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This work outlines the characterization of epoxy resin [Bisphenol A-(epichlorhydrin): epoxy] and hardener [N(3-dimethylami-
nopropyl)-1,3-propylenediamine] with various inorganic nano-fillers. Dielectric characterizations of epoxy, hardener, neat epoxy 
(epoxy + hardener) and nano-epoxy (nano-filler + neat epoxy) composites loaded with 1 wt.% of inorganic nano-fillers (SiO2, 
Al2O3, TiO2 and ZnO) were carried out using precision LCR meter, over the frequency range of 1 kHz–2 MHz at a constant tem-
perature of 300.15 K. The structural information of nano-fillers, neat epoxy and nano-epoxy composites was understood by Fou-
rier transform infrared spectroscopy and by XRD. Moreover, hardness and shear strength (shear punch) were also determined in 
order to gain additional information about the mechanical properties of epoxy composite. Influence of inorganic nano-fillers on the 
dielectric properties, structural chemistry and mechanical properties of neat epoxy composite is discussed thoroughly in this study.
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1.  Introduction

During the last decade epoxy resin had been the intense 
research focus for many researchers, because it offers excel-
lent electrical, mechanical, chemical and thermal proper-
ties.1–12 These properties can further be improved by adding 
nano-filler in the epoxy resin. In general, 0.1–5-wt.% nano-
filler-loaded polymer nano-composites have been extensively 
investigated in view of their thermal, mechanical, physical 
and dielectric properties.13–15 Both the types of enhanced 
and attenuated dielectric properties, i.e., dielectric constant, 
AC conductivity as well as mechanical properties, i.e., hard-
ness and shear strength, of epoxy nano-composite compared 
to neat epoxy resin have been reported.16–20 In our previous 
research papers, we have reported the dielectric/electrical 
properties of neat epoxy resin and different weight percent-
ages of nano-filler-loaded epoxy resin over the frequency 
span of 1 kHz–2 MHz at room temperature (300.15 K). These 
studies suggested that the presence of nano-filler can lead to 
higher or lower relative permittivity and AC conductivity 
compared to those of neat epoxy resin, depending on the type 
and concentration of nano-filler.21–23

The usage of inorganic nano-fillers SiO2, ZnO, Al2O3 
and TiO2 appears promising for the reinforcement of epoxy 
resin.24 Fothergill et al.16 studied the dielectric properties 
of ZnO–, Al2O3– and TiO2-substituted epoxy composite 
using Stern–Gouy–Chapman interaction zone theory and 

concluded that the size of nano-filler appears to be important 
in altering the dielectric properties of neat epoxy. Singha 
and Thomas15 reported that dielectric permittivity of nano-
composite strongly depends on the concentration and per-
mittivity of nano-filler. Wetzel et al.25 reported improved 
stiffness, impact energy and failure strain at low filler con-
centration by the addition of aluminum oxide nano-filler into 
epoxy resin.  Ng et al.26 added TiO2 nano-filler in epoxy resin 
and observed improved strain-to-failure characteristic. Clear 
understanding of the effect of type, size and concentration 
of nano-filler on epoxy resin system and on cure reactions 
of the stoichiometric mixtures of epoxy and hardener is yet 
missing. So, the aim of this investigation is to gain more 
information about the effect of adding SiO2, ZnO, Al2O3 and 
TiO2 nano-sized inorganic fillers in a fixed proportion on the 
dielectric, electrical, structural and mechanical properties of 
epoxy resin.

In this paper, we report the complex permittivities of epoxy, 
hardener, neat epoxy and 1 wt.% of nano-particle-loaded 
epoxy (nano-epoxy) composites over the frequency range of 
1 kHz–2 MHz at a constant temperature of 300.15 K. The 
Fourier transform infrared spectroscopy (FTIR) spectra of 
neat epoxy and nano-epoxy composites are reported and dis-
cussed. In this work, the effect of addition of 0.5-, 1- and 
1.5-wt.% nano-filler into the neat epoxy on the mechani-
cal properties (hardness and shear strength) is discussed. 
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Moreover, the structural morphologies of nano-fillers, neat 
epoxy and nano-epoxy composites are reported using X-ray 
diffraction (XRD).

