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Abstract The present work focuses on a comparative study
of the thermal and electrical behavior of diglycidyl ethers of
bisphenol-A (DGEBA) to uncover the suitability for its use
in high performance applications. An epoxy nanohybrids
coating was developed using aminosilane functionalized
ZnO (1, 3, 5 and 7 wt%) as the dispersed phase and com-
mercially available DGEBA as the matrix phase, with curing
using triethylenetetramine (TETA). The structural features
of these materials were ascertained by FTIR spectral stud-
ies, SEM and AFM analyses. The peak shift in all the
samples at ∼ 1032 cm−1 explains the etheric linkage of
ZnO-APTES core shell nanoparticles with the DGEBA vir-
gin epoxy resin. The thermal behavior of the diglycidyl
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resins and their corresponding nano-hybrids was studied by
TGA and DSC. The first decomposition stage of DGEBA
neat epoxy resin starts at 325 ◦C and the second stage at
513.2 ◦C which varied in all epoxy nanocomposites. Further
thermodynamic parameters are calculated using the Coats-
Redfern method from TGA results to examine the thermal
stability. The sample with 3% ZnO-APTES-DGEBA film
exhibits the highest activation energy of 26.20 kj/mol. The
dielectric permittivity, dielectric loss and AC conductivity
variation with frequency, temperature and filler concen-
tration were studied using an impedance analyzer. The
variation in electrical behavior is more pronounced in 1 and
7% ZnO-APTES-DGEBA epoxy nanocomposites.

Keywords Composite materials · Polymers · Silane ·
Dielectric · Epoxy resin

1 Introduction

Nanotechnology has created a key revolution in the twenty
first century exploiting the new properties, phenomena and
functionalities exhibited by matter when dealt with at the
level of a few nanometers. At this level, the physical,
chemical and biological properties of materials differ in fun-
damental and valuable ways from properties of individual
atoms and molecules or bulk matter. Research and develop-
ment in nanotechnology is directed towards understanding
and creating new materials, devices and systems that exploit
these new properties [1]. In the last decade many research
teams from all over the world have focused their ener-
gies toward studies on polymer nanocomposites as effec-
tive materials for electrical insulation [2]. These materials,
also called nanodielectrics, are usually made of polymers
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uniformly filled, from 1 to 10 wt%, with particles with
at least one dimension from 1 to 100 nm. The increasing
interest in the behavior of these new dielectrics is mainly
due to the fact that these materials possess a huge filler-
polymer matrix interface which has a major influence on the
electrical, thermal and mechanical properties [3]. In order
to improve the performance of organic polymers, different
combinations of (mainly inorganic) nanofillers have been
added and actively examined. Polymers such as polyamide
(PA), polyethylene (PE), polypropylene (PP), ethylene vinyl
acetate (EVA), epoxy resins and silicone rubbers were com-
bined with nanofillers such as layered silicates (LS), silica
(SiO2), titania (TiO2), Zinc (ZnO) and alumina (Al2O3) for
improved performance [4]. The properties of nanocompos-
ites certainly depend on the kind of nanoparticle materials,
physical and chemical conditions of their surfaces, the kind
of coupling agents to bridge inorganic and organic sub-
stances chemically and physically, the kind and content of
compatibilizers and/or dispersants and the kind of poly-
mer matrices [5]. Epoxy resins were chosen for our current
studies as they have several excellent properties such as
excellent toughness, adhesion and chemical resistance [6–
8]. However, they do not possess adequate thermal and
mechanical properties to meet the requirements of high-
performance structural products. Hence, modification of
epoxy resins using suitable modifiers such as silicone, poly-
hedral oligomeric silsesquioxanes (POSS) and nanoclay is
mandatory. Demands for epoxy resins are extremely high
because of their wide application as adhesives, coatings and
as advanced composites in aerospace and electronics indus-
tries [9]. Incorporation of silane modified nanoparticles into
the epoxy resin makes the resin become transparent, helps
the resin withstand exposure to water, chemicals, increases
the resistance of the resin to thermal oxidation and leads
to easy processing [10]. In this work, we report our pre-
liminary results obtained on electrical and thermal behav-
ior of DGBEA and epoxy nanocomposites dispersed with
APTES-ZnO. The electrical properties were studied with
dielectric spectroscopy whereas thermal properties were
studied with TG-DTA and DSC. The dielectric permittiv-
ity, dielectric loss and the AC conductivity were analyzed
over a frequency range of 1 Hz–1 MHz and at various
temperatures of 40 ◦C, 80 ◦C and 120 ◦C. The influence
of the surface modified filler concentration (1, 3, 5 and
7 wt%) on the dielectric behaviour of the nano-hybrids
was also studied. The thermodynamic parameters like acti-
vation energy (Ea), Arrhenius factor (A), entropy (�S),
enthalpy (�H) and Gibbs free energy (�G) were calcu-
lated from TG-DTA results. The glass transition tempera-
ture was analyzed using differential scanning calorimetry
(DSC).

