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Abstract
In an effort towards the optimization of materials for industrial application, composite technology has been identified 
to provide an effective way to improve the performance of insulating materials used in power system applications. 
Clay and synthesized metal oxide micro- and nanoparticles have been used as fillers in host polymer materials. In this 
study, the focus is on the development of composite polymeric insulation using particles from animal shell waste for 
use in electrical and electronic power systems. Epoxy composite samples were prepared with waste chicken eggshell 
powder and titanium oxide  (TiO2) nanoparticles, respectively. Mechanical (tensile strength) and dielectric properties 
were studied, and high-voltage AC was used to evaluate the variation in electrical conductance with percentage com-
position of the filler particles in the epoxy polymer matrix. This was done by monitoring the leakage current through 
the epoxy polymer composites under high-voltage stresses in the range of 0.5–5 kV. The two polymer composites’ type 
has comparable loss tangent, but the eggshell powder-filled polymer samples displayed higher dielectric constant and 
lower electrical conductance at high voltage compared with the  TiO2 nanoparticle-filled polymer composite samples. 
While the minimum conductance of 2.68 × 10−9 S was obtained from the epoxy composite sample with 3 wt% eggshell 
particle loading, epoxy nanocomposite displayed a minimum conductance of 4.06 × 10−9 S with 2 wt% titanium oxide 
loading. This is an indication that polymer composite with the eggshell particles may produce polymeric insulation that 
could be more resistant to leakage current.
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1 Introduction

Polymeric materials are among the most important com-
ponents of electrical insulation, and epoxy family occupies 
a very important position. Epoxies are a class of thermoset 
materials used extensively in structural and specialty com-
posite applications because they offer a unique combina-
tion of properties when compared with other thermoset 
resins. They are available in a wide variety of physical forms 
with different viscosity and can be processed to a wide 
range of geometries and application. Epoxies offer high 
strength, low shrinkage, excellent adhesion to various 
substrates for effective electrical insulation, chemical and 
solvent resistance, low cost and low toxicity. They are easily 

cured with a broad range of chemical species without the 
evolution of volatiles or by-products. Epoxy resins are also 
chemically compatible with most substrates and tend to 
wet surfaces easily, making them especially well-suited to 
composite application [1].

Epoxy-insulated devices are widely used in low- and 
medium-voltage components such as bus support insula-
tors, enclosures for protective devices, fuse cut-outs, cable 
accessories, bushing and power module encapsulation. 
They have several advantages over conventional porcelain. 
They are lighter and non-brittle, do not break easily, are 
easy to handle and can be cast into various shapes. Their 
use eliminates the need for oil and maintenance issue that 
may arise from oil leakage [2, 3].
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Meanwhile, the need for improved polymeric insula-
tion brings about the idea of composite dielectrics. This 
involves the addition of fillers (micro-/nanosized) in die-
lectric materials to create composite materials. Composite 
materials are generally defined as a multiphase material in 
which the phase distribution and geometry are controlled 
in order to optimize one or more properties [4]. The inten-
tion of producing composite material is to make a material 
that combines the best properties. Several papers have 
reported progress made in the dispersion of additives 
(fillers) at low loading in polymers to produce composite 
dielectric materials [5].

