. Fig-
ure 3b indicates that at low temperatures and frequencies,
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temperature seems to have negligible or limited impact on
€', which acquires low values. a-relaxation is evident in the
temperature range between 50 and 80 °C, where £’ values
increase due to the enhanced mobility of large segments
of the main polymer chain. At high temperatures £’ of all
specimens gradually increases due to the IP effect. Figure 4
depicts the variation of loss tangent with frequency at 160 °C
for all SrTiOs/epoxy nanocomposites. In these spectra all
three relaxation processes are recorded. a-relaxation appears
at intermediate frequencies, while at high frequencies the
p-relaxation is also evident. Finally, at low frequencies (see
also inset in Fig. 4) IP is present.

In addition, glass transition temperature was also deter-
mined by differential scanning calorimetry (DSC) tests. Fig-
ure 5 depicts the obtained DSC thermographs, along with the
corresponding 7, values. Glass transition temperatures were
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Fig.4 Loss tangent (tan é) as a function of frequency at 160 °C for all
SrTiO; nanocomposites
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Fig.5 DSC thermographs of all specimens with a heating rate of
5 °C/min and the variation of T, values

determined by employing suitable software and the point of
inflection of the curves at the recorded transitions. It is evident
that there is a tendency for an increment of 7, values as the
reinforcing phase increases. This finding implies that there
are attractive interactions at the interface between the polymer
matrix and the nanofiller. In polymer nanocomposites, glass to
rubber transition is not only related to the chemical structure of
the polymer but also to the type of the reinforcing phase. As it
has been already cited, variation of glass transition temperature
as a function of nanofiller can be also described via BDS. In
the vicinity of T, temperature, macromolecules acquire suffi-
cient mobility in order to relax synergistically under the influ-
ence of the AC electric field. This relaxation gives rise to the
formation of a loss peak, which is evident in both permittivity
and tand spectra (Fig. 2a, b).

Nanocomposites exhibit functional behaviour which is
mainly attributed to the variation of different physical proper-
ties, such as polarization or conductivity upon temperature
and frequency. In this work, the amplitude of the applied field
was constant, and the samples’ thickness had small variations,
resulting in a modification of the exerted field from sample to
sample. Therefore, in order to remove the influence of geom-
etry upon the produced polarization and to find a way to relate
the functional behaviour with materials’ properties Dielectric
reinforcing function (DRF) was employed. DRF is defined by
Eq. 3) [17, 18]:

’

ewmp(a), T)

G, T)= ———r 3)
€ par(@, T)

where e'comp(w, T) and e/ma (w, T)is the real part of dielectric

permittivity of the composite and the matrix respectively,

f=0.1Hz

T T T T T T T T T T L T B T B
20 40 60 80 100 120 140 160 180
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Fig.6 DRF as a function of temperature at 0.1 Hz for all SrTiO;/
epoxy nanocomposites

while o is the angular frequency and T the temperature of
the sample. In case of isochronal conditions Eq. (3) trans-
forms to Eq. (4):

G(T) = elcomp(T) (4)
D=2 D

DRF can be considered as a normalized measure of
polarization, reflecting the dielectric contribution of the
reinforcing filler and the efficiency of energy storage. Fig-
ure 6 depicts the variation of DRF upon temperature under
isochronal conditions (0.1 Hz). It is apparent the forma-
tion of two sets of peaks in all SrTiO; nanocomposites.
In the temperature range of 50-70 °C a-relaxation pro-
cess appears, which is associated with the glass to rubber
transition of the polymer matrix. The second set of peaks
recorded between 120 and 140 °C is associated with the IP
effect. The formation of double-like peaks in this region,
related to interfacial polarization process, is attributed to
the nanoparticles’ size dispersion. As indicated by Fig. lc,
the average size for the majority of nanoinclusions lies
within the ranges 40—-60 and 80—-100 nm. The size of the
formed dipoles at the interfaces varies with nanoinclu-
sions’ dimensions. The inertia of dipoles is size depended
and is reflected by the occurring relaxation processes of
different, although close, relaxation times. DRF expresses
also the ability of the examined systems to store energy. At
the maximum of the DRF curves the ability to store energy
approaches 2.4 times that of the unreinforced epoxy.
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3.3 Dynamic analysis of relaxation processes
in SrTiO;/epoxy nanocomposites