2.  Materials and Methods 

2.1.  Sample preparation

The epoxy resin [Bisphenol A-(epichlorhydrin): epoxy] and 
hardener [N(3-dimethylaminopropyl)-1,3-propylenediamine] 
were procured from Hindustan Ciba Geigy, Ltd., Mumbai, 
India, and were used for dielectric measurements without 
further purification. For the preparation of nano-epoxy com-
posites, we procured high-purity grades of commercially 
available uncoated nano-filler-size compounds of SiO2 
(average particle size: 20 nm; Otto Chemie Private Limited, 
Mumbai, India; product code: SO 110), ZnO [average particle 
size: 30 nm; Sisco Research Laboratories Pvt., Ltd. (SRL), 
Mumbai, India; product code: 91140(2640103)], TiO2 [aver-
age particle size: 50 nm; SRL, Mumbai, India; product code: 
90885(2040262)] and Al2O3 [average particle size: 30  nm; 
SRL, Mumbai, India; product code: 75964(0140408)]. A neat 
epoxy sample was prepared by mixing 100th part of wt.% 
of the epoxy homogenously with 80th part of wt.% of hard-
ener. Similarly, for preparing nano-epoxy composite, 1 wt.% 
of nano-fillers were dispersed with care into neat epoxy with 
manual mixing method following the procedure described in 
Refs. 27–29. Finally, the uniformly mixed dough (neat epoxy 
filled with nano-filler) was slowly decanted into the plastic 
molds, coated earlier with wax. The composites were casted 
in this mold of 2.5-cm diameter and 4-mm thickness in order 
to get disc-type specimens. Prepared samples were kept under 
vacuum desiccation prior to utilization for the experiment.

2.2.  Experimental techniques

The dielectric measurements of Bisphenol A-epichlorhydrin 
and N(3-dimethylaminopropyl)-1,3-propylenediamine in liq-
uid state were performed using Agilent E4980A precision 
LCR meter along with the liquid test fixture designed by 
Rana et al.30 over the frequency range of 1 kHz–2 MHz. Prior 
to initiating the experiment, calibration technique as men-
tioned in Agilent’s manual31 was followed. For the dielectric 
measurements of neat epoxy and nano-epoxy composites 
in pellet form over the frequency range of 1 kHz–2 MHz, 
Agilent E4980A precision LCR meter with solid dielectric 
test fixture Agilent 16451B was used.32 Utilizing the experi-
mental dielectric data, other electrical properties were deter-
mined and detailed analysis of evaluated parameters for all 
the samples was carried out.

Information about the surface chemistry of nano-fill-
ers and functional groups associated with epoxy resin were 
obtained from the FTIR spectra, which were determined 
using Agilent Cary 630 FTIR spectrometer. Mechanical 
properties like hardness and shear strength were measured 

using Blue Steel Shore D hardness tester according to IS 
13360 standards33 and Dutron UTM testing machine accord-
ing to IS 2036 standards,34 respectively. Moreover, the XRD 
spectra of all the nano-filler, neat epoxy and nano-epoxy 
composites were measured using a Rigaku-make diffractom-
eter35 with the Cu source (Cu-Kα = 0.154 nm, 40 kV, 45 mA) 
and data was taken for the angular range of 10–70° (2θ, for 
all nano-filler composites) and 5–70° (2θ, for neat epoxy and 
nano-epoxy composites). All measurements were carried out 
at 300.15-K temperature.