Dielectric studies of epoxy polymer filled with micro- 
and nanoparticle show that the dispersion of nanoparticle 
in epoxy polymer matrix results in increased or reduced 
dielectric loss. Different types of particles have been 
used as fillers in the epoxy-based polymer composite. 
These include silica, carbon nanotubes, oxides of met-
als, graphene oxide, barium ferrite and clay [6–11]. Earlier 
work revealed that polymer micro- and nanocomposite 
materials have quite different dielectric behaviour. The 
microcomposite was reported to exhibit dielectric loss 
(loss tangent) that increases with frequency without any 
noticeable strong dispersion in the mid-frequency range 
 (102–105 Hz). The nanocomposite on the other hand pro-
duced a loss tangent data that increased monotonically 
without any peaks at low frequency  (10−3–10 Hz). This 
was reported to be an indication of relaxation processes 
involved in nanocomposites [12]. Singa et al. reported 
that dispersion of  TiO2 microparticles in epoxy produced 
a composite material with relative permittivity and loss 
tangent (dielectric loss) that is higher than that of unfilled 
epoxy. The addition of  TiO2 and ZnO nanoparticles in 
epoxy at low loading produced nanocomposite polymer 
with lower relative permittivity and loss tangent (tan δ). 
They were found to have improved the dielectric and 
mechanical strength of the polymeric insulation. Epoxy 
nanocomposite systems with inorganic oxide fillers dis-
played some advantageous dielectric behaviours at low 
nanofiller loadings. The permittivity and tan δ of the nano-
composites were found to be lower than that of microcom-
posites as well as unfilled systems (for few filler loadings) 
[13–15]. Nanofilled epoxy matrix was reported to have 
activation energy that suggested that the nanoparticles 
restrict chain movement. An observed increase in the real 
permittivity of microcomposite with decreasing frequency 
was reported to be associated with the microparticles due 
to Maxwell–Wagner interfacial polarization [16]. There is 
an indication that polymer composite with nanoparticles 
could produce a material with lower dielectric loss. Appli-
cation of high field in polymeric insulation materials often 
lead to partial discharge, and continuous partial discharge 
activities could lead to the complete breakdown of the 

system. In evaluating the breakdown strength of nano- 
and micro-epoxy composite materials, a short-term elec-
tric field strength measurement of the neat epoxy, as well 
as the micro- and nanocomposites as a function of filler 
loading under DC conditions, shows that the nanocom-
posite displayed a better breakdown property. The epoxy 
nanocomposite displayed better breakdown strength at 
certain filler loading beyond which degradation sets in [9, 
17].

While a number of metal oxide particles have been 
studied as filler for polymer composite, nanoparticles from 
clay were also considered as filler for epoxy polymer-based 
matrix. Aside from clay, there are other naturally occur-
ring resources such as animal shells and eggshells that can 
serve as cheap resources as fillers for polymeric insulation. 
Animal shells have been identified as cheap sources to 
synthesize micro-/nanoparticles for industrial application 
[18]. Eggshells, a waste animal product with similar charac-
teristics with calcite  (CaCO3), are among the cheap natural 
resources with composite metal oxides that can serve as 
filler for polymer composites. Its chemical composition 
consists of 76.99 wt% of CaO, 21.13 wt% of C and traces of 
 Na2O, MgO,  P2O5,  SO3,  Fe2O3, etc. [19, 20]. It is a biodegrad-
able material. It has also been suggested as a potential 
source of filler [19]. There were reports that it has been 
used to improve the mechanical strength of polymer com-
posites. Pure calcium oxide and nanohydroxyapatite have 
been produced from waste eggshell to prepare polymer 
composite. The polymer composite was reported to have 
exhibited improved thermal and mechanical properties 
[21]. Meanwhile, there is no much available information 
on the dielectric and high-voltage insulation behaviour 
of eggshell powder-filled polymeric insulation. The idea 
behind this work is to produce fine powder from properly 
cleaned eggshell (animal waste) and study its influence on 
the mechanical, thermal and dielectric properties of the 
epoxy polymer in comparison. The result will be compared 
with data obtained from epoxy composite filled with  TiO2 
nanoparticle, a particle that has been studied extensively 
as filler for polymeric insulation.