2 Experimental

2.1 Infrared Spectra (ATR-FTIR)

The ATR-FTIR spectra were recorded on a Perkin Elmer
781 ATR-FTIR spectrometer that determines the chemi-
cal bonds of ZnO-APTES-DGEBA nanocomposite films.
Vibration bands are reported as wave number (cm−1).

2.2 Scanning Electron Microscopy (SEM)

A JEOL JSM-6360 Scanning electron microscope was used
for sample analysis. The nanocomposite film was prepared
by coating gold on the surface of the samples.

2.3 Atomic Force Microscopy (AFM)

The surface topology of the epoxy nanocomposite film was
investigated by means of an AFM Seiko SPI3800N, series
SPA-400 (Tokyo, Japan).

2.4 Thermal Analysis (TGA)

The thermal properties of the samples were studied by ther-
mogravimetric analysis (TGA) (TA instrument-2000 Perkin
Elmer) at a heating rate of 10 ◦C/min in an inert N2

atmosphere.

2.5 Differential Scanning Calorimetry (DSC)

From DSC analysis, the glass transition temperature, the
melting point and the crystallization/melting curve can be
determined. The value of the entropy of fusion can be
deduced and subsequently the percentage crystallinity in the
sample can be calculated from this technique. DSC mea-
surements were carried out with a PerkinElmer DSC 7 in the
range of 30 to 200 ◦C in nitrogen atmosphere at a heating
rate of 20 ◦C /min.

2.6 Dielectric Analysis

The dielectric properties of the neat and the ZnO-APTES
modified systems were tested with the help of an impedance
analyzer (Solartron impedance/gain phase analyzer 1260) at
temperatures 30, 60 and 120 ◦C using platinum (Pt) elec-
trodes at a frequency range of 1 MHz. This experiment was
repeated four times at the same conditions.

Dielectric Constant = Capacitance of dielectric/

Capacitance of vacuum
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2.7 Materials and Methods

Epoxy resin GY250 a diglycidyl ether of bisphenol-A
(DGEBA) with an epoxy equivalent weight (EEW) 182–
192 (E.wt/g) and a viscosity of approximately 10,000 mPa
was used for our study. Aradur HY951 curing agent was
obtained from Huntsman (India). The red iron oxide pig-
ment and 3-aminopropyltriethoxysilane (APTES) were pur-
chased from Sigma Aldrich Chemicals. Acetone, O-xylene,
NaOH were purchased from Sisco Research Laboratories,
India.

2.8 Preparation of ZnO Nanoparticles

ZnO nanoparticles (NPs) were made according to the
method of Singh et al. (2013) [11]. For the synthesis of
ZnO, NaOH (0.4 M), and zinc acetate (0.2 M), solutions
were mixed slowly with molar ratio of 2:1, respectively. The
solution was stirred for 10 min. After that, 1.2 ml of tri-
ethanolamine (TEA) was added, and stirring continued for
another 10 min. The solution was microwave irradiatied at
700 W in two steps, initially at 40 ◦C for 20 min later at
60 ◦C for 30 min. The resulting precipitate was washed 2-3
times with DI water. Furthermore, the sample was dried at
70 ◦C for 4 h using a hot air oven, then it was crushed using
a mortar and pestle calcinated in air at 500 ◦C for 1 h.

