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Abstract: Epoxy nano–micro composite specimen prepared with micro silica and ion trapping nanoparticle, by shear mixing
process, was exposed to gamma radiation and its performance for space charge and charge trap characteristics were analysed.
The threshold for space charge accumulation of epoxy nanocomposites reduces and rate of space charge accumulation
increases with an increase in dosage of gamma irradiation. The average growth of space charge density during poling and
charge decay rate during depoling are relatively higher for gamma-irradiated specimens than the virgin specimen. The initial
surface potential has a marginal reduction with increase in the dosage of gamma radiation, but the surface potential decay rate
has increased significantly. Trap distribution characteristics indicate more number of shallow traps and increase in charge
mobility after irradiation. The relative permittivity and loss tangent of the specimens have high impact due to gamma irradiation.
The activation energy calculated from DC conductivity by Arrhenius law reduces with increment in radiation dose. Laser-induced
breakdown spectroscopy reflected no change in elemental composition with gamma-irradiated specimen. The variation in
plasma temperature and ion line to atomic line intensity ratio with dosage of gamma radiation have direct correlation to the
Vickers hardness number of the specimens.

1 Introduction
Polymer nanocomposite materials especially epoxy
nanocomposites are gaining importance to use as an insulant in
power apparatus like dry-type transformers, rotating machines, as
spacers in GIS and in cable joints because of their improved
properties such as high breakdown strength, high volume resistivity
and low dielectric loss [1–5]. The surface of the nanofiller being
highly active, it is possible to achieve desired electrical and
mechanical properties of insulating material by adding small
amount of nano and micron-sized fillers to the base epoxy matrix
[5–11]. Tsekmes et al. have indicated that nano–micro composites
have superior electrical and thermal properties. It is an industrial
practice to use 60–70 wt.% of micron-sized silica as filler in
epoxy-based insulating material [12, 13]. Imai et al. have stated
that silica micro fillers have lower thermal expansion coefficient
[14]. Mishra et al. studied water droplet initiated discharge studies
with ion-trapping agent IXEPLAS® (hydrotalcite compound
modified with zirconium phosphate) filled epoxy nanocomposites
[15]. Inorganic ion exchangers (such as zirconium phosphate) have
high oxidation resistance with good ion trapping properties and
thus they can be used in the insulation structure to improve its
reliability [16]. The IXE nanoparticles can acquire the ionic
compounds formed due to ageing of insulating material causing
reduction in resistivity of the insulation materials. Also, the
composition of IXE material includes zirconium, which is a
refractory material, can enhance the thermal capability of the
insulating material. The study on the impact of adding inorganic
ion exchangers to epoxy micro composites, to use them as an
insulating material, is very limited. It is essential to understand the
impact of gamma irradiation to the epoxy nanocomposites with
IXE nanofillers included, where the database needs to be
generated.

The use of epoxy insulating materials in radiation environments
such as nuclear power plants and space equipment is increasing
rapidly. Here, it is essential to understand the epoxy
nanocomposites performance with different levels of irradiation
with gamma rays. These ionising radiations can alter the molecular

structure of polymeric insulating materials through mechanisms
like chain scissions, cross-linking and oxidation. The structural
changes that are induced due to the exposure of gamma radiation
can possibly alter the charge trap characteristics, hence resulting in
the change in behaviour of the surface as well as bulk charge
characteristics of insulating material [17]. Hence, it is necessary to
understand the effect of gamma radiation on the surface potential
and charge trap characteristics of epoxy micro–nano composites.
Surface potential measurement is a simple and low-cost technique,
which allows one to understand various physical processes
including polarisation, charge injection and surface conduction
process, in an insulating material [18, 19].

One of the major problems associated with the polymeric
insulating materials is their tendency to accumulate space charge
under high electric fields, especially in high voltage DC
applications [20–22]. Chen et al. have stated that the effect of
gamma radiation on the space charge of the insulating material
depends on the dosage of the radiation and also on the ambience of
radiation [23]. Voltage polarity reversal phenomenon in general
happens in HVDC transmission systems for achieving bi-
directional power flow. The presence of space charge during the
voltage polarity reversal can become a vital threat to the insulation
cables in HVDC system [24]. So, it is essential to understand the
influence of gamma radiation on the space charge under different
voltage polarities and during polarity reversal.