2  Materials and methods

2.1  Sample preparation

Chicken eggshells were collected from cafeteria within 
Ahmadu Bello University Zaria, Nigeria. The samples 
were washed with water, removing the white membrane 
inside the eggshells and then left to dry. Subsequently, the 
eggshells were washed with acetone and methanol after 
which it was also left to dry. The eggshells were ground 
into powder with a ball milling machine and then sieved 
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with a 75-µm mesh sieve. Anatase titanium oxide nano-
particle of size 10–30 nm was obtained from Sky Spring 
Nanomaterials, USA. The surface morphology of the egg-
shell powder and  TiO2 nanoparticles was studied using 
Phenom ProX Desktop scanning electron microscope 
(SEM) equipped with an energy-dispersive spectroscopy 
system. Agilent Cary 630 FTIR machine was used to iden-
tify the chemical constituents in the compound from the 
characteristic frequencies on the spectra.

The epoxy polymer was prepared from epoxy resin and 
hardener. West System 105 Epoxy Resin and 207 Special 
Clear Hardener were mixed in the ratio 3:1, respectively. 
First, the epoxy resin and the hardener were mixed using 
a magnetic stirrer for 3 min for each composition. The 
epoxy resin and the hardener were thoroughly mixed 
together for another 3 min at 27 °C in a mixing cup. The 
epoxy was then placed in a vacuum oven for degassing. 
The degassed mixed liquid was transferred to the mould 
to produce a neat epoxy sheet of about 2 mm thick. The 
polymer composite was prepared by adding 1 wt%, 2 wt%, 
3 wt%, 4 wt% and 5 wt% of  TiO2 nanoparticles and egg-
shell powder to the epoxy resin, and flat sheets of a poly-
mer composite of about 2 mm thick were produced with 
the mould. The prepared samples are described in Table 1, 
and a picture of some of the samples is shown in Fig. 1.

2.2  Surface morphology and dispersion of eggshell 
powder in polymer composites

The microstructure of the polymer samples was studied 
using Phenom ProX Desktop scanning electron micro-
scope (SEM) equipped with an energy-dispersive spec-
troscopy system. The samples were held on the sample 
holder using a double-sided carbon tape before putting 
them inside the sample chamber, and SEM was operated 
at an accelerating voltage of 15 kV, and the image was 
recorded.

2.3  Tensile test

The tensile test was performed using the Monsanto Motor-
ized Automatic Recording Tensometer, type ‘W’ with serial 
number 9875. The machine has two jaw clamps. The test 

sample in dumb-bell shape was positioned on the jaws, 
and the clamp was used to grip the test sample. The wheel 
attached to the clamp was turned to increase the tension 
on the test sample until the sample breaks. The graph 
obtained from the test is analysed, and the obtained maxi-
mum force and cross-sectional area of the sample were 
used to calculate the sample’s tensile strength (in MPa).

2.4  Thermal conductivity test

The thermal conductivity of the polymer samples was 
determined using Searle’s method. The set-up was initially 
used to determine the thermal conductivity of materials 
with known thermal conductivity. The polymer samples 
were, respectively, placed in the sample chamber and 
heated at one end by the means of an electrical power 
supply. Water was made to flow through the apparatus, 
and it entered the tube at the end of the steam chamber 
and leaves at the end nearer to it. The power supply was 
switched on when the water was flowing, and the input 
current and voltage were recorded. The water starts to get 
hotter until a constant temperature difference is reached, 
and the water flow was adjusted so that the temperature 
difference is about 5 °C. Thermometers θ1 and θ2 placed 
where water was coming in and out were used to measure 
the temperatures of the outlet and inlet water. The tem-
peratures θ1 and θ2 were recorded. The experiment was 
repeated three times for each sample to determine the 

Table 1  Samples description Epoxy–titanium oxide nanocomposite Epoxy–eggshell powder composite

Code Sample description Code Sample description

ETiONC1 Epoxy + 1%  TiO2 nanoparticle EESMC1 Epoxy + 1% eggshell powder
ETiONC2 Epoxy + 2%  TiO2 nanoparticle EESMC2 Epoxy + 2% eggshell powder
ETiONC3 Epoxy + 3%  TiO2 nanoparticle EESMC3 Epoxy + 3% eggshell powder
ETiONC4 Epoxy + 4%  TiO2 nanoparticle EESMC4 Epoxy + 4% eggshell powder
ETiONC5 Epoxy + 5%  TiO2 nanoparticle EESMC5 Epoxy + 5% eggshell powder

Fig. 1  Prepared samples in a circular (for electrical test) and dumb-
bell shapes (for mechanical test)
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average value of the thermal conductivity of the samples 
[22].