2.3. � Evaluation of dielectric and electrical properties

The real part (ε′), i.e., dielectric constant, and imaginary part 
(ε′′), i.e., dielectric loss, of the complex permittivity ε*(f) and 
loss tangent (tan δ) are evaluated using the following equa-
tions, respectively, for all prepared samples:

1
*( ) ,p

o o p

C
f j j

C C R
ε ε ε α

ω
 

= − = −′ ′′  
 

� (1)

where

Cp is the capacitance of the test fixture with sample,
C0 is the capacitance of the test fixture without sample,
Rp is the parallel equivalent resistance of the test fixture with 
sample and 
α is the correction coeffiecient;

tan .
ε

δ
ε
′′=
′

� (2)

Moreover, the AC conductivity [σ′ac(f)] is determined using

ac 0( ) ,fσ ω ε ε=′ ′′ � (3)

where ω = 2πf is the angular frequency and ε0 is the permit-
tivity of free space.

3.  Results and Discussion

3.1. � Dielectric and electrical properties of uncured  
epoxy and hardener

Frequency-dependent dielectric constants (ε′) of Bisphenol 
A-epichlorhydrin (epoxy) and N(3-dimethylaminopropyl)-
1,3-propylenediamine (hardener) are represented in Fig. 1(a). 
The dielectric constant values of epoxy are almost frequen-
cy-independent over the frequency range of 1 kHz ≤ f ≤ 
0.2 MHz suggesting the absence of any relaxation mecha-
nism. Results can be attributed to lack of enough time for 
charges of epoxy to build up at the boundaries of conducting 
surface.36,37 Moreover, beyond this frequency range, i.e., for 
0.2 MHz ≤ f ≤ 2 MHz, ε′ values are found to decrease, which 
may be due to enhancement in the conduction mechanism of 
epoxy.17 Over the frequency range of 1 kHz ≤ f ≤ 0.3 MHz, the 
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dielectric constant values of hardener are higher than those of 
resin, whereas beyond this frequency range a contrary trend 
is observed. The dielectric constant of hardener exhibited 
higher values in the lower frequency region which indicates 
the higher polarity of hardener molecule than the resin.38 
With increase in the frequency, values of ε′ of the hardener 
are found to decrease indicating relaxation mechanism. 

Over the frequency range of 1 kHz–0.1 MHz, ε′ values 
of hardener decreased gradually and beyond this frequency 
range (i.e., 0.1 MHz ≤ f ≤ 2 MHz) these values decreased at 
a higher rate.

Frequency-dependent loss tangent (tan δ) spectra for epoxy 
and hardener are depicted in Fig. 1(b). The tan δ value of 
uncured epoxy up to around 0.1-MHz frequency is very small 
(around 0.004) and it starts increasing rapidly with increase 
in frequency above 0.1 MHz, suggesting a start of relaxation 
process which could be attributed to the ionic conduction.39 
On the contrary, loss tangent value of hardener is high (1 
at 1-kHz frequency) and decreases rapidly with the rise in 
frequency exhibiting minima at 35.565-kHz frequency, and 
then it increases exhibiting maxima at 0.75-MHz frequency. 
Observed high value of tan δ in the low-frequency region is 
observed and a relaxation peak at 0.75-MHz frequency is due 
to the dipolar relaxation mechanism. The corresponding dipo-
lar relaxation time is ~0.211 μs (τd = 1/2πfd).

The frequency dependence of AC conductivities (σ′ac) of 
epoxy and hardener is represented in Fig. 2. At lower frequen-
cies (up to 0.2 MHz for epoxy and up to 20 kHz for hardener), 
σ′ac exhibits a plateau region, which corresponds to the DC 
conductivity (σdc), while at higher frequencies, σ′ becomes 
strongly frequency-dependent and is found to increase with 
frequency indicating enhancement in the conduction mech-
anisms of epoxy and hardener.40 Determined values of DC 
conductivity for hardener and epoxy are 2.41  μS · m−1 and 
2.81 nS · m−1, respectively. Higher value of σdc of hardener 
than epoxy can be attributed to the lower value of viscos-
ity of hardener (35,000 cP at 298.15 K)41 than that of epoxy 
(50,000 cP at 298.15 K).42 Results are in agreement with the 
inverse proportionality relationship ( )1

dc ησ α  as observed by 
many researchers.30,43–46

3.2. � Dielectric and electrical properties of neat epoxy  
and nano-epoxy composites 

