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Abstract: The goal of this paper is to study the effects of gamma irradiation and samples’ aging on
the AC-electrical properties of hybrid epoxy resin as a function of frequency, temperature, and (zinc
oxide) ZnO content (0, 0.049, 0.099, 0.149, and 0.199 wt) at 0.001 wt of conductive (carbon black) CB
nanoparticles. The irradiation processes were administered at room temperature in a gamma chamber
utilizing a Cobalt 60 source of average energy = 1.25 MeV with doses = 100, 750, and 1000 Gy. The
AC-electrical properties, including the impedance, dielectric constant, dielectric loss, conductivity,
and activation energy of the nanocomposites, were initially studied after years of sample preparations.
The collected empirical data were later analyzed before and after the gamma irradiation. The results
showed that exposing samples to different doses of gamma radiation affects these AC-electrical
properties significantly. It was found that the energy gap decreased as the dosage of gamma radiation
increased. This could be explained as the gamma-irradiation processes induce changes in the structure
of the epoxy hybrid nanocomposites by reinforcing the metal–polymer bonding and hence, causing
the release of more free electrons inside the hybrid nanocomposites. Moreover, the sample aging
results showed that the AC-electrical conductivity decreased with time for all samples. Hence, this
study demonstrated why the γ-irradiation technique can be considered a powerful way to treat,
recover, and/or enhance the electrical features of the tested epoxy hybrid nanocomposites.

Keywords: epoxy; zinc oxide; carbon black; gamma radiation; samples aging; AC-electrical conductivity

1. Introduction

In recent years, the use of gamma radiation in materials has drawn the attention of
numerous researchers who are seeking to improve and enhance the physical properties
of polymer composites, particularly those with significant industrial and technological
applications [1,2]. As one of the best ways to improve the chemical and/or physical
behavior of nanocomposite polymers, this technology gained widespread usage [1,3–7].

Because of their desired physical properties, such as a higher surface area and photonic
brilliant characteristics, and because of their potential applications in the semiconductor
industry and optoelectronic devices, zinc oxide nanoparticles with a wide bandgap have
been used as a filler in the epoxy resin matrix in this research paper [8–11].

Additionally, because of its desired physical properties, such as high electrical conduc-
tivity, good reinforcing effect, and its ability to build conductive network structures in the
polymer matrix, we have chosen carbon black with a fixed content for use as a resin-forced
conductive filler in this study paper [12,13].

The current study’s objective is to examine how gamma-irradiation dosages affect
the AC-electrical characteristics of epoxy nanocomposites containing varying amounts of
ZnO nanoparticles reinforced with a fixed CB content. There is disagreement around the
electrical, optical, and structural attributes. It is argued that exposure to different levels of
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gamma irradiation may have a discernible impact on the structural, optical, and electrical
properties of the materials under investigation. According to several reports on the effects
of gamma irradiation on ZnO nanocomposites, the polymer composites can undergo
significant physical changes with different modifications when subjected to γ radiation.
These changes can affect the properties of the irradiated polymer composites, such as
structural scission or cross-linking, modification of the degree of filler particle aggregation,
creation of holes or cavities, modification of band gap values, and/or the formation of
more dipoles [14–25]. Several scientific research papers in the literature reported the
effect of gamma radiation on the physical properties of ZnO, CB, and/or epoxy polymer
nanocomposites. The following are some examples: Rao et al. [26] studied the effect of
gamma irradiation on HPMC/ZnO nanocomposite films and reported improvement in
the mechanical and physical properties of the studied films. Paula et al. [27] investigated
the gamma-irradiation effects on polycaprolactone/zinc oxide nanocomposite films and
reported marginal variations in the mechanical properties and crystallinity of the irradiated
samples. Indluru et al. [28] studied the effect of gamma irradiation on indium zinc oxide
thin-film transistors and reported a significant increase in electron mobility after exposure.
Parangusan et al. [29] studied the gamma-irradiation effect on the dielectric properties
of PVDF/FeZnO nanocomposites and reported enhancement in the dipole formation
influenced by the modification of the filler–polymer interface. Abdel-Galil et al. [30]
studied the effect of different irradiation doses on the mechanical and optical properties of
the ZnO/PVA nanocomposite films and reported changes in the degradation activation
energies related to the cross-linking processes of the nanocomposites.