2.5  Dielectric analysis

The dielectric properties of the samples were studied using 
Rhode & Schwarz HM8118 programmable LCR Bridge, and 
a two-electrode test cell is shown in Fig. 2. The experimen-
tal set-up has a measurement accuracy of 0.05%. Samples 
in circular shape were placed in the test cell connected to 
the LCR Bridge and 2 V applied. The capacitance and the 
loss tangent values were recorded within the frequency 
range of 20 Hz to 60 kHz. The relative permittivity (real 
part) of the samples was calculated using the expression:

where Co = capacitance of the test cell in the air which is 
expressed as Co = εoA/d, where εo is the permittivity of vac-
uum (~ air), A = area and d = distance. And, C is the capaci-
tance when the sample is placed between electrodes of 
the test cell [23].

2.6  High‑voltage leakage current measurement

The test set-up put up for this work is shown in Fig. 3. The 
high-voltage supply is generated with REK RK2672AM 
high-voltage AC source. The RMS value of the applied volt-
age from the AC source was monitored with a multimeter 
and a high-voltage probe (1:1000 V). A current limiting 
resistor, R1, was connected in series with the test cell to 
avoid high peak current if a breakdown should occur. A 
protective resistor R2 was placed between the test cell and 
the measuring instrument to prevent excessive current 
getting to the measuring instrument should a breakdown 
occur. And R3 served as the measuring resistor. High volt-
ages in the range of 0–5 kV were applied at an interval of 
0.5 kV on the test sample, and conduction current from the 
sample was recorded with the data acquisition system. The 

(1)�
� = C∕Co,

applied electric field was evaluated using the thickness of 
the sample.

3  Results and discussion

The scanning electron microscopy (SEM) image of the 
eggshell powder particles and  TiO2 nanoparticles from 
Phenom ProX Desktop scanning electron microscope 
(SEM) equipped with an energy-dispersive spectroscopy 
system is shown in Fig. 4. Figure 4a shows the microstruc-
ture of the eggshell powder, while Fig. 1b shows the micro-
structure of TiO-2 nanoparticle obtained from Sky Spring 
Nanomaterials, USA. The micrograph of eggshell powder 
(Fig. 4a) revealed a surface of random-sized particles. The 
particles’ average size was determined from the micro-
photograph. The eggshell powder has a range of particle 
size distribution. There are particles within the range of 
0.5–5 μm, there are another set of particle sizes within the 
range of 10 μm, and there are other set of larger particles 
with sizes within 30–50 μm.

Agilent Cary 630 FTIR machine was used to identify the 
chemical constituents in the compound from the charac-
teristic frequencies on the spectra. Figure 5 shows the FTIR 
spectra of the eggshell powder in the absorbance mode. 
The obtained spectra are similar to what was reported 
in an earlier publication, an indication that the chemical 
composition of eggshells is reproducible [24]. The weak 
band at 1796.6 cm−1 is assigned to C=O bonds from car-
bonate. There appeared two well-defined infrared peaks 
at 1408.9 and 872.2 cm−1 which is attributed to the charac-
teristic C–O stretching and bending modes of calcium car-
bonate, respectively. The sharp peak at 711.9 cm−1 which 
appeared at the fingerprint region is related to Ca–O 
bonds. The peak at 1796.6 cm−1 is among the common 

Fig. 2  Dielectric measurement test set-up

Fig. 3  Schematic diagram of the high-voltage experimental set-up
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characteristic features of the carbonate ions in calcium 
carbonate [25, 26].