Frequency-dependent dielectric constant (ε′) and loss tangent 
(tan δ) spectra for neat epoxy and nano-epoxy composites 
consisting of 1 wt.% of SiO2, TiO2, Al2O3 and ZnO nano-
fillers over the frequency range of 1 kHz–2 MHz are shown in 
Figs. 3(a) and 3(b), respectively. It is observed from Fig. 3(a) 
that the values of dielectric constant for neat epoxy as well 
as various nano-epoxy composites decreased marginally with 
increase in the frequency. At lower frequency, the dipolar func-
tional groups of the neat epoxy are able to orient themselves, 
whereas at higher frequency the dipolar functional groups are 
unable to orient. So, orientation polarization in nano-epoxy 
composites is decreased, causing reduction in dielectric con-
stant values with increase in the frequency.17,47–50 Also, it is 
observed from Figs. 1(a) and 3(a) that at 1-kHz frequency, 
dielectric constant values of hardener, epoxy and neat epoxy 
are 16.51, 9.51 and 3.30, respectively. Reason for observed 
order [ε′ (neat epoxy) < ε′ (epoxy) < ε′ (hardener)] could be 
attributed to the formations of cross-linking networks during 
curing process, preventing orientation polarization of large 
molecule.

Fig. 1.    Frequency-dependent spectra of (a) dielectric constant (ε′) 
and (b) loss tangent (tan δ) for epoxy and hardener.

(a)

(b)

Fig. 2.    Frequency-dependent AC conductivity (σ′) values for 
epoxy resin and hardener. 
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As can be seen from Fig. 3(a), for nano-epoxy composites 
consisting of TiO2, Al2O3 and ZnO nano-fillers, the dielectric 
constant values are higher than those of neat epoxy compos-
ite, whereas for the nano-epoxy composite of SiO2 nano-
filler, the dielectric constant values are marginally lower than 
those of neat composite. Results confirmed that the introduc-
tion of nano-fillers has influenced the structural arrangement 
of neat epoxy resin through chemical bindings of the neat 
epoxy composite causing hindrance to the mobility of dipolar 
groups in neat epoxy.51 Reported values of static dielectric 
constant of SiO2, ZnO, Al2O3 and TiO2 nano-powders are 
4, 8, 10 and 90, respectively, at 300.15-K temperature.18,52 
Static dielectric constant of neat epoxy in this  investigation 
at the same temperature is 3.02. Therefore, it is expected that 
the dielectric constant of the nano-epoxy composites should 
be in the order of (TiO2 > Al2O3 > ZnO > SiO2). However, the 
observed dielectric constants of the nano-filler-loaded epoxy 
resin are in the order of ε′ (ZnO) > ε′ (Al2O3) > ε′ (TiO2) > 
ε′ (SiO2) (Fig. 4). This clearly suggests that the structure of 
epoxy resin changes drastically depending upon the type of 
nano-filler introduced in the polymer matrix of neat epoxy. 
This is mainly due to the constraint in the mobility of polymer 

chains in nano-epoxy composites due to the interaction pro-
cess between nano-filler surfaces and polymer chain.16 

From the frequency-dependent loss tangent (tan δ) spectra 
as shown in Fig. 3(b), it can be observed for SiO2- and Al2O3-
loaded nano-epoxy composites that the values of tan δ are 
somewhat increased with increase in the frequency which is 
identical to that of neat epoxy. Whereas in ZnO- and TiO2-
loaded nano-epoxy composites, the tan δ values show mar-
ginal but continuous decrease with increase in the frequency 
and are not identical to those of neat epoxy which may be due 
to the presence of a significant number of nano-fillers in the 
system which influences the electrical conductivity mecha-
nism in the nano-epoxy composite.16,44