2.9 Surface Treatment of ZnO Nanoparticles

The introduction of reactive NH2 groups onto the surface
of ZnO nanoparticles was achieved through the reaction
between 3-aminopropyltriethoxysilane and hydroxyl groups
on the ZnO nanoparticle surface. Typically, 2.0 g of ZnO
NPs and 2 ml of 3-aminopropyltriethoxysilane were added
in 40 ml O-xylene and the mixure kept at 150 ◦C for 3
h under ultrasonic bath stirring and argon protection. The
reaction mixture was refluxed for 24 h. A rotary evapo-
rator was used to remove the solvent from the 3-APTES
modified ZnO. The ZnO nanoparticles were collected by
filtration and rinsed three times with acetone. Afterwards,

the 3-APTES functionalized ZnO nanoparticles were dried
under vacuum for 12 h.

2.10 Preparation of ZnO-APTES-DGEBA
Nanocomposite Films

The epoxy resin was prepared using a high speed dis-
perser. The fabrication processes of ZnO-APTES-DGEBA
nanocomposites were as follows. Different weight percent-
ages of silane modified ZnO nanoparticles (0, 1, 3, 5
and 7 wt%) were directly added to a vessel charged with
epoxy resin and solvent mixture (butanol/xylene) followed
by addition of additives. The pigment was dispersed by
stirring at 400 rotations per minute (rpm) for 30 min and
then the stirrer speed was increased to 2000 rpm. The ves-
sel was externally cooled using cold water to avoid a rise
in temperature during processing. The dispersion was con-
tinued for 45-60 min to give a uniform red colored resin.
For curing, the epoxy resin and curing agent (HY951)
were mixed in a weight ratio of 100:58. The mixture was
degassed in the vacuum oven for another 20 min at 40 ◦C
to remove any gas bubbles generated during the mixing pro-
cess. A mixture of solvents, xylene and butanol was used
for dilution as convenient. The same method was repeated
for different formulations of nanocomposite films and is
listed in Table 1. The films were left for about 2 weeks at
room temperature for complete curing. The reaction scheme
of the ZnO-APTES-DGEBA nanocomposite is depicted in
Scheme 1.

3 Results and Discussion

3.1 ATR-FTIR Analysis of ZnO-APTES-DGEBA
Nanocomposite Films

Figure 1 shows the transmittance spectra for 1, 3, 5
and 7% ZnO-APTES-DGEBA nanocomposites in com-
parison with neat DGEBA resin. The major peaks were
found in two spectral regions of 1800–600 cm−1 and

Table 1 Nomenclature of epoxy nanocomposites

Epoxy Resin Pigment Surface modified NPs Composition (Wt %) Curing agent

1% 3% 5% 7%

DGEBA × × × × × HY951

� ZnO-APTES × × ×
� × ZnO-APTES × ×
� × × ZnO-APTES ×
� × × × ZnO-APTES
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Scheme 1 Reaction route of ZnO-APTES-DGEBA nanocomposite

3500–2700 cm−1. The tentative frequency assignments are
tabulated in Table 2. The peak at ∼ 1032 cm−1 of pure
epoxy resin (DGEBA) assigned to asymmetrical aromatic
C-O stretching is shifted to 1011, 1007, 997 and 987 cm−1

in 1, 3, 5 and 7% ZnO-APTES-DGEBA nanocomposites
respectively. The ∼1032 cm−1 peak explains the variation
in etheric linkages of ZnO-APTES core shell nanoparticles
with the epoxy resin. There is significant variation in trans-
mitted intensities of all the peaks assigned in Table 2, which
confirms the interation of ZnO-APTES-DGEBA nanocom-
posites with the epoxy resin. Usually a broad peak obtained
between 3200–3450 cm−1 is assigned to –OH due to
the interaction between the nanoparticle and epoxy resin
whereas here the very weak band obtained in this region
is due to the presence of functionalized ZnO nanoparticles
[12, 13].

3.2 SEM Snalysis of ZnO-APTES-DGEBA
Nanocomposite Films

From Fig. S1, it was found that the ZnO-APTES core
shell nanoparticles are spherical in shape. The image shows
that the ZnO-APTES core shell nanoparticles were homo-
geneously dispersed in the epoxy matrix. The unmodified
ZnO nanoparticles were more aggregated when compared
to functionalized nanoparticles in epoxy nanocomposites.
The aggregation of nanoparticles might induce cracks in
the nanocomposite films. Because there was no grafted
epoxy resin on the ZnO surface, the compatibility between
ZnO and epoxy resin was poor and interface bonding
between nanoparticles and epoxy resin was weak. After
functionalization, the compatibility and interface bonding
between nanoparticles and epoxy resin were improved; the
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Fig. 1 ATR-FTIR spectra of DGBEA and ZnO-APTES-DGEBA
nanocomposite films for spectral range (4000-600 cm−1)

aggregation of ZnO-APTES and the cracks around the
aggregation decreased. For epoxy nanocomposite films con-
taining unmodified ZnO nanoparticles, relatively large par-
ticle aggregates with a non-uniform distribution appeared
on the surface of the samples [14]. However, with ZnO-
APTES core shell nanoparticles, the aggregation on the
surface of the film was less and a more uniform distribu-
tion of nanoparticles appeared on the surface of the epoxy
nanocomposite film.