Relaxation processes occurring in polymers and polymer
composite systems can be studied by different formalisms,
such as dielectric permittivity, electric modulus, AC conduc-
tivity and complex impedance mode. All four formalisms
are able to describe the electrical phenomena which appear
in polymer composite systems. However, there are cases
where one of them might be more suitable in studying the
occurring physical mechanisms. In this work both imaginary
part of dielectric permittivity and imaginary part of electric
modulus were employed for describing the recorded relaxa-
tion processes. Electric modulus is defined as the inverse
quantity of complex permittivity according to Eq. (5) [19]:

= L= € g
T et f247 ls'z +£"2

=M +iM" 5)

where €', ¢ and M’, M"' are the real and imaginary part
of dielectric permittivity and electric modulus respectively.
Electric modulus is considered as an effective tool for the
representation of dielectric data since it neglects electrode/
specimen polarization and relevant capacitances [19, 20].
Figure 7a presents the frequency dependence of the imag-
inary part of electric modulus at 100 °C for all specimens,
a-relaxation process is evident in all cases, through the for-
mation of the loss peak. Loss peak position seems not to vary
with filler content, which can be considered as indicative for
good wetting and adhesion between matrix and nanoparticles.
Specifically, in the case of fine dispersion of nanoparticles in
the polymer matrix, an extensive surface area is formed, in
which the polymer chains are in contact with nanoparticles.
As the distribution of nanofiller improves, the extent of the
interface increases. Depending on the roughness of the surface,
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the existence of pores, the level of wetting of the nanofiller in
the polymer matrix and the adhesion among them, the mobility
of the macromolecules can be altered in comparison with the
pure resin. In the case of poor wetting and poor adhesion, weak
interactions between polymer chains and nanoinclusions occur,
causing the shift of loss peak of the glass to rubber process to
higher frequencies expressing the facilitation of the macromo-
lecular relaxation and the resulting decrease of T, [14, 16, 21].

Additionally, the slight decrease of loss peak maxima
with filler content, denotes moderate to strong interactions
between macromolecules and SrTiO; nanoparticles. Equa-
tion (5) denotes that a decrease of the imaginary part of elec-
tric modulus reflects an increase of dielectric loss, which actu-
ally implies the increase of the dissipated energy. It can be
concluded that the interactions between the constituent phases
exert moderate restrictions on the segmental relaxations of
the polymer chains, which increase with the reinforcing phase
content. On the other hand, Fig. 7b shows the variation of the
imaginary part of dielectric permittivity upon temperature at
1 MHz, in this case, B-relaxation process appears via the for-
mation of the loss peak. Evidently, dielectric loss increases
with filler content, expressing the required enhanced energy by
the polar side groups in order to follow the alternation of the
applied field. Possibly the presence of nanoinclusions obstructs
the orientation of side groups via spatial restrictions [18].

Relaxation dynamics can be studied by plotting the loss
peak frequency as a function of reciprocal temperature for
each system and for every relaxation process. The tempera-
ture dependence of the loss peak position of a-relaxation fol-
lows the Vogel-Fulcher-Tammann (VFT) equation which is
expressed via Eq. (6):

Jmax =Jfoexp [_ ] (6)

T-T,
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Fig. 7 a Imaginary part of electric modulus as a function of frequency at 100 °C and b imaginary part of dielectric permittivity as a function of

temperature at | MHz
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where f;, is a pre-exponential factor, B is a parameter being
the measure of the activation energy of the process, and 7,
the Vogel temperature or ideal glass transition, which has
been found to lie between 30 and 70 K below the experimen-
tally 7, value [20, 22]. The variation of loss peak position
with temperature for j-relaxation and IP follows an Arrhe-
nius type behaviour, which can be expressed via Eq. (7):