High energy ionising radiations can alter the dielectric
behaviour of the insulating material. Also, the dielectric constant
depends on the temperature of the insulating material. Laghari and
Hammoud have studied the effect of radiation on polymer
dielectrics and indicated that exposure to radiation can result in the
deterioration of the dielectric properties of the polymeric insulating
material [25]. So, the gamma-irradiated specimens need to be
characterised by dielectric response spectroscopy (DRS) at
different temperatures.

Laser-induced breakdown spectroscopy (LIBS) can be used as a
testing tool to find the elemental composition and also the level of
ageing of the insulating material [26, 27]. It is one of the prominent
techniques for the estimation of hardness of the material, just by
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shining laser on the specimen. Aberkane et al. have correlated
plasma temperature calculated through LIBS and the hardness of
the material [28]. In this study, an attempt has been made to
understand the plasma temperature and the hardness of the material
with the level of gamma irradiation.

Having known all these aspects, to understand the impact of
gamma irradiation to epoxy nanocomposites, the following
methodical experimental studies need to be carried out to
understand its performance. (i) The effect of gamma radiation on
the space charge accumulation characteristics of the epoxy micro–
nano composites through pulsed electro acoustic (PEA)
measurement studies. (ii) The surface potential decay
characteristics and charge trap characteristics of the test specimens.
(iii) The variation in dielectric parameters of the gamma-irradiated
epoxy nanocomposites at different frequencies. (iv) LIBS analysis
for understanding the change in the emission spectra and plasma
temperature of nanocomposite material due to gamma-ray
irradiation.

2 Experimental studies
2.1 Sample preparation

The specimen used for the study is an epoxy micro–nano
composite, which contains base epoxy resin filled with crystalline
SiO2 micro particle (of 66 wt. %) and ion trapping nanoparticle
(0.7 wt. %). The IXE nanoparticles and the crystalline SiO2 micro
fillers were obtained commercially. The IXE nanoparticles are
200–500 nm in diameter. Moreover, the crystalline SiO2-fillers of
average diameter of 14 µm are used for the study. In general,
surface modification by silane coupling agent is broadly-divided
into two methods, pre-treatment and in-situ method. In this study,
in-situ method is adopted by mixing the epoxy resin, hardener,
SiO2-fillers, IXE nanoparticles and silane coupling agent together.
Standard shear mixing, degassing, casting and curing procedures
were followed in the preparation of epoxy micro–nano composite
specimens [15]. The epoxy micro–nano composite material is
subjected to gamma radiation through a 60Co radiation source in air

ambience with a dosage rate of 660 Gy/h up to total doses of 4 and
8 kGy.

2.2 Space charge measurement

Techimp PEA Flat System is used for space charge measurement.
The complete PEA Flat System used here consists of a PEA Flat
cell, a high voltage variable DC source in the range of 0–30 kV, a
voltage pulse generator 0–500 V, a DC source of 18–24 V, to
supply the amplifiers in the cell and an oscilloscope (Tektronix,
350 MHz, 5 GS/s). In this method, a pulsed voltage is applied
across the sample. The charges that are stimulated by the applied
pulsed electric field, experience a perturbation force that travels in
the form of pressure waves along the direction of the applied pulse
signal. These waves are converted into electric signals by a poly
vinylidene fluoride piezoelectric transducer. The electric signals
after passing through an amplifier, can be recorded with the help on
the oscilloscope. The test specimen used here is a flat type sheet
material with dimensions 40 × 40 × 1 mm3.

2.3 Surface potential measurement

Needle plane configuration of electrodes was used in the surface
potential measurement setup to spray charges on the insulating
material by generating corona at 10 kV positive and negative DC
voltages using a high voltage amplifier (Trek model 20/20 C). An
electrostatic voltmeter (Trek model 341B) was used to measure the
surface potential. In Fig. 1, when the sample was at position 1, the
charges were sprayed on top of the test specimen, and at position 2,
the surface potential developed was measured by using
electrostatic voltmeter. 

2.4 Dielectric response spectroscopy

DRS is performed to characterise the fundamental dielectric
properties of the material at different frequencies and different
temperatures. DRS was performed by using Novocontrol
technology broadband dielectric/impedance spectrometer (Alpha-A
high performance frequency analyser). The test specimens were cut
into 20 mm diameter circles for dielectric response studies. The
dielectric response studies were carried out in the frequency range
of 0.1–106 Hz at different temperatures ranging from −50 to 110°C.