3.3 AFM Analysis of ZnO-APTES-DGEBA
Nanocomposite Films

Figure S2 shows the AFM 3D and topographic image
of the best system under study 3%-ZnO-APTES-DGEBA
nanocomposite film. AFM analysis is used to obtain the
distribution of ZnO nanoparticles in the epoxy resin. The
morphology with smooth and fused surfaces and weak

accumulation of particles was clearly resolved from the
AFM images. Most of the particles are homogeneously
distributed due to surface functionalization of ZnO nanopar-
ticles. These results almost agree with the SEM results
thereby adding evidence for the surface morphology.

3.4 TG-DTA Studies

The TGA curve shows two decomposition stages exist in
all the samples shown in Fig. 2. In neat epoxy resin the
first decomposition stage starts at 325 ◦C and the second
stage at 513.2 ◦C. The temperature of the first decompo-
sition stage for 1 and 3%-ZnO-APTES-DGEBA increases
compared to the neat epoxy resin whereas it decreases at
higher concentrations of 5 and 7%-ZnO-APTES-DGEBA
nanocomposite film. The temperature of the second stage
decomposition increases in all the samples compared to the
neat epoxy resin. The melting point temperature is obtained
from the DTA curve, given in Fig. 3. The melting point
temperature decreases in all the samples except 5%-ZnO-
APTES-DGEBA compared to the neat epoxy resin. The
variation in decomposition temperature and in melting point
temperature might be due to the surface interaction of the
nanoparticle and epoxy layer [15, 16].

3.4.1 Kinetic Analysis

The kinetic parameters were calculated using the Coats-
Redfern method as tabulated in Table 3. The kinetic
parameters were calculated for the main stage of decom-
position in all the epoxy nanocomposites. The decompo-
sition stages, melting point and the calculated thermody-
namic parameters are given in Table 4. The activation
energy Ea decreases for samples 1, 5 and 7%-ZnO-APTES-
DGEBA but increases in the 3%-ZnO-APTES-DGEBA
sample. This implies the thermal stability is high for a
particular optimum filler concentration, at low filler con-
centration it is not adequate and at higher concentration
the agglomeration of nanoparticles will affect the ther-
mal stability of the epoxy nanocomposites. The positive
values of the Gibbs free energy (�G) of all the epoxy
nanocomposite films shows the decomposition is non-
spontaneous and has to be initiated by an external source.
The calculated enthalpy values are positive for all the sam-
ples which explains the process is endothermic in nature and
enhances with rise in temperature. The calculated entropy
values are found to be negative which indicates the activated
complex is more ordered than the reactor, also the reaction is
slow in nature. However the frequency factor in the Arrhe-
nius equation is very high which accelerates the process to
a faster rate. From the calculated kinetic parameters, the
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Fig. 2 TGA curve for
ZnO-APTES-DGEBA
nanocomposite films

3%-ZnO-APTES-DGEBA nanocomposite film is the opti-
mum concentration in this study which exhibits excellent ther-
mal properties compared to the other epoxy nanocomposites.

3.5 Analysis of Glass Transition Temperature (Tg)
Using DSC

The glass transition temperatures (Tg) of DGEBA, 1, 3,
5 and 7% ZnO-APTES-DGEBA nanocomposite films are
shown in Fig. 4. The glass transition temperature (Tg) of
DGEBA is 105.4 ◦C which closely matches with the standard

values of epoxy resin. The Tg values of all epoxy nanocom-
posites vary differently with filler concentration. The
Tg values of 1, 3 and 7% ZnO-APTES-DGEBA epoxy
nanocomposite films are 88.2 ◦C, 102.6 ◦C and 87.8 ◦C
respectively which is less than the Tg value of DGEBA
sample whereas the 5% ZnO-APTES-DGEBA film exhibits a
slight increase in Tg value with 107.7 ◦C. A similar observa-
tion of a reduction in the values of Tg with addition of small
amounts of nano-fillers has been reported for alumina filled
PMMA nanocomposites [17]. Tg can reduce in polymer
composites due to various reasons like changes in molecular