According to the best knowledge of the authors, there is no previously reported
data concerning the gamma irradiation and aging effects of the epoxy/ZnO/CB hybrid
nanocomposites. Nevertheless, one of the authors has reported the AC-impedance and
dielectric properties of epoxy/ZnO/CB hybrid nanocomposites [31]. In addition, we
have reported the system’s thermal and electrical properties as a conductive polymer
composite [32]. Moreover, we have reported a study on the DC-electrical and thermal
conductivities of epoxy/ZnO composites doped with CB [13]. This present study deals
with the effect of gamma irradiation and sample aging on the AC-electrical properties of
the epoxy/ZnO/CB hybrid nanocomposites. In order to achieve the objective of this study,
these hybrid nanocomposite materials were exposed to different doses of gamma radiation.

2. Materials and Methods
2.1. Samples

Epoxy with a molecular weight (Mw) = 248 g/mol was purchased from Sigma-Aldrich,
Italy. ZnO and CB, with an average surface area = 950 m2/g, primary particle size = 35 nm,
and a density = 1.8 g/cm3, were purchased from Marbo S.P.A., Milan, Italy. More de-
tails about the materials and composites’ preparation procedure and protocol are found
elsewhere [13,31,32].

2.2. (Gamma) γ Irradiation

The gamma irradiation was incorporated with the intention to improve the AC-
electrical properties of an epoxy hybrid nanocomposite. The samples were irradiated by
a Co-60 gamma-ray source with an average energy of 1.25 MeV. The entire process was
carried out at room temperature under normal atmospheric pressure at a dose rate of
205.965 Gy/h for a sample capacity of 4400 mL at the Jordan Atomic Energy Commission
(JAEC). The same protocol was followed and published elsewhere [5].

2.3. Electrical Parameter Calculations

The AC-electrical properties were measured utilizing an LF impedance analyzer (HP
model 4192).
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The following formulae were considered for the sample’s two components of the
complex impedance Z*, i.e., the real Zr component and the imaginary Zi one as follows:

Z* = Zr + iZi (1)

Zi = Zsinφ Zr = Zcosφ (2)

where (Z) is the impedance magnitude and (φ) is the phase angle, both measured by the LF
impedance analyzer. Also, the dielectric constant (ε r) and dielectric loss (ε i), respectively,
are given by:

εr =
Zi

2πf CoZ2 (3)

εi =
Zr

2πfCoZ2 (4)

Moreover, the capacitance formula Co of the two plates of the sample is shown as:

Co = ϵo
A
d

(5)

With (A) being the disk area and (d) being the separation of the two plates.
The sample AC-conductivity was administered using the following equation as follows:

σaC = 2πfεoεi (6)

where (f) and (ε o) are the applied frequency and the permittivity of free space, respectively.
In addition, calculating the activation energy for any thermally activated transport process
can be determined based on the simple Arrhenius equation:

σ = σoe(−
Ea

kBT ) (7)

with σ and σo denoting the conductivity and the pre-exponential conductivity factor,
respectively. KB is the Boltzmann constant. T is the absolute temperature (in Kelvin). And
lastly, Ea is the migration activation energy of the free charges.

3. Results and Discussion

Figure 1a–d and Table 1 describe the complex impedance (Z) as a function of frequency
before and after the gamma irradiation at different doses for epoxy/ZnO/CB hybrid
polymer nanocomposites. The impedance values of the tested nanocomposites before
the gamma irradiation are shown in Figure 1a. From this figure, the aging effect on the
impedance values is obvious, as the values that are tested in 2024 are relatively greater
compared to those reported in 2015 [31]. These values for pure epoxy increased from
2.90 × 105 − 0.2 × 105 (Ohm) to 2.98 × 105 − 0.306 × 105 (Ohm) in the same frequency
range (100–1000 kHz) and at T = 30 ◦C. This indicates that even though the impedance of
the pure epoxy remained unchanged, there is a relatively sizable change in the impedance
values of the filled nanocomposites with the passage of time.

The effect of the γ-irradiation doses on the impedance of the tested hybrid nanocom-
posites is described in Figure 1b–d.