2.5 Laser-induced breakdown spectroscopy (LIBS)

In LIBS, a pulsed laser is focused on the sample to create a plasma
on the surface of the sample, which is created when the energy
provided by the laser pulse is greater than that of the threshold
fluence of the material. Then, electromagnetic radiations are
emitted by the excited elements in plasma, while coming to the
lower energy states. Wavelengths of these radiations are
fingerprints of the elements that are present in the material. The
experimental setup of LIBS is shown in Fig. 2. Here, an Nd3+ YAG
laser is focused on the sample using 25 cm focal length lens. The
optical emission is captured with the help of a 100 cm focal length
lens and is passed to a spectrometer (Ocean Optics) through an
optical fibre of core diameter 400 µm, 0.22 NA.

3 Results and discussion
3.1 Effect of gamma radiation on space charge
characteristics of epoxy specimens

The mean magnitude of space charge density accumulated q E, t

in the specimen can be calculated as shown in the following
equation [29]:

q E, t =
1

x1 − x0
∫

x0

x1

qp x, t; E dx (1)

where x0 and x1 represent the position of the electrodes (induced
charges at the electrodes are not taken into account), and qp x, t; E

is the charge density at position x, time t and applied electric field

Fig. 1  Surface potential measurement setup
 

Fig. 2  Experimental setup of LIBS study
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E. The mean magnitude of charge density calculated across total
thickness of the specimen L, gives an over-estimated value of
charge density. In this study, to exclude the induced charges,
involves in the consideration of lower and upper limits of the above
integration as x0 and x1, instead of 0 and L. By suitably selecting
the positions of x0 and x1, the exact value of charge density of
accumulated charge in the bulk of the specimen were calculated.

Fig. 3 represents the space charge profiles of epoxy specimens
under the application of various positive DC electric fields. 
Presence of homo-charge is observed near the vicinity of
electrode–dielectric interface for the epoxy nanocomposites. The
net space charge distribution will depend on the processes like
charge injection/extraction and charge transportation. When the
rate of charge injection is higher than the rate of charge
transportation, it results in the formation of homo-charge. It is
observed that the amount of homo-charge formed near the interface
increases with increase in the magnitude of the electric field
applied. The charge carriers near the electrode–dielectric interface
need to overcome the potential barrier in order to enter into the
dielectric material. Whenever the electric field is applied, the
potential barrier is reduced, allowing the charge carriers into the
material. This type of charge injection phenomenon is called as the

Schottky process [30]. With the increase in the magnitude of
electric field applied, the potential barrier tends to decrease causing
the charge injection easier. So, the amount of homo-charge formed
near the interface increases with increase in the applied electric
field.

The magnitude of space charge accumulated at an applied
electric field is one of the significant factors in understanding the
extent of degradation of the insulating material. The threshold for
space charge accumulation (ET) and the rate of space charge
accumulation (b) can be calculated from average charge density
versus applied electric field plot (Fig. 4). The parameters ET and b
are independent of electric field applied and the time, provided that
the charge density is measured when the space charge
accumulation reaches quasi-steady state condition [29]. At each
applied electric field, average space charge density after one hour
of poling time is taken into consideration for determining the
threshold (ET). For each specimen, the slope of the fitted line
above the threshold point (ET) in the average charge density versus
applied electric field plot, as shown in Fig. 4, gives the rate of
space charge accumulation [29]. The ET and b for virgin and
gamma-irradiated specimens are represented in Table 1. The
parameter ET is marginally higher for virgin specimen when
compared to gamma-irradiated specimens, indicating that the field
above which a significant accumulation of space charge occurs is
decreasing with increase in dosage of gamma radiation. Also, the
parameter b is increasing with increase in dosage of gamma
radiation. This indicates the presence of more amount of charge
accumulation in case of gamma-irradiated specimens when
compared to virgin specimen, at higher electric fields. Thus, the
reduction in ET and increase in b with dosage of gamma irradiation
is an indication for the possibility of early degradation of the
insulating properties of the material resulting in premature
breakdown.