Fig. 3 DTA curve for
ZnO-APTES-DGEBA
nanocomposite films
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Table 3 Formulas used to calculate the thermodynamic parameters
from TGA results

Thermodynamic Formula

parameters

Activation energy (Ea) −E =
[

slopex2.303xR
1000

]
kj/mol

Frequency factor in
[

AR
αE

] [
1 − 2RT

E

]
− [

E
2.303RT

] = eintercept

Arrhenius equation (A)

Enthalpy (�H) �H = E − 2RT kj/mol

Entropy (�S) �S = 2.303R log
(

Ah
kTm

)
kj/mol

Gibbs free energy (�G) �G = �H − T �S kj/mol

weight, tacticity and cross-linking density. But, in the
present investigations, the processing method used to pre-
pare the epoxy nanocomposites is the same for the different
filler concentrations. Therefore, it is expected that the vari-
ations in the glass transition temperatures are influenced
by the interaction of nanoparticles and the epoxy. Further,
it has also been recently reported that there is a signifi-
cant influence of humidity on the Tg of nanocomposites
and the presence of a water nanolayer on the surface of
the nanoparticles can lead to a reduction in the Tg val-
ues. The occurrence of a water nanolayer in the present
experiments is very unlikely since the particles are thor-
oughly dried before they are dispersed in epoxy and also the
nanocomposite sample preparations are carried out under
tight ambient control to ensure that there is no influence of
humidity. Reports suggest that interactions between poly-
mer chains and the highly charged nanoparticle surface
lead to the formation of a polymer nanolayer close to
the nanoparticle surface and it is this interfacial nanolayer
which determines the glass transition temperatures (Tg).
These nanoparticle-polymer interactions can be attractive,
repulsive or neutral and depending on these behaviors, Tg

can increase, decrease or remain constant. It is suggested
that polymer-nanoparticle interactions actually lead to the
formation of two nanolayers around the nanoparticle [18,
19]. The first nanolayer closest to the nanoparticle sur-
face is assumed to be tightly bound to the surface resulting
in the polymer chains there being highly immobile. Then
there is a formation of a second polymer nanolayer with
a thickness slightly more than that of the first layer and
this layer contains polymer chains which are loosely bound.
It seems that this loosely bound polymer in the extended
layer causes a reduction in the nanocomposite glass transi-
tion temperatures at low nano-filler concentrations. For the
present nanocomposite system with ZnO fillers, it is diffi-
cult to predict the interaction process (attractive, repulsive
or neutral) from the measured Tg results. Since Tg in the
nanocomposites is observed to reduce with all filler load-
ings except 5% filler concentration in the present study,
the system is expected to be a repulsive one wherein the
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Fig. 4 DSC curve for ZnO-APTES-DGEBA nanocomposite films

polymer chains in the interfacial nanolayer relax faster. At
lower nano-filler concentrations, the filler distributions in
the polymer are usually uniform with large inter-particle dis-
tances and hence the interfacial effects in nanocomposites
may be much more pronounced.

3.6 Dielectric Studies of ZnO-APTES-DGEBA
Nanocomposite Films

The dielectric spectroscopy results of neat epoxy resin
DGEBA, 1, 3, 5 and 7% ZnO-APTES-DGEBA nanocom-
posite films are shown in Figs. 5, 6 and 7. The dielectric
measurements were carried out at three different tempera-
tures 30 ◦C, 60 ◦C and 120 ◦C and are shown as (a), (b) and
(c) respectively in all images from Figs. 5–7.