Figure  6 shows the microstructure from the scan-
ning electron microscope (SEM) of some of the polymer 
samples. Figure 6a reveals the image of the neat epoxy 
polymer. The image did not display any trace of voids in 
the polymer. The issues of agglomeration/aggregation of 
micro- and nanoparticles in the polymer matrix are found 
in most methods used in the preparation of polymer com-
posites. It became necessary to ascertain the state of the 
fillers in the composites. Figure 6b, c shows the image of 
the polymer composites with 2 wt% eggshell powder 
and  TiO2 nanoparticles, respectively. The images show a 
homogeneously dispersed bright dot, an indication that 
the particles are well dispersed in the base polymer. Fig-
ure 6b shows the SEM image of dispersed eggshell pow-
der in epoxy with an average size of 200 nm and a larger 
particle or an agglomeration of the size 12 μm. Figure 6c 
shows the SEM image of  TiO2 nanoparticles in epoxy with 

a number of agglomerations of the nanoparticles of an 
average size of 1 μm.

The tensile test results for the eggshell–epoxy and 
 TiO2–epoxy composites samples are shown in Fig. 7. The 
tensile strength of the neat (unreinforced) epoxy sample 
was found to be about 22.23 MPa. The tensile strength of 
the epoxy composite with  TiO2 nanoparticle increased 
rapidly to 37.67 MPa with the addition of nanoparticles 
up to 2  wt%. Further increase in the concentration of 
nanoparticle led to a decrease in the tensile strength of 
the composite. The addition of 3 wt% produced a tensile 
strength of 13.7 MPa. Beyond 2 wt%, the material may 
have become brittle and resulted in failure with lesser ten-
sion. Meanwhile, the tensile strength of the epoxy com-
posite with eggshell powder increased steadily with the 
addition of nanoparticles up to 4 wt%. 2 wt% and 3 wt% 
of the powder produced tensile strength of 22.93 MPa and 
24.13 MPa, respectively. And an increase in the percent-
age concentration of the microparticle powder to 5 wt% 

Fig. 4  SEM microstructure: a 
eggshell powder, b  TiO2 nano-
particles

Fig. 5  FTIR spectra of eggshell powder
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led to a decrease in the tensile strength of the composite. 
The tensile strength of the 1 wt% filled  TiO2 nanocompos-
ite was higher than the sample filled with 1 wt% eggshell 
microparticle. The dispersion of 2 wt% shows a similar 
increase. But increasing the concentration of the fillers to 
3 wt% resulted in a drop in the tensile strength of  TiO2 
nanocomposite, while eggshell microcomposite contin-
ued its steady increase.

While the epoxy–TiO2 composite has the maximum 
tensile strength of 37.67 MPa with 2 wt%  TiO2 nanopar-
ticle, the epoxy–eggshell composite has a maximum 
tensile strength of 26.76 MPa with 4% eggshell micropar-
ticles. Nanoparticles were said to favour the initiation of 

nanovoids leading to stress concentration in the adjacent 
matrix strands [27], thus leading to plastic yielding and 
fibrillation of the polymer matrix. The easy debonding of 
particles from the polymer matrix was reported to gener-
ate easy cavitation during mechanical loading. This results 
in the reduction in the effective stress for crazing. This phe-
nomenon sometimes refers to as ‘nanoparticle modulated 
craze’ acts as a source of additional toughness enhance-
ment to the polymer composite. This is likely responsible 
for the significant improvement on the tensile strength 
of the polymer composite sample with 2 wt%  TiO2 nano-
particles. Meanwhile, the size of the voids inside the cavi-
tated/fibrillated craze structure depends on the size of the 

Fig. 6  SEM images: a neat epoxy, b epoxy + 2 wt% eggshell powder and c epoxy + 2 wt%  TiO2 nanoparticle