As shown in Figure 1b, for pure epoxy, the impedance values of the γ-irradiated hybrid
nanocomposites at 100 Gy are relatively less than the non-irradiated nanocomposites and
dropped from 2.98 × 105 − 0.306 × 105 (Ohm) to 2.62 × 105 − 0.268 × 105 (Ohm). At 750 Gy,
as shown in Figure 1c, it dropped to 2.31 × 105 (Ohm) at 100 kHz and to 0.236 × 105 (Ohm)
at 1000 kHz. In Figure 1d, at 1000 Gy and T = 30 ◦C, it dropped to 1.83 × 105 (Ohm) at
100 kHz to 0.187 × 105 (Ohm) at 1000 kHz, and the extra information found in Table 1 is in
the same frequency range from 100–1000 kHz.
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The results of impedance (Z) as a function of the frequency obtained at temperature
T = 30 ◦C before and after the γ irradiation, shown in Table 1, confirm that the values
of impedance (Z) decrease with the increasing γ irradiation for all nanocomposites, and
the results also show that the measurements for impedance (Z) decrease as the ZnO
concentration increases in the samples.
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Figure 1. The dependence of the complex impedance on the applied frequency at a specific dose of
γ irradiation at a temperature of 30 ◦C. CB: carbon black; ZnO: zinc oxide. (a) Before γ irradiation,
(b) at 100 Gy, (c) at 750 Gy, and (d) at 1000 Gy.

The results in Table 1 show the effect of changing the frequency (200–1000 kHz) on
the impedance values (Z) at temperature T = 30 ◦C. Here, the results showed that the
impedance (Z) measurement decreased with increasing frequency. This applies to all
nanocomposites before and after γ irradiation.
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Table 1. The values of impedance (Z) as a function of frequency (100–1000 kHz) for all tested
nanocomposites at different γ irradiations of 0, 100, 750, and 1000 Gy at temperature T = 30 ◦C.

Sample
T = 30 ◦C

Impedance Z (Ohm)
before γ Irradiation

Impedance Z (Ohm)
100 Gy

Impedance Z (Ohm)
750 Gy

Impedance Z (Ohm)
1000 Gy

100 kHz 1000 kHz 100 kHz 1000 kHz 100 kHz 1000 kHz 100 kHz 1000 kHz

Pure Epoxy/0 wt. ZnO/0 wt. CB 2.98 × 105 0.306 × 105 2.62 × 105 0.268 × 105 2.31 × 105 0.236 × 105 1.83 × 105 0.187 × 105

0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB 2.80 × 105 0.288×

105 2.54 × 105 0.260 × 105 2.27 × 105 0.230 × 105 1.72 × 105 0.177 × 105

0.90 wt. Epoxy/0.099 wt.
ZnO/0.001 wt. CB 2.40 × 105 0.247 × 105 2.35 × 105 0.239 × 105 2.24 × 105 0.229 × 105 1.65 × 105 0.169 × 105

0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB 2.27 × 105 0.232 × 105 2.26 × 105 0.231× 105 2.18 × 105 0.223 × 105 1.53 × 105 0.157 × 105

0.80 wt. Epoxy/0.199 wt.
ZnO/0.001 wt. CB 2.18× 105 0.223 × 105 2.15 × 105 0.220 × 105 2.08 × 105 0.214 × 105 1.49 × 105 0.153 × 105

The impedance values of the γ-irradiated nanocomposites are less than the non-
irradiated nanocomposites. This could be attributed to the γ radiations’ energy releasing
more free electrons and/or creating more holes that facilitate the motion of more electrons
and, hence, allow the nanocomposites to be more conductive [17].

All tested samples at high frequencies reveal frequency-independent impedances and
dependent ones at low frequencies. A decrease in the impedance with varying doses is
attributed to the presence of more charge carriers in the hybrid nanocomposites, induced
by the radiation scission of the nanocomposite structure, which produces more charges
that are trapped in the localized sites of the nanocomposites [33].