3.6.1 Frequency Dependence

The frequency dependence of dielectric permittivity
illustrated in Fig. 5a–c, which shows the real part of the

permittivity (ε′
r ) decreases with increase in frequency for

DGEBA epoxy resin and for all tested epoxy nanocompos-
ites 1, 3, 5 and 7% ZnO-APTES-DGEBA epoxy nanocom-
posite films. This dependence is observed for all the
filler concentrations and at various temperatures studied.
In epoxy nanocomposite films the slope of the permittiv-
ity decrease is higher at lower frequencies (up to 10–100
Hz) than at higher frequencies, indicating a “low frequency
dispersion” (LFD) or “quasi-DC” (QDC) behavior [20].
This behavior of epoxy nanocomposites is thought to be
due to a transition from an intercluster to an intracluster
charge movement combined with a transition from large
scale to small scale molecular motions inside the polymers
when passing from lower to higher frequencies. Thus, the
Dissado and Hill model to explain LFD is based on the
concept of clusters, which is a region with partial struc-
tural regularity in which there are quasi-mobile ions moving
by hopping to unoccupied sites. If the access to sites is
restricted then conduction may be due to a combination
of intracluster and intercluster motions. The decrease of ε′

r

with the frequency at mid-range frequencies (above 100
Hz) was mainly ascribed to the reduction of the polariza-
tions caused by dipolar groups both in the neat polymer
and in nanoparticles [21, 22]. Thus, in a typical epoxy sys-
tem (epoxy resin cured with an amine hardener) as in the
present case, the dipoles of the molecular groups which are
transversally attached to the longitudinal polymer chain are
easier to orient by the electric field at low frequencies result-
ing in a high permittivity. These free dipolar groups become
more difficult to orient by the electric field at higher fre-
quencies, so their contributions to the effective permittivity
decrease with the frequency. On the other hand, the ionic
relaxation and dipolar relaxation mechanisms play impor-
tant roles in deciding the dielectric permittivity of the epoxy
system under study. It is well known that the interfacial
or space charge polarization tends to occur at the inter-
faces. Since epoxy/nanocomposites have a large volume
fraction of interfaces therefore the interfacial polarization is
expected to play an important role [23, 24]. The interfacial
polarization occurs when charge carriers are trapped at the
interfaces of these heterogeneous systems. As the frequency
of the applied electric field increases, it is more difficult for
space charges to be trapped at the interfaces which reduces
the interfacial polarization thereby decreasing dielectric per-
mittivity as the frequency increases. This explains why the
relative permittivity decreases as the frequency increases.

Figure 6a-c shows the dielectric loss at 30, 60, 120 ◦C
for DGEBA and epoxy nanocomposite films. The dielec-
tric loss in DGEBA, 3 and 5% ZnO-APTES-DGEBA epoxy
nanocompostie films exist at a low frequency region around
10–100Hz, but in the 1% ZnO-APTES-DGEBA sample the
dielectric loss occurs up to a frequency region around 103 −
104 Hz at 30 and 60 ◦C; however, it occurs beyond 104 Hz at
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Fig. 5 Relative permittivity plots for ZnO-APTES-DGEBA nanocomposite films a 40 ◦C b 80 ◦C c 120 ◦C

120 ◦C. The dielectric loss occurs up to the frequency range
of 102–103 Hz in the 7% ZnO-APTES-DGEBA sample at
60 and 120 ◦C compared to the DGEBA sample.

The dielectric loss or tan δ value is used to describe the
ability of the dielectric materials to dissipate heat energy.
The tan δ value in the low frequency range (below 10Hz)
is believed to be due to both ionic relaxation and dipole
relaxation phenomena. Further increase in the tan δ value at
the higher frequency range (above 100Hz) is believed to be
due to the increase in relaxation loss of epoxy resin polar
groups under a high frequency field. The ionic polariza-
tion could also occur in a higher frequency range and leads
to further increase in the tan δ value. Under an alternating
electric field, the tan δ value of polymer materials depends
on not only frequency, but also on the conductivity and the
relaxation time of large molecular chains. The dielectric
loss of polymer materials could be due to both conduc-
tivity loss which is caused when the charge carriers travel

across the materials under the applied field and orienta-
tion polarization of large molecules under the applied field.
As the resistivity of an epoxy is around 1013–1014 �m,
the conductivity loss of the epoxy is small. Moreover, the
epoxy resin tends to form a large 3D cross-linking net-
work during curing. Such a 3D network structure restricts
the orientation polarization of large molecule. So the relax-
ation loss caused by polar groups is the main factor in
determining the dielectric loss of epoxy resins as the orien-
tation polarization is mainly caused by the direction of polar
groups [25].