Fig. 7  Tensile strength of the 
epoxy composites
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nanoparticles or the agglomerates [27]. Increasing the 
content of the nanoparticle led to more particle agglom-
eration. The larger agglomerates tend to initiate voids that 
act as crack nuclei. Rapid crack propagation may produce 
brittle behaviour. Nanoparticle agglomeration may have 
resulted in the drop in the tensile strength of the polymer 
composite with the addition of 3 wt% of  TiO2 as shown in 
Fig. 7. On the other hand, a gradual increase was observed 
on the tensile strength of the polymer composites with 
eggshell powder but with values lower than the tensile 
strength of the composites with  TiO2. The density of CaO 
which is the dominant component of the eggshell powder 
is lower than the density of  TiO2. This implies that the num-
ber of particles in the eggshell powder is lower than the 
number of  TiO2 nanoparticles in the respective measured 
weight per cent. The particle size of the eggshell pow-
der is bigger than that of  TiO2 nanoparticles; as a result, 
larger voids may have been initiated. The resulting reduc-
tion in the effective stress for crazing is lower compared 
with that of nanoparticle and provides lower toughness 
enhancement to the polymer composite. This toughness 
enhancement provided by the number of particles and 
the initiated larger voids increases up till the addition of 
4 wt% eggshell powder. The addition of 5 wt% may have 
resulted in large agglomerates that initiated voids that act 
as crack nuclei, and the resulting brittle behaviour through 
rapid crack propagation produced the recorded lower ten-
sile strength. These results suggest that epoxy with tita-
nium oxide will produce a polymer composite with better 
mechanical strength compared with the eggshell powder.

The plot of thermal conductivity of the samples with 
various contents of the powders is shown in Fig. 8. The 

thermal conductivity of the neat epoxy is comparable to 
the literature values [28]. The dispersion of the powders 
shows an increase in thermal conductivity of epoxy. The 
thermal conductivity increased with an increase in per-
centage composition of the powder. The thermal con-
ductivity of the epoxy filled with 3 wt%, 4 wt% and 5 wt% 
eggshell powder displayed higher thermal conductivity 
compared with that of the  TiO2-filled epoxy. This may be 
linked to the higher thermal conductivity of CaO which 
has the highest composition in eggshell.

The relative permittivity and dielectric loss (loss tan-
gent) of the samples measured were within the frequency 
range of 20 Hz to 60 kHz as shown in Figs. 9 and 10. The 
relative permittivity was calculated from the measured 
capacitance using Eq.  1. The relative permittivity was 
generally observed to decrease with increase in frequency 
within the studied frequency range as shown in Fig. 9. But 
the loss tangent of all the samples decreases with increas-
ing frequency between 20 and 200 Hz with a slope of 
about − 1 on a log–log plot. But the loss tangent remained 
nearly constant for all the samples in the frequency range 
of 200 Hz to 60 kHz as shown in Fig. 10. Generally, the addi-
tion of fillers resulted in an increase in the dielectric con-
stant (relative permittivity) with an increase in filler con-
centration. The dielectric constant increased continuously 
with an increase in filler concentration. Dielectric constant 
of the eggshell-filled epoxy composite samples has rela-
tively higher values compared with those of the  TiO2-filled 
epoxy composite samples. Addition of 1 wt% and 2 wt% 
 TiO2 filler to the base epoxy polymer resulted in a reduced 
dielectric loss with the 2 wt%  TiO2 particle-incorporated 
polymer composite having the least loss. Further addition 

Fig. 8  Thermal conductivity of 
epoxy composites with various 
eggshell powder and  TiO2 
contents
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of 3 wt%, 4 wt% and 5 wt%  TiO2 nanosize filler concentra-
tions resulted in greater loss higher than that of the host 
polymer.