Frequency-dependent AC conductivity (σ′ac) spectra for 
the neat epoxy and nano-epoxy composites are depicted in 
Fig. 5(a). Results indicate that the presence of TiO2, Al2O3 
and ZnO nano-fillers produces strong influence on the AC 
conductivity of neat epoxy, but it remains unaltered in the 
presence of SiO2 nano-filler. It has been observed from 
Fig. 5(a) that AC conductivity values are increased with an 
increase in frequency for all the epoxy composites. Increase 
in AC conductivity in higher frequency region indicates the 
presence of mobile charge carries which are sufficiently free 
to respond to the change in the applied electric field. The 
conductivity patterns demonstrated a frequency-independent 
plateau in the low-frequency region (1 kHz ≤ f ≤ 50 kHz) 
due to electrode polarization (EP) mechanism and exhibited 
dispersion at higher frequencies (50 kHz ≤ f ≤ 2 MHz).

For all prepared nano-epoxy composites, AC conduc-
tivity spectra obey the universal dynamic response (UDR) 
expressed by Jonscher’s power law illustrated in the follow-
ing equation53–55:

ac 0 ,nAfσ σ= +′ � (4)

where the constants A and n are pre-exponential factor and 
the fractional exponents, respectively, and σ0 corresponds to 

Fig. 3.    Frequency-dependent spectra of (a) dielectric constant (ε′) 
and (b) loss tangent (tan δ) for neat epoxy and nano-epoxy composites. 

(a)

(b)

Fig. 4.    Comparison of values of static dielectric constant (ε0) of 
neat epoxy, nano-epoxy composites and nano-fillers. 
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the frequency-independent plateau, usually identified as the 
DC conductivity of the material. Analyzing the plot of log(σ′) 
versus log(f) [Fig. 5(b)], where σ0 values are much less than 
those of σ′ac, Eq. (4) can be simplified as

ac .nAfσ =′ � (5)

Evaluated values of coefficient A and n by fitting the 
experimental points of Fig. 5(b) in Eq. (5) are reported in 
Table 1. Values of the fractional exponent (n) are less than 1, 
indicating that neat epoxy and nano-epoxy composites exhib-
ited random charge conducting paths across the polymer 
matrices that may or may not intersect each other.56

3.3.  FTIR spectroscopic characterization 

In order to understand the actual chemical changes, the 
nature of bonding and interaction mechanism between 
the nano-fillers and the neat epoxy material, the structural 
chemistry of nano-epoxy composites was examined through 

FTIR spectrometer. Results of the spectra (in terms of absor-
bance versus wave number) are represented in Fig. 6. The 
functional groups associated with neat epoxy and nano-ep-
oxy composites at the respective wave numbers are listed in 
Table 2. Absorption peak observed at 3300 cm−1, corresponds 
to the stretching vibrations of –OH (hydroxyl) functional 
group, which reveals the presence of water molecules on 
the surface of nano-fillers due to affinity of water molecules, 
present in atmosphere, with nano-fillers. Nano-fillers interact 
with water molecules via hydrogen bonding.57 These hydro-
gen bonds result in the formation of the strongly bonded pri-
mary nano-layer of epoxy resin at the interface region which 
may have influenced the electrical conductivity58 in nano-ep-
oxy composites as observed in the AC conductivity spectra. 
Absorption peaks observed at 1651 cm−1 corresponding to 
the bending vibrations of absorbed water molecules are an 
additional way to the formation of hydrogen bond between 
epoxy resin and nano-fillers.59 Around 1600–1650-cm−1 
wave numbers region, TiO2 and Al2O3 nano-filler-loaded 
epoxy composites showed low-intensity dual peaks in con-
trast to single peak of 1612 cm−1 in SiO2 nano-filler-loaded 
and 1651 cm−1 in ZnO nano-filler-loaded epoxy composites. 
This split is also observed in neat epoxy resin in the same 
region but it is broad compared to those of TiO2 and Al2O3 
nano-epoxy composites.60