The epoxy nanocomposites do not exhibit electrical con-
ductivity at the low frequency region. However the AC con-
ductivity of all the samples increases at the high frequency
range of 106–107 Hz. This might be due to the increase
in diffusion of ions through the epoxy nanocomposites at
higher frequencies or due to the change in dielectric loss
with frequency as described above.
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Fig. 6 Dielectric loss plots for ZnO-APTES-DGEBA nanocomposite films a 40 ◦C b 80 ◦C c 120 ◦C

3.6.2 Temperature Influence

The real part of the permittivity ε′
r of DGEBA and epoxy

nanocomposites samples increases with increase in temper-
ature, attributed to the increase in molecular dipole moment
as temperature increases. The increased segmental mobility
of the polymer facilitates the orientation of dipoles, thereby
leading to an increase in dielectric constant. The frequency
variation of the dielectric loss at various temperatures shows
that it is high at 30 ◦C and it decreases as the temperature
increases to higher values. The dielectric loss of polymer
materials could be due to both conductivity loss and ori-
entation polarization of large molecules under an applied
field. As the temperature increases the conductivity loss
decreases and the orientation of larger molecules is affected
which contributes to the decrease in dielectric losses. The
temperature variation of AC conductivity is shown in
Fig. 7a–c. As the temperature increases the AC conductivity

of DGEBA and epoxy nanocomposites samples decreases
but increases at higher loading concentration of 5 and 7%
APTES-ZnO where the ionic polarization of filler nanopar-
ticles is dominant. This is evident from the decrease in
orientation polarization of molecular groups with increase
in temperature and the temperature independent behavior of
ionic polarization in filler nanoparticles [26].

3.6.3 Effect of Concentration

The real part of the permittivity ε′
r of 1 and 3% ZnO-

APTES-DGEBA samples is low compared to the DGEBA
epoxy sample, especially at lower frequencies and at var-
ious temperatures measured. When a small amount of
nanofiller is loaded into an epoxy, due to the interaction
between filler and epoxy chain, the thin immobile nanola-
yers can be formed. These thin immobile nanolayers will
restrict the mobility of the epoxy chain [27]. As the loading
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Fig. 7 AC conductivity plots for ZnO-APTES-DGEBA nanocomposite films a 40 ◦C b 80 ◦C c 120 ◦C

concentration increased to 5 and 7% APTES-ZnO, the
effective permittivity of the epoxy nanocomposite film
increases. It is known that the nanosize APTES-ZnO fillers
have higher permittivity compared to the neat epoxy resin.
That could be one of the reasons leading to an increase
of effective permittivity with higher loading concentrations.
The dielectric loss is low in 1 and 3% ZnO-APTES-DGEBA
nanocomposite films compared to neat epoxy, 5 and 7%
nanocomposite films. As the filler concentration increases
the molecular dipole moment decreases which influences
the decrease in dielectric losses at higher concentration. The
AC conductivity of epoxy nanocomposties increases with
increase in filler loading concentration. Initially at 30 ◦C
the conductivity is high in the 1% ZnO-APTES-DGEBA
nanocomposite film compared to the other sample since
higher concentration of fillers will affect the mobility of
charge carriers. Contrastingly at 60 and 120 ◦C tempera-
tures, the AC conductivity of the 7% ZnO-APTES-DGEBA
nanocomposite film is higher compared to all other sam-
ples. The main reason is the increase in mobility of charge
carriers at elevated temperatures.

4 Conclusions

The synthesized epoxy nanocomposite matrices with vari-
ous filler concentration of ZnO-APTES core shell nanopar-
ticles were structurally confirmed with ATR-FTIR, SEM
and AFM studies and it was also found that ZnO-
APTES is uniformly dispersed in epoxy matrices. From
TG-DTA studies the melting point and the decomposi-
tion stages are found to vary with filler concentration in
all epoxy nanocomposites compared to the control sam-
ples. Also the calculated kinetic parameters suggest the
3% ZnO-APTES-DGEBA sample is the optimum sys-
tem having excellent thermal properties compared to the
other epoxy nanocomposites. The glass transition tem-
perature Tg in the nanocomposites is observed to reduce
with all filler loadings except 5% filler concentration. In
the present study, the system is expected to be a repul-
sive one wherein the polymer chains in the interfacial
nanolayer relax faster. The real part of permittivity, dielec-
tric loss and AC conductivity show significant changes with
filler concentration, temperature and frequency. The dielectric
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behavior improves by adding ZnO-APTES as nanosized
fillers in the epoxy resin.
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