Since the threshold for space charge accumulation is found to
be around 8 kV/mm, the electric field of 10 kV/mm is selected for
further analysis. The variation in the space charge profiles of epoxy
specimens with respect to poling time, under the application of 10 
kV positive DC voltage is represented in Fig. 5. It is observed that
there is an increase in the homo-charge accumulation near the
electrode–dielectric interface with respect to poling time. The
charge accumulation near the vicinity of electrode–dielectric
interface can be clearly seen from the space charge evolution plot
as shown in Fig. 6. Fig. 7 represents the space charge distribution
of test specimens at different instants of time during depoling. The
induced charge at the electrode-specimen interface is decreased
instantly just after reducing the applied voltage to zero, leaving
behind the accumulated homo-charge.

The variation in average charge density of the epoxy specimens
during poling and depoling period is represented in Fig. 8. The
average space charge density is found to be higher in the case of
gamma-irradiated specimens compared to virgin specimen
(Fig. 8a). Chen et al. studied the space charge behaviour of gamma
irradiated polyethylene material under different radiation
environments and have observed an increase in the space charge
accumulation in the gamma-irradiated specimens compared to
virgin specimens irradiated in the presence of air, while only a
small amount of charge accumulation is found in samples
irradiated in both vacuum and nitrogen environment [23]. Similar
characteristics are observed with epoxy-based insulating material,
where the average space charge density increases with increase in
the dosage of radiation in the presence of the air medium (Fig. 8a).
Internal charge carriers (electrons or holes) are formed when they
gain sufficient energy to escape from valence band to conduction

Fig. 3  Variation in space charge density under different applied electric
fields in
(a) Virgin and, (b) 8 kGy gamma-irradiated epoxy micro-nanocomposites

 

Fig. 4  Characteristic plot of average space charge density as a function of
the applied electric field

 

Table 1 Parameter values of virgin and gamma-irradiated
specimens
Specimen ET, kV/mm b, µCV−1m−2

Virgin 8.08 0.876
4 kGy 7.88 0.952
8 kGy 7.83 1.038
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band. The excitation energy to the electrons can be obtained by
various means like thermal, electrical or radio-active phenomenon.
Thus, the cause for increase in space charge density in epoxy

nanocomposites could be due to the formation of internal charge
carriers or free radicals in the bulk of the material during oxidation
phenomenon, when exposed to gamma radiation.

Also, the charge decay rate during de-poling is more in the case
of gamma-irradiated material when compared to virgin epoxy
nanocomposites (Fig. 8b). Higher charge decay rate indicates that

Fig. 5  Space charge distribution during poling in
(a) Virgin and, (b) 8 kGy gamma-irradiated epoxy micro-nanocomposites under 10 kV
positive DC voltage

 

Fig. 6  Space charge evolution during poling of
(a) Virgin and, (b) 8 kGy gamma-irradiated epoxy micro-nanocomposites under 10 kV
positive DC voltage

 

Fig. 7  Space charge distribution during depoling of
(a) Virgin and, (b) 8 kGy gamma-irradiated epoxy micro-nanocomposites after
reduction of 10 kV positive DC voltage

 

Fig. 8  Average space charge density of virgin and gamma-irradiated
specimens during
(a) Poling time and, (b) Depoling time
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the rate of charge transportation in the bulk of the material is
higher. The transportation of charge carriers depends on the depth
of the trapping sites. Chen and Fu stated that the concentration of
carbonyl groups increases with radiation dose and that the carbonyl
groups generate a shallow trap that readily assists charge transport
[31]. Thus, the faster decay of space charge in the gamma-
irradiated specimens during de-poling could be due to the

formation of relatively more number of shallow traps which
increases the rate of charge carrier transportation.

The space charge profiles of virgin and gamma irradiated epoxy
nanocomposites under the application of negative DC stress of 10 
kV/mm is shown in Fig. 9. Homo-charge accumulation due to
charge injection is found near the vicinity of the electrode–
dielectric interface. Similar to the case of positive DC field stress,
the charge accumulation in epoxy nanocomposites just after the
poling period of 3600 s is found to be higher in the case of gamma-
irradiated specimens compared to virgin specimen. Fig. 10
represents the space charge distribution of test specimens at
different instants of time during depoling, just after the removal of
negative DC voltage. 