Based on the FTIR and dielectric characterizations of neat 
epoxy, possible cross-linking chemical interaction/reaction 
between epoxy and hardener is expressed in Fig. 7. Primary 
amine will react with epoxide group and form secondary 
amine, which further reacted with epoxied group to form 
a tertiary amine. Later on, due to catalytic effect of tertiary 
amine, polyether is formed due to self-polymerization of 
epoxide group.61

3.4.  Mechanical properties characterization 

Hardness number of neat epoxy is compared with nano-epoxy 
composite loaded with SiO2, TiO2, ZnO and Al2O3 by 0.5, 1 
and 2 wt.% in Fig. 8(a). Anomalous behavior is observed in 
the hardness of neat epoxy composite when varying weight 
percentages of nano-fillers are doped into it, comparatively 

Fig. 5.    (a) Frequency-dependent AC conductivity (σ′) spectra and 
(b) plot of log(σ′) versus log(f) for verification of Jonscher’s power 
law.

(a)

(b)

Table 1.    Evaluated parameters of Jonscher’s power 
law for neat epoxy and nano-epoxy composites.

Nano-epoxy composites Fitting parameters

n A (×10–14)

Neat epoxy 0.9964 3.01

Neat epoxy + 1 wt.% of SiO2 0.9640 4.11

Neat epoxy + 1 wt.% of TiO2 0.9156 13.9

Neat epoxy + 1 wt.% of Al2O3 0.9243 15.9

Neat epoxy + 1 wt.% of ZnO 0.9347 20.7
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higher values of hardness for nano-epoxy composites (except 
0.5 wt.% and 2 wt.% of TiO2 nano-epoxy composites) than 
those of neat epoxy are observed which suggest uniform dis-
persion of nano-fillers into neat epoxy composites.62 Same 
type of increase in the hardness values of carbon nano-fiber 
epoxy composites was also observed by Bal.63 For ZnO 
nano-filler-loaded epoxy composites, the hardness values are 

increased gradually with the increase in the wt.% whereas 
in the case of TiO2, SiO2 and Al2O3 nano-epoxy composites, 
the hardness values change anomalously. It can be observed 
from the spectra that for SiO2 nano-epoxy composites, hard-
ness values are increased by 23%, 12% and 12% for 0.5, 1 
and 12 wt.%, respectively. For TiO2 nano-epoxy composite, 

Fig. 6.    FTIR spectroscopic results for neat epoxy and nano-epoxy composites.

Fig. 7.    Possible cross-linking chemical interaction between epoxy 
and hardener.

Table 2.    Wave numbers of FTIR peaks and the corresponding 
functional groups in neat epoxy and nano-epoxy composites.

Wave number (cm−1) Corresponding functional group

3300 O–H stretching vibration

2923 C–H bond stretch of –CH3 group

2856 C–H bond stretch of –CH2– group

1651 O–H bending vibration

1612 N–H bending of primary amine of –NH2 group

1517, 1466 Ar–C=C–H stretching

1249 Asymmetrical aromatic –C–O– stretch

1187 Asymmetrical aliphatic –C–O– stretch

1042 Stretching –C–O–C– of ethers

836 Stretching –C–O–C– of epoxide group

772 Rocking of –CH2
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we observed 3% increment in the hardness for 1 wt.%, while 
for the 0.5 wt.% and 2 wt.% of nano-fillers decrements in 
hardness value by 6% and 1% were observed, respectively. 
For ZnO nano-filler-loaded epoxy composites, 7%, 15% and 
16% increases in the hardness value are observed for 0.5, 
1 and 2 wt.%, respectively. Addition of 0.5, 1 and 2 wt.% 
of Al2O3 nano-filler into neat epoxy led to about 12%, 23% 
and 10% increases in the hardness, respectively. Measured 
values of shear strength of neat epoxy are compared with 
nano-epoxy composites in Fig. 8(b). Anomalous behavior 
is also observed in shear strength value of neat epoxy com-
posite when varying wt.% of nano-fillers are doped into it. 
Shear strength of neat epoxy is increased by 67%, 51% and 
41% when 0.5-, 1- and 2-wt.% SiO2 nano-fillers are doped 
into it, respectively. While the addition of 0.5, 1 and 2 wt.% 
of TiO2 nano-fillers into neat epoxy composites resulted in 
the decrements of 27%, 31% and 28% in the shear strength. 
For ZnO nano-epoxy composites, shear strength is increased 
by 55% for 0.5 wt.%, whereas decrements of 15% and 32% 
are observed for 1 wt.% and 2 wt.%, respectively. However, 
the addition of 0.5 wt.% and 1  wt.% of Al2O3 nano-filler 