Figure 2a–d represent the dielectric constant behavior as a function of frequency before
and after γ irradiation at different doses = 100, 750, and 1000 Gy for the epoxy/ZnO/CB
hybrid polymer nanocomposites. The dielectric constant values of the tested nanocompos-
ites before being γ-irradiated are shown in Figure 2a. In this figure, the aging effect on the
dielectric constant values reveals that the dielectric constant values that are tested in 2024
are less than the values registered in 2015 [31]. The dielectric constant values for pure epoxy
dropped from 3.8–3.77 to 2.065–2.010 when measured at room temperature and within the
same frequency range (100–1000 kHz). Similarly, this drop in values as a function of time
happens to all samples. The effect of the gamma-irradiation doses on the dielectric constant
of the tested hybrid nanocomposites is described in Figure 2b–d. As shown in Figure 2b for
the pure epoxy, the dielectric constant values of the γ-irradiated hybrid nanocomposites
at 100 Gy are relatively greater than the non-irradiated nanocomposites, increased from
2.065–2.010 to 2.354–2.299. At 750 Gy, it increased to 2.670 –2.608, as shown in Figure 2c.
Finally, at 1000 Gy and in the same frequency range (100–1000 kHz), the values increased
to 2.717–2.640, as shown in Figure 2d.

Table 2 shows the change in dielectric constant due to changing the dose of radiation
(0, 100, 750, and 1000 Gy) at temperature T = 30 ◦C for all the nanocomposites. The
table shows that the dielectric constant values increasingly change with an increase in the
γ-irradiation values.

By tracking the dielectric constant values of the tested samples in Table 2, we notice that
they decrease as a function of frequency at temperature T = 30 ◦C for all the nanocomposite
samples at all γ-irradiation values.

The increasing dielectric constant values with the gamma-irradiation dosage can be
argued as follows: when the ionizing γ irradiation passes through the nanocomposites, the
polymer chain scission happens, and this induces the appearance of a few defect sites in
the band gaps of the nanocomposites. These defects work as traps for the charge carriers
within the band gap of the nanocomposites. Also, the γ irradiation increases the ability of
the nanocomposites to store charges. It can also be said that with the increase in irradiation
doses, the delocalization of charge carriers increases with a subsequent increase in the
dielectric constant. The dielectric constant increases with the increase in ZnO concentration
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as the addition of ZnO in the nanocomposites induces more dipoles, which eventually
modifies the dielectric constant [22,34,35].
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Figure 3a–d represent the dielectric loss as a function of frequency before and after
γ irradiation at different doses = 100, 750, and 1000 Gy for the epoxy/ZnO/CB hybrid
polymer nanocomposites. The dielectric loss values of the tested nanocomposites before γ

irradiation at room temperature are shown in Figure 3a. From this figure, we noticed that
the values of dielectric loss linearly increased as the frequency increased. For pure epoxy,
the dielectric loss at room temperature before the γ irradiation increased from 0.007 up to
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0.009 in the range of 100 kHz to 1000 kHz, respectively. After the γ irradiation of 100, 750,
and 1000 Gy of dosages, the values changed from 0.008 to 0.095 (Figure 3b), 0.0086 to 0.011
(Figure 3c), and 0.013 to 0.016 (Figure 3d), respectively, during the same frequency range as
mentioned above at room temperature.

Table 2. The values of dielectric constant as a function of frequency (100–1000 kHz) for all tested
nanocomposites at different γ irradiations of 0, 100, 750, and 1000 Gy at temperature T = 30 ◦C.

Sample
T = 30 ◦C

Dielectric Constant
before γ Irradiation

Dielectric Constant
100 Gy

Dielectric Constant
750 Gy

Dielectric Constant
1000 Gy

100 kHz 1000 kHz 100 kHz 1000 kHz 100 kHz 1000 kHz 100 kHz 1000 kHz

Pure Epoxy/0 wt. ZnO/0 wt.
CB 2.065 2.010 2.354 2.299 2.670 2.608 2.717 2.640

0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB 2.195 2.142 2.428 2.371 2.717 2.620 3.370 3.290

0.90 wt. Epoxy/0.099 wt.
ZnO/0.001 wt. CB 2.577 2.494 2.624 2.535 2.753 2.688 3.738 3.649

0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB 2.722 2.662 2.729 2.664 2.829 2.759 4.030 3.928