To understand the effect of voltage polarity reversal, the epoxy
nanocomposites are subjected to 10 kV/mm positive DC field for a
poling time of 1800 s before the polarity reversal. The period of
voltage polarity reversal is maintained as 40 s. After reversal, the
specimens are subjected to negative DC stress of 10 kV/mm for a
period of 1800 s. Figs. 11 and 12 represent the variation in space
charge density and electric field distribution profiles of virgin and
gamma-irradiated epoxy nanocomposites during poling time and
polarity reversal with respect to time, respectively. 

In Fig. 11b, the homo-charge accumulated before the polarity
reversal (at 1800 s) is retained during voltage polarity reversal
change (1800–1840 s). The modified field distribution due to this
retained space charge will have an effect on the space charge
distribution after a polarity reversal. After the polarity reversal, the
space charge accumulated due to opposite polarity field stress, first
reduces the retained charge, then cancels it and finally the space
charge with reversed polarity is being accumulated at the same
position at the end of poling period after reversal (at 3640 s). Wang
et al. have observed the similar phenomenon in CB/LDPE
composites and have concluded that the homo-charges injected will
remain in the dielectric as hetero-charges after the polarity reversal
to applied DC field. They also have indicated that a part of charge
remained after polarity reversal could migrate under reversed field
or get neutralised by the electrons injected from cathode [32]. A
similar phenomenon is noticed here, which can be clearly observed
from Fig. 11b, representing the space charge density of 8 kGy
irradiated specimen during voltage polarity reversal.

The presence of space charge in a dielectric can lead to the field
distortion, which results in the dielectric to experience higher
electric fields in some regions than the applied electric field. The

Fig. 9  Space charge distribution during poling in
(a) Virgin and, (b) 8 kGy irradiated specimens under 10 kV negative DC voltage

 

Fig. 10  Space charge distribution during depoling of
(a) Virgin and, (b) 8 kGy irradiated epoxy specimens after reduction of 10 kV negative
DC voltage

 

Fig. 11  Space charge distribution under polarity reversal from positive to
negative DC field stress in
(a) Virgin and, (b) 8 kGy gamma-irradiated specimens
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extent of field distortion can be determined using the field
enhancement factor [33]. It can be expressed as shown in the
following equation:

F =
E − Ea

Ea
× 100 (2)

where F is the field enhancement factor (%), Ea is the applied
electric field stress (kV/mm) and E is the maximum electric field in
the bulk of the sample (kV/mm).

The field enhancement factor of virgin and gamma-irradiated
epoxy nanocomposites just before polarity reversal (at 1800 s) and
after a poling time of 1800 s from polarity reversal (at 3640 s) is
shown in Fig. 13. It has been observed that the field enhancement
is found to be increasing with increase in dosage of gamma
radiation before and after the voltage polarity reversal of applied
DC stress.

3.2 Surface potential decay and trap characteristics

The surface potential decay characteristics of test specimens under
the application of positive and negative DC voltages are shown in
Fig. 14. The surface potential decay characteristics have been
approximated as an exponential pattern as shown in the following
equation:

V t = V0e−λt (3)

where V0 is the initial surface potential accumulated and λ is the
decay rate. The mean lifetime of the surface potential can be
calculated by taking the inverse of the decay rate λ .

The initial potential and mean lifetime (τ) of the virgin and
gamma-irradiated epoxy specimens under positive and negative
DC corona are represented in Tables 2 and 3. With the increase in
the dosage of radiation, the magnitude of the initial potential is
marginally reduced and the decay rate is increased significantly.
The decay rate is mostly dependent on the energy level of surface
traps that are altered by the radiation-induced degradation reactions
like chain scission and oxidation [34]. The carbonyl and hydroxyl
groups are the radiation induced reaction products that introduce
shallow traps on the surface of the material. Presence of shallow
traps results in the increase of carrier mobility of the surface
charge, which tends to increase with the increase in the radiation
dose. The surface potential decay characteristics of epoxy
nanocomposites are high under negative DC voltage than under
positive DC voltage. It is because of the higher mobility of
negative ions when compared to positive ions, the decay rate is
more when negative DC voltage is applied.