On the other hand, there was observed steady decrease 
in loss tangent with the addition of 1 wt%, 2 wt% and 
3 wt% eggshell particles to the host epoxy polymer with 
the 3 wt% eggshell particles-incorporated polymer com-
posite having the least dielectric loss. However, the addi-
tion of 4 wt% and 5 wt% eggshell particles to the host 
polymer resulted in increased dielectric loss. The measured 
dielectric constant for the neat epoxy at 1 kHz falls within 
the values published by Epoxy Technology, Inc [29]. Fre-
quency of 1 kHz was chosen to have a good comparison 
with the values published by Epoxy Technology which was 

done at 1 kHz. The measured values were also found to be 
relatively constant within the vicinity of 1 kHz. The neat 
epoxy has a dielectric constant of 4.30 and loss tangent of 
0.019 measured at 1 kHz. The addition of fillers produced 
an increase in the dielectric constant and a decrease in 
loss tangent (tan δ). The loss tangent of the composite 
with  TiO2 nanoparticles reduced to 0.0148 with 2 wt% 
concentration of the filler after which the loss tangent 
began to increase. On the other hand, the loss tangent of 
the composite with eggshell powder measured at 1 kHz 
reduced to 0.0153 with 3 wt% concentration of the filler 
after which the loss tangent began to increase. The per-
mittivity of the composites was observed to be increas-
ing at low frequencies. An out-of-phase dipole moment 

Fig. 9  Semi-log plot of real 
relative permittivity versus fre-
quencies from 20 Hz to 60 kHz 
for a epoxy–TiO2 composite, 
b epoxy–eggshell powder 
composite

Fig. 10  Semi-log plot of loss 
tangent versus frequencies 
from 20 Hz to 60 kHz for a 
epoxy–TiO2 composite, b 
epoxy–eggshell powder 
composite
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developed by the charges accumulated at the particles’ 
poles was suggested to be responsible for the behaviour 
with values that is substantially greater than the derived 
values from a Maxwell–Wagner theory alone [30]. It may 
have also been due to favourable mitigation and relaxa-
tion of the internal charge as a result of the limited con-
duction associated with the interaction zones [15].

While the loss tangent of the two composites has com-
parable lowest values at 1 kHz as shown in Fig. 11b, the 
higher dielectric constant of the composites with eggshell 
powder as shown in Fig. 11a gives it an advantage over 
the composite with titanium oxide. The loss tangent of 
microcomposites was reported to be higher than the loss 
tangent of the neat polymer from previous work [15]. The 
decrease in the loss tangent of the epoxy microcomposite 
with eggshell may be linked to the elemental composition 
of eggshell powder.

Bulk electrical conductivity, σ(ω), in the composites is 
related to tan δ with the following relation [23]: 

where σ0 is the DC conductivity, ω is the angular fre-
quency, ε0 is the permittivity of vacuum and εr

′ is the rela-
tive permittivity of the sample. This evaluates the total loss 
in the dielectric which is visualized as a combination of DC 
conductivity and loss due to polarization which is linked 
to tan δ (loss tangent). The tan δ values of the composites 
indicate that the eggshell microcomposite has compara-
ble bulk conductivities with the nanocomposite at 3 wt% 
and 2 wt%, respectively.

The ultimate effect of conduction current process in 
insulation materials is an electrical breakdown. There-
fore, understanding the behaviour of the conduction 
current at high voltage is very important. AC voltage was 

(2)�(�) = �0 + ��0�
�
r
(�) tan �,

applied to the solid sample, and the current was meas-
ured after 1 min. The voltage was increased in a stepwise 
of 500 V, and the measurement process was repeated. 
The applied AC voltages versus the DC conduction cur-
rent measurement results for epoxy/TiO2 polymer nano-
composite and epoxy/eggshell polymer microcomposite 
are shown in Figs. 12 and 13, respectively.

The characteristic curves for all the samples illustrate 
that the AC leakage current increases approximately 
linearly with the applied voltage. This is an indication 
of an ohmic relationship within the voltage range stud-
ied. For the composite system, the conduction current 
is most likely due to charge hopping in the polymer and 
increases linearly with the applied voltage for the volt-
age range studied.