0.80 wt. Epoxy/0.199 wt.
ZnO/0.001 wt. CB 2.831 2.766 2.868 2.798 2.964 2.884 4.139 4.040

Figure 4a–d exhibit AC-electrical conductivity log(σ) vs. frequency log(f) before and after γ
irradiation at different doses for the epoxy/ZnO/ CB hybrid polymer nanocomposites. The AC-
electrical conductivity values of the tested nanocomposites before being γ-irradiated are shown
in Figure 4a. In this figure, the aging effects on the AC-electrical conductivity values are shown
as measured values compared to those previously published [31]. For example, the AC-electrical
conductivity values for pure epoxy were given as 0.49 × 10−6 − 4.6 × 10−6 (Ohm. m)−1 and
decreased to 0.041 × 10−6 − 0.500 × 10−6 (Ohm. m)−1. Hence, the AC-electrical conductivity
decreased as a function of time for all samples. The effect of the γ-irradiation doses on the
AC-electrical conductivity of the tested hybrid nanocomposites is described in Figure 4b–d. As
shown in Figure 4b for the pure epoxy, the AC-electrical conductivity values of the γ-irradiated
hybrid nanocomposites at 100 Gy are relatively greater than the non-irradiated nanocomposites
and increased from 0.041 × 10−6 at 100 kHz and 0.5 × 10−6 at 1000 kHz (Ohm. m)−1 to
0.042 × 10−6 at 100 kHz and 0.530 × 10−6 at 1000 kHz (Ohm. m)−1; at 750 Gy (Figure 4c), it
increased to 0.048 × 10−6 and 0.611 × 10−6 (Ohm. m)−1 and, as shown in Figure 4d at 1000 Gy,
the values increased to 0.077 × 10−6 and 0.810 × 10−6 (Ohm. m)−1.

The calculations obtained for the AC-electrical conductivity at temperature T = 30 ◦C,
shown in Table 3, show that the AC-electrical conductivity values increase with the amount
of γ irradiation (0, 100, 750, and 1000 Gy) to which the samples are exposed. This is
consistent with what was obtained for all tested nanocomposites.

Through our study of the results for the AC-electrical conductivity at temperature
T = 30 ◦C obtained, shown in Table 3, it was found that the AC-electrical conductivity
increases with the increase in the applied frequency. This result expresses the behavior of
the electrical conductivity of all tested nanocomposites that were tested before they were
exposed to gamma rays and after they were exposed to different doses of gamma rays (0,
100, 750, and 1000 Gy).
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The AC-electrical conductivity for different nanocomposites as a function of tem-
perature is represented in Figure 5a–d at a fixed frequency (1000 kHz) before and after
γ irradiation, as in Tables 4–7. Figure 5a represents the measurement of AC-electrical
conductivity before γ irradiation at a frequency of 1000 kHz, in which AC-electrical conduc-
tivity increased as the temperature increased and the concentration of ZnO nanoparticles
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increased (0, 4.9, 9.9, 14.9, and 19.9 by weight %). For the pure epoxy, the AC-electrical
conductivity before γ irradiation increased from 0.5 × 10−6 to 0.63 × 10−6 (Figure 5a). At
100 Gy, as shown in Figure 5b, the values increased from 0.53 × 10−6 to 0.7 × 10−6. At
750 Gy (Figure 5c), the values increased from 0.61 × 10−6 to 0.86 × 10−6. And finally, at
1000 Gy (Figure 5d), the values jumped from 0.81 × 10−6 to 1.4 × 10−6 at the same tempera-
ture, T = 30 ◦C and T = 110 ◦C, respectively, and at 1000 kHz. When the nanocomposites are
irradiated by γ rays, the radiation causes chain scissions in the nanocomposites. This cre-
ated defects, free radicals and/or electron densities, which can be trapped within the bulk of
the nanocomposite material. Thus, the irradiated nanocomposites’ conductivity confirmed
enhanced behavior in comparison to those of the non-irradiated ones. Also, it is rationally
assumed that any increase in AC conductivity based on the increase in irradiation dosage
can be attributed to the polymer chains’ degradation of the nanocomposites [22,35,36].

Table 3. The values of AC-electrical conductivity as a function of frequency (100–1000 kHz) for all
tested nanocomposites at different γ irradiations of 0, 100, 750, and 1000 Gy at temperature T = 30 ◦C.