Ey
Jmax =foexp [_ﬁ] )
where f; is a pre-exponential factor, E, is the activation
energy of the corresponding mechanism and k is Boltzmann
constant. The variation of loss peak frequency with tempera-
ture for @- and f-relaxation process is depicted in Fig. 8a,
b. The limited loss peaks recorded in the case of IP-process
lead to a fitting procedure of low reliability and thus it is
not presented. Lines in Fig. 8a, b have been produced by
fitting data with Eqs. 6 and 7 respectively. Obtained fitting
parameters are listed in Table 1. Dynamics of a-relaxation
process follows the VFT equation (Fig. 8a), since relaxa-
tion rate increases rapidly with decreasing temperature,
due to the reduction of free volume. Glass to rubber transi-
tion is influenced by the presence of nanofiller inside the
polymer matrix and more specific by the particle—particle
and the polymer-particle interactions. Table 1 indicates
that 7;, in nanocomposites slightly decreases, in general,
compared with polymer matrix, indicating the absence of
strong interactions between polymer chains and nanoinclu-
sions and an insignificant decrease of 7,. The 10phr SrTiO5
nanocomposite exhibits higher value of 7, (approximately
the same value with polymer matrix) and at higher filler
content 7, decreases acquiring the average value of nano-
composites. Furthermore, values of parameter B increase

a ¢ g
a-relaxation Ophr

0 T T T T T T

2.2 2.3 24 25 2?6 2!7 2.8 29 3.0
1000/T (K™

Table 1 Activation energy and parameters extracted via fitting data
with Egs. 6 and 7 for all studied systems

Specimen’s concentra- o-relaxation B-relaxation

tion (phr) T, (K) B (K) E,(eV)
316.10 42.09 2.674
313.30 46.56 3.466
314.75 4326 3732
10 316.03 41.06 3.650
12 314.80 4281 3.849
15 314.95 41.93 4501

with filler content implying that the process is delayed,
due to restrictions exerted by nanoparticles. At low filler
content the nanoparticles are at a distance from each other
and the macromolecules-nanoparticles interactions seem to
dominate. The reduction of parameter B observed for the
7 phr SrTiO; nanocomposite indicates a facilitation of the
a-process, which can be attributed to the strengthening of
the particle—particle interactions. These interactions are
strengthening due to the increased content of nanoinclu-
sions, which result in shorter distances between of them. At
higher filler content, parameter B decreases further imply-
ing that the particle—particle interactions are the dominating
ones [20, 23].

Figure 8b presents the variation of the loss peak posi-
tion of f-relaxation process with the reciprocal temperature.
Dielectric data can be described via the Arrhenius equa-
tion. Determined values of activation energy are listed in
Table 1. Activation energy increases, steadily, with filler
content reaching the highest value for the 15 phr SrTiO;
nanocomposite. This finding is in accordance with Fig. 7b
and confirms that the presence of nanoinclusions obstructs

B-relaxation Ophr

10 T VA | | A T u u u
260 262 264 266 268 270 272 274 276
1000/T (K™)

Fig.8 Loss peak position as a function of the reciprocal temperature for all examined SrTiOs/epoxy nanocomposites for the a a-relaxation and b
p-relaxation process. Solid lines represent fittings of data via Eqs. 6 and 7 respectively
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the orientation of polar side groups, due to spatial restric-
tions and possibly because of the mutual interactions
between nanoparticles and the formation of small clusters
at the higher filler loading.

4 Conclusion

S1TiOs/epoxy nanocomposites were fabricated and studied
varying the filler content of the reinforcing phase. Morpho-
logical and structural characterization was performed in all
nanocomposite systems via XRD and SEM and it was veri-
fied that all specimens were successfully fabricated. Dielec-
tric spectra reveal three relaxation processes: (a) glass to
rubber transition of the polymer matrix (a-mode), (b) rear-
rangement of the polar side groups of the main polymer
chain (f-mode) and (c) interfacial polarization (IP effect)
arising from the electrical heterogeneity of the systems. Die-
lectric Reinforcing Function (DRF) was employed in order
to investigate the functional behaviour and the energy stor-
ing efficiency of all examined specimens. Finally, relaxation
dynamics of the a-relaxation and p-relaxation was studied.
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