into neat epoxy results in 26% and 27% increments in the 
shear strength, respectively, and 26% decrement in the shear 
strength is observed for 2 wt.% of Al2O3 nano-filler doped 
into neat epoxy. It can be concluded from Figs. 8(a) and 8(b) 
that the mechanical properties such as hardness and shear 
strength of neat epoxy composite is dependent on the type 
of the nano-filler and also on the amount of nano-filler doped 
into it.

Results of hardness and shear strength confirmed their 
dependence on the bulk internal structure and the surface 
properties of the nano-fillers, respectively. This can be 
attributed to microstructural bonds between neat epoxy and 
nano-fillers which endure the applied force instead of the 
base matrix.20,64–68

3.5.  XRD analysis 

XRD spectra of intensity versus angle of diffraction of SiO2, 
TiO2, Al2O3 and ZnO nano-fillers are shown in Fig. 9. It can 
be observed from the spectra that SiO2 nano-filler exhibited 
broad hump near 2θ = 21.8° whereas sharp diffraction peak 
is absent in the XRD spectra of SiO2 nano-filler which con-
firms the amorphous nature of SiO2 nano-filler.69–74 For TiO2 
nano-filler, XRD spectra exhibited characteristic peaks at the 

Fig. 8.    Comparison of (a) hardness and (b) shear strength of neat 
epoxy and nano-epoxy composites.

(a)

(b)

Fig. 9.    XRD plot of intensity versus angle of diffraction of 
nano-fillers.
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angles of 25.2°, 37.7°, 38.4°, 47.9°, 53.9°, 55.0°, 62.8°  and 
68.7° corresponding to  TiO2 anatase phase which are in good 
agreement with the standard spectrum of TiO2-JCPDS PDF 
No. 21-1272.69,75–78 The XRD pattern of Al2O3 nano-filler 
exhibited intensity peaks at 2θ angles of 19.6°, 25.5°, 31.2°, 
32.7°, 35.1°, 36.7°,  37.7°, 38.9°, 39.8°, 41.6°, 43.3°, 44.7°, 
47.6°, 50.7°, 51.4°, 52.5°, 57.4°, 59.7°, 61.1°, 61.2°, 63.8°, 
66.4°, 67.4° and 68.1°, which are in good agreement with the 
reference XRD pattern of Al2O3 (JCPDS File 42-1468) and 
with other works in the literature.79–82 Moreover, XRD pat-
tern of ZnO nano-filler exhibited several diffraction peaks at 
angles of 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°, 66.4°, 66.4°, 
67.9° and 69° which are in good match with the reference 
XRD pattern of ZnO-JCPDS PDF No. 01-089-0510.83–86 On 
successful matching of the observed characteristic peaks for 
the nano-fillers with their respective JCPDS [Joint Committee 
on Powder Diffraction Standard, presently known as the 
International Centre for Diffraction Data (ICDD)] data as well 
as by using Scherrer formula, we assure that the fillers have 
dimensions in the nm range and also conclude that the aver-
age particle sizes of SiO2, TiO2, Al2O3 and ZnO nano-fillers 
are found to be around 20, 30, 50 and 30 nm, respectively.69,87 