Sample
T = 30 ◦C

AC-Electrical
Conductivity
(Ohm. m)−1

before γ Irradiation

AC-Electrical
Conductivity
(Ohm. m)−1

100 Gy

AC-Electrical
Conductivity
(Ohm. m)−1

750 Gy

AC-Electrical
Conductivity
(Ohm. m)−1

1000 Gy

100 kHz 1000 kHz 100 kHz 1000 kHz 100 kHz 1000 kHz 100 kHz 1000 kHz

Pure Epoxy /0 wt.
ZnO/0 wt. CB 0.041 × 10−6 0.500 × 10−6 0.042 × 10−6 0.530 × 10−6 0.048 ×10−6 0.611 × 10−6 0.077 × 10−6 0.810 × 10−6

0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB 0.042 × 10−6 0.530 × 10−6 0.046 × 10−6 0.560 × 10−6 0.055 ×10−6 0.630 × 10−6 0.089 × 10−6 0.941 × 10−6

0.90 wt. Epoxy/0.099 wt.
ZnO/0.001 wt. CB 0.063 × 10−6 0.640 × 10−6 0.070 × 10−6 0.741 × 10−6 0.071 × 10−6 0.761 × 10−6 0.096 × 10−6 1.00 × 10−6

0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB 0.067 × 10−6 0.701 × 10−6 0.078 × 10−6 0.812 × 10−6 0.089 × 10−6 0.930 × 10−6 0.105 × 10−6 1.10 × 10−6

0.80 wt Epoxy/0.199 wt
ZnO/0.001 wt. CB 0.070 × 10−6 0.761 × 10−6 0.084 × 10−6 0.891 × 10−6 0.120 × 10−6 1.231 × 10−6 0.121 × 10−6 1.27 × 10−6
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Table 4. The values of AC-electrical conductivity as a function of temperature for all tested nanocom-
posites before γ irradiations at a frequency of 1000 kHz.

Sample

AC-Electrical Conductivity (Ohm. m)−1 before γ Irradiation
at Frequency = 1000 kHz

T = 30 ◦C T = 50 ◦C T = 70 ◦C T = 90 ◦C T = 110 ◦C

Pure Epoxy/0 wt. ZnO/0 wt. CB 0.500 × 10−6 0.571 × 10−6 0.602 × 10−6 0.622 × 10−6 0.630 × 10−6

0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB 0.530 × 10−6 0.642 × 10−6 0.681 × 10−6 0.701 × 10−6 0.731 × 10−6

0.90 wt. Epoxy/0.099 wt.
ZnO/0.001 wt. CB 0.641 × 10−6 0.731 × 10−6 0.783 × 10−6 0.793 × 10−6 0.833 × 10−6

0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB 0.701 × 10−6 0.742 × 10−6 0.902 × 10−6 0.940 × 10−6 0.971 × 10−6

0.80 wt. Epoxy/0.199 wt.
ZnO/0.001 wt. CB 0.760 × 10−6 0.880 × 10−6 0.991 × 10−6 1.06 × 10−6 1.13 × 10−6

Table 5. The values of AC-electrical conductivity as a function of temperature for all tested nanocom-
posites at 100 Gy of γ irradiation at a frequency of 1000 kHz.

Sample

AC-Electrical Conductivity (Ohm. m)−1 at 100 Gy
at Frequency = 1000 kHz

T = 30 ◦C T = 50 ◦C T = 70 ◦C T = 90 ◦C T = 110 ◦C

Pure Epoxy/0 wt. ZnO/0 wt. CB 0.530 × 10−6 0.630 × 10−6 0.660 × 10−6 0.670 × 10−6 0.700 × 10−6

0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB 0.561 × 10−6 0.681 × 10−6 0.721 × 10−6 0.771 × 10−6 0.813 × 10−6

0.90 wt. Epoxy/0.099 wt.
ZnO/0.001 wt. CB 0.742 × 10−6 0.912 × 10−6 0.972 × 10−6 1.09 × 10−6 1.16 × 10−6

0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB 0.811 × 10−6 0.943 × 10−6 1.03 × 10−6 1.20 × 10−6 1.28 × 10−6