Since the leakage current through the samples dis-
played a nearly linear relation with the applied voltage, 
the electrical conductance of the samples was evaluated 
using the slope of the plots (i.e. by taking the inverse 
of the slope). The conductance was plotted against 
weight per cent of filler content in the samples. Both 
epoxy–TiO2 and epoxy–eggshell polymer composites 
displayed a decrease in electrical conductance with 
increasing filler concentration to a certain level after 
which the electrical conductance began to increase 
with further increase in filler concentration as shown 
in Fig. 14. Epoxy–TiO2 nanocomposite gave minimum 
conductance of 4.0532 × 10−9 S with 2 wt%  TiO2 nano-
particle. Meanwhile, the epoxy–eggshell powder com-
posite gave minimum conductance of 2.6784 × 10−9 S 
with 3 wt% eggshell particles. The minimum electrical 
conductance of the eggshell powder polymer compos-
ite is lower than that of  TiO2 polymer composite. This 
suggests that epoxy polymer reinforced with eggshell 

Fig. 11  a Dielectric constant against weight per cent of filler in polymer samples, b loss tangent against weight per cent of filler in polymer 
samples
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particles produced better electrical insulating material 
than epoxy polymer reinforced with  TiO2 nanoparticles.

The results obtained are similar to earlier work on DC 
conductivity of low-density polyethylene (LLDPE) and pol-
yimide nanocomposites.  TiO2 nanofillers from 1 to 5 wt%, 
in LLDPE on high-voltage DC, were reported to have dis-
played a significant increase in conduction current.  TiO2 

nanofiller in polyimide shows a decrease in DC conductiv-
ity up to 3 wt%, and the conductivity began to increase 
with the sample containing 5 wt% of the nanoparticle. 
The conduction current of alumina nanoparticles-filled 
LLDPE samples also decreases with an increase in per-
centage concentration of nanofiller up to 3 wt%, beyond 
which conduction current began to increase significantly 

Fig. 12  Conduction current 
measurements for epoxy/TiO2 
polymer nanocomposite

Fig. 13  Conduction current 
measurements for epoxy/egg-
shell polymer microcomposites
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compared to the neat polyethylene [17]. This trend is quite 
similar to what was obtained for epoxy that was filled with 
eggshell powder that is about 77% calcium oxide. This is 
an indication that the addition of up to 3 wt% of the fill-
ers provides the optimum hindrance to the movement of 
charges in the bulk of the material. Beyond 3 wt%, there 
may be an onset of some charge injection processes that 
may have resulted in more conduction processes, thereby 
leading to an increase in conductivity.

4  Conclusions

The obtained values for epoxy–TiO2 nanocomposite were 
comparable to the earlier reported results for similarly pre-
pared samples. The eggshell-filled epoxy polymer has ten-
sile strength improved by 22.4% with 4% filler. The tensile 
strength is slightly lower than that of  TiO2 nanoparticle-
filled epoxy whose tensile strength improved by 69.5% 
with 3% filler. The lower tensile strength of eggshell-filled 
epoxy composite as compared with the  TiO2-filled epoxy 
composite is likely related to the size and number of the 
dispersed eggshell particles in the polymer matrix. The 
eggshell displayed higher thermal conductivity, an indi-
cation that the eggshell filler improved the heat dissipa-
tion properties of epoxy polymer. The epoxy composite 
systems with the eggshell powder fillers displayed some 
advantageous dielectric behaviours at low filler loadings. 
The eggshell–epoxy polymer composite has a higher 
dielectric constant and comparable loss tangent with 

 TiO2 nanocomposite, but the electrical conductance of 
eggshell–epoxy composites at high voltage was found 
to be lower than that of  TiO2 nanocomposite as well as 
the unfilled polymer. The samples prepared with eggshell 
powder displayed a decrease in conductance up to 3 wt% 
concentration, an indication of improved properties as 
an electrical insulation material. The results suggest that 
eggshell powder as a filler could produce composite poly-
meric insulation with improved properties. There may be 
the need for further processing of the eggshell particles to 
smaller sizes to study the effect of particle size and inter-
particle distance between dispersed particles to further 
understand their dielectric behaviour.
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