Figure 10 depicts XRD patterns of the neat epoxy and 
SiO2, TiO2, Al2O3 and ZnO nano-epoxy composites. In 

the XRD spectra of neat epoxy, the existence of two broad 
peaks is revealed at the angles 18.3° and 42.6° attributed 
to C5H9NO2 and C12H12N2, respectively, which are basi-
cally organic components of neat epoxy. This confirms the 
cross-linked network between epoxy and hardener and also 
the amorphous nature of neat epoxy.88–91 It can be seen from 
the figure that all nano-composites showed same XRD trend 
similar to that of neat epoxy. All characteristic peaks of 
TiO2, ZnO and Al2O3 nano-fillers are not recorded in their 
respective nano-epoxy composite XRD patterns, however, 
several characteristic peaks were recorded at the same dif-
fraction angle but with different peak intensities, i.e., in TiO2 
nano-epoxy composite one peak at an angle 2θ = 25.2°, in 
Al2O3 epoxy nano-composite three peaks at the angles 2θ = 
44.7°, 57.4° and 67.4°, while in ZnO epoxy nano-composite 
three peaks at the angles 2θ = 31.7°, 34.4° and 36.2°. 

The enlarged views of XRD patterns of TiO2, Al2O3 and 
ZnO nano-filler and nano-epoxy composites are shown in 
Figs. 11–13, respectively. It is clearly observed from compar-
ison of Fig. 9 and Figs. 11–13 that in epoxy nano-composite 
all subsequent peaks are at their respective 2θ locations but 
intensities of their respective peaks are quite small in nano-ep-
oxy composite. This decrease in intensity is expected as small 
amount of nano-filler was added in neat epoxy.69,88,89,92,93 
Presence of these peaks without change in position in epoxy 

Fig. 10.    XRD plot of intensity versus angle of diffraction of neat 
epoxy and nano-epoxy composites.

Fig. 11.    Enlarged view plot of intensity versus angle of diffraction 
of TiO2 nano-filler.
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nano-composite confirms the homogenous and cluster-free 
dispersion of nano-filler in the entire epoxy matrix.91

4.  Conclusions 

Study of dielectric, electrical and mechanical properties of 
epoxy, hardener and inorganic nano-filler-loaded epoxy com-
posites is carried out in this work at a constant temperature 
of 300.15 K. The dipolar relaxation process was observed in 
hardener, while no such relaxation was found in epoxy over 
the frequency range of measurement. Larger value of con-
ductivity of hardener is found compared to epoxy, exhibiting 
the inverse relationship of DC conductivity with viscosity. 
Effects of adding 1-wt.% inorganic nano-fillers on the dielec-
tric and electrical properties of neat epoxy composites are 
observed. Nonlinear variation in the static dielectric constant 
of neat epoxy composites due to doping of different inorganic 
nano-fillers can be attributed to the constraint in the mobility 
of polymer chains as well as the interaction between nano-
filler surfaces and the polymer chain. Moreover, the struc-
tural characterization of inorganic nano-filler-loaded epoxy 
composite is carried out using FTIR technique. Change in 
the chemical structure of neat epoxy composite due to inclu-
sion of inorganic nano-filler is observed from the absorption 

peaks, and a possible interaction between epoxy and hard-
ener is also proposed. FTIR spectra of nano-epoxy compos-
ites exhibited the formation of hydrogen bond between epoxy 
resin and nano-fillers via hydroxyl group of water molecules 
present in atmosphere. Evident effect of adding nano-fillers 
of varying wt.% on the mechanical properties of epoxy com-
posites is observed in terms of anomalous variations in the 
shear strength and hardness. Results can be attributed to the 
bulk internal structure and the surface properties of nano-
fillers. Average particle sizes of SiO2, TiO2, Al2O3 and ZnO 
nano-fillers have been determined from XRD traces which 
are found to be 20, 30, 50 and 30 nm, respectively. Moreover, 
in the XRD traces, characteristic peaks of nano-fillers were 
also observed in the corresponding nano-epoxy composite 
at the same 2θ positions with reduced intensity suggesting 
cluster-free dispersion of nano-filler in the epoxy composites.
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