0.80 wt. Epoxy/0.199 wt.
ZnO/0.001 wt. CB 0.890 × 10−6 1.050 × 10−6 1.23 × 10−6 1.40 × 10−6 1.51 × 10−6
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Also, it is obvious from the linear fit of the conductivity before and after γ irradia-
tion (Table 8) that the calculated band gap energies (Figure 6a–d) decrease as the dosage
of γ radiation increases. This decrease may be attributed to the γ irradiation inducing
changes in the molecular structure of the polymer nanocomposite networks and/or may
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be explained based on the fact that the γ irradiation induces defect sites in the polymer
nanocomposite [37].

Table 6. The values of AC-electrical conductivity as a function of temperature for all tested nanocom-
posites at 750 Gy of γ irradiation at a frequency of 1000 kHz.

Sample

AC-Electrical Conductivity (Ohm. m)−1 at 750 Gy
at Frequency = 1000 kHz

T = 30 ◦C T = 50 ◦C T = 70 ◦C T = 90 ◦C T =110 ◦C

Pure Epoxy/0 wt. ZnO/0 wt. CB 0.610 × 10−6 0.702 × 10−6 0.732 × 10−6 0.822 × 10−6 0.862 × 10−6

0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB 0.631 × 10−6 0.721 × 10−6 0.831 × 10−6 0.861 × 10−6 0.881 × 10−6

0.90 wt. Epoxy/0.099 wt.
ZnO/0.001 wt. CB 0.761 × 10−6 0.952 × 10−6 1.07 × 10−6 1.25 × 10−6 1.400 × 10−6

0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB 0.931 × 10−6 1.07 × 10−6 1.34 × 10−6 1.53 × 10−6 1.67 × 10−6

0.80 wt. Epoxy/0.199 wt.
ZnO/0.001 wt. CB 1.23 × 10−6 1.33 × 10−6 1.46 × 10−6 1.65 × 10−6 1.75 × 10−6

Table 7. The values of AC-electrical conductivity as a function of temperature for all tested nanocom-
posites at 1000 Gy of γ irradiation at a frequency of 1000 kHz.

Sample

AC-Electrical Conductivity (Ohm. m)−1 at 1000 Gy
at Frequency = 1000 kHz

T = 30 ◦C T= 50 ◦C T = 70 ◦C T = 90 ◦C T = 110 ◦C

Pure Epoxy/0 wt. ZnO/0 wt. CB 0.810 × 10−6 1.03 × 10−6 1.24 × 10−6 1.32 × 10−6 1.42 × 10−6

0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB 0.941 × 10−6 1.16 × 10−6 1.37 × 10−6 1.44 × 10−6 1.51 × 10−6

0.90 wt. Epoxy/0.099 wt.
ZnO/0.001 wt. CB 1.00 × 10−6 1.26 × 10−6 1.49 × 10−6 1.60 × 10−6 1.67 × 10−6

0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB 1.10 × 10−6 1.39 × 10−6 1.66 × 10−6 1.79 × 10−6 1.94 × 10−6

0.80 wt. Epoxy/0.199 wt.
ZnO/0.001 wt. CB 1.27 × 10−6 1.44 × 10−6 1.74 × 10−6 1.88 × 10−6 1.98 × 10−6

Table 8. The values of activation energies (Ea) for the AC-electrical conductivity for all tested
nanocomposites at 0, 100, 750, and 1000 Gy γ irradiation.

Sample
(f = 1000 kHz)

Ea (eV); before
(γ-Irradiation)

Ea (eV)
100 Gy

Ea (eV)
750 Gy

Ea (eV)
1000 Gy

Pure Epoxy/0 wt. ZnO/0 wt. CB 30.0 × 10−3 29.3 × 10−3 29.0 × 10−3 28.1 × 10−3

0.95 wt. Epoxy/0.049 wt. ZnO/0.001 wt. CB 29.5 × 10−3 29.0 × 10−3 28.1 × 10−3 27.1 × 10−3

0.90 wt. Epoxy/0.099 wt. ZnO/0.001 wt. CB 29.0 × 10−3 28.6 × 10−3 27.2 × 10−3 26.0 × 10−3

0.85 wt. Epoxy/0.149 wt. ZnO/0.001 wt. CB 28.4 × 10−3 28.0 × 10−3 26.3 × 10−3 25.0 × 10−3

0.80 wt. Epoxy/0.199 wt. ZnO/0.001 wt. CB 28.0 × 10−3 27.3 × 10−3 25.1 × 10−3 24.0 × 10−3

The effect of aging on the magnitude of activation energy is calculated by taking the
linear fit of the AC-electrical conductivity data, as shown in Figure 6a, by comparing the
values in Table 8, which were calculated in 2022, with the values obtained in 2015 [31]. For
the pure epoxy, the activation energy decreased from 1.13 (eV) to 30 × 10−3 (eV); for 0.95 wt.
Epoxy/0.049 wt. ZnO/0.001 wt. CB, it dropped from 1.11 (eV) to 29.5 × 10−3 eV; for
0.90 wt. Epoxy/0.099 wt. ZnO/0.001 wt. CB, it went from 1.09 (eV) to 29 × 10−3 (eV); for
0.85 wt. Epoxy/0.149 wt. ZnO/0.001 wt. CB, it went from 1.08 eV to 28.4 × 10−3 (eV); and
for 0.80 wt. Epoxy/0.199 wt. ZnO/0.001 wt. CB, it went from 1.06 (eV) to 28 × 10−3 (eV),
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where it is evident that the activation energy decreased with the passage of time; these
results are compared to those measured by Elimat in 2015 [31].

The Shapiro-Wilk test is a hypothesis test for normality and depends on the values
of (p) and the value of the statistics (W). If (p) is found to be less than 0.05, then the null
hypothesis can be rejected, and the distribution will not be normally distributed. But if
there is a p > 0.05, the test cannot be rejected, and the normality might be achieved.
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Figure 6. The variation in the AC-conductivity as an Arrhenius function of temperature at 1000 kHz.
CB: carbon black; ZnO: zinc oxide. (a) Before γ irradiation, (b) at 100 Gy, (c) at 750 Gy, and (d) at
1000 Gy.

Shapiro’s examination procedures were carried out for the results obtained for the
variables AC-conductivity log (σ) before γ irradiation vs. AC-conductivity log (σ) after γ
irradiation for the epoxy nanocomposites at a temperature of 30 ◦C, where the (p) values
and the (W) values were obtained. The test showed that the (p) values for all samples before
and after γ irradiation were greater than 0.05, as shown in Figure 7a–e, which means the
normality cannot be rejected.
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Figure 7. The AC-conductivity log (σ) before γ irradiation vs. AC-conductivity log (σ) after γ

irradiation for epoxy nanocomposites at specific doses of γ irradiation at a temperature of 30 ◦C. CB:
carbon black; ZnO: zinc oxide. (a) Pure Epoxy/0 wt. ZnO/0 wt. CB; (b) 0.95 wt. Epoxy/0.049 wt.
ZnO/0.001 wt. CB; (c) 0.90 wt. Epoxy/0.099 wt. ZnO/0.001 wt. CB; (d) 0.85 wt. Epoxy/0.149 wt.
ZnO/0.001 wt. CB; (e) 0.80 wt. Epoxy/0.199 wt. ZnO/0.001 wt. CB.

4. Conclusions

The AC-electrical properties of the epoxy/zinc oxide/carbon black hybrid nanocom-
posite samples were studied under the influence of gamma irradiation at different doses.

The varying doses were administered by a Co-60 source with a dose rate of 205.965 Gy/h
for a sample capacity of 4400 mL. It was found that the gamma radiation process had
modified the investigated nanocomposites’ impedance values, causing them to decrease.

In addition, and most importantly, both the dielectric constant and the AC-electrical
conductivity values have been increased after γ irradiation. The aging effect factor on the
AC-electrical properties of the tested samples was also investigated. As such, and based
on the outcome of this work, we conclude that the γ-irradiation process is a successful
treatment technique that can be used to modify the structure of nanocomposites, causing
the recovery of the deteriorating electrical properties after years of preparation, redeeming
the samples useful again. Finally, this treatment protocol can be utilized for various samples
with deteriorating electrical properties used in industrial and electronic applications.
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