According to isothermal current decay theory [35], the surface
charge distribution can be obtained from surface potential
characteristics. The distribution function of electrons or holes is
represented in the following equation:

N E =
2 εoεr

qL
2
kT f o E

t
dV

dt
(4)

Fig. 12  Electric field distribution under polarity reversal from positive to
negative DC field stress in
(a) Virgin and, (b) 8 kGy gamma-irradiated specimens

 

Fig. 13  Field enhancement factor of virgin and gamma-irradiated epoxy
nanocomposites

 

Fig. 14  Surface potential decay characteristics of virgin and gamma
irradiated specimens under positive and negative DC corona charging

 

Table 2 Initial potential and mean lifetime of virgin and
gamma-irradiated specimens under positive DC corona
Sample Positive DC

Initial potential,
kV

Mean lifetime,
s

Trap depth at peak of
trap distribution, eV

Virgin 3727 187.09 1.001
4 kGy 3688 69.28 0.981
8 kGy 3145 53.56 0.976

 

Table 3 Initial potential and mean lifetime of virgin and
gamma-irradiated specimens under negative DC corona
Sample Negative DC

Initial potential,
kV

Mean lifetime,
s

Trap depth at peak of
trap distribution, eV

Virgin −3811 130.80 1.009
4 kGy −3497 61.88 0.985
8 kGy −3318 50.35 0.978
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where q is the electron charge, L is the thickness of the sample, k is
Boltzmann constant, T is the absolute temperature, t is the time,
and fo(E) is the initial electron occupancy rate.

The trap depth ΔE can be expressed as shown in the following
equation:

ΔE = EC − EM = kTln vt (5)

where EC is conduction band energy and EM is the demarcation
energy, k is the Boltzmann constant (1.38*10−23 m2 kg s−2 K−1), v

is the escape frequency of electron (1012 Hz) and T is the absolute
temperature [36].

Trap distribution was analysed according to (4) and (5). Fig. 15
represents the trap depth variation of virgin and gamma-irradiated
epoxy composites at positive DC and negative DC corona and it
varied in the range of 0.835–1.065 eV and 0.84–1.07 eV,
respectively. The trap depth at the peak value of trap distribution
characteristics of virgin and gamma-irradiated epoxy composites
under positive DC and negative DC corona were represented in
Tables 2 and 3. A reduction in the trap depth can be observed from
the left shift in the peak value of trap distribution characteristics for
the gamma-irradiated specimens compared to virgin specimen.
This left shift in the peak value indicates the reduction of the
energy barrier for charge detrapping. It also confirms that the
charges get trapped in relatively shallow traps in the gamma-
irradiated samples compared to virgin sample.

3.3 Dielectric response spectroscopy

Fig. 16 represents the frequency variation in real relative
permittivity and dielectric loss tangent (tan δ) of epoxy
nanocomposites at different temperatures ranging from −50 to
110°C. The real relative permittivity was found to be reduced with
the increase in the frequency, in case of both virgin and gamma-
irradiated samples. In epoxy specimens, the permittivity depends
on the number of orientable dipoles present in the system and the
capability of the dipoles to orient with the application of electric
field [37, 38]. With low-frequency supply voltage, the functional
groups with dipolar nature align in the direction of applied electric
field, and results with higher permittivity. With the frequency of
supply voltage increased, the polar entities like amines and
hydroxyls formed from the ring-opening of epoxides by amines
resist to respond with supply voltage frequency, thereby reducing
the permittivity of the material [39]. In amorphous polymers three
different relaxation processes can occur, which includes, α, β, and γ
with increasing frequency [40]. In this study, a part of right wing of
α relaxation map which nullifies around 10 Hz and a β relaxation
peak was observed at around 103 Hz (Fig. 16) with both virgin and
gamma-irradiated epoxy resin materials.

Further, with the increase in the temperature, the real relative
permittivity and loss tangent of both virgin and gamma-irradiated
specimens were found to be increased. Smaoui et al. have indicated
that, the dielectric permittivity and dielectric loss factor of epoxy-
based polymeric material, become strongly dependent on the
temperature at lower frequencies and reach higher values at high
temperatures, due to DC conductivity effect [41]. Similar
characteristics are observed here, with the epoxy specimens having
higher rate of increase in permittivity and loss tangent values with
respect to temperature, at lower frequencies compared to higher
frequencies. The real relative permittivity and dielectric loss
tangent of gamma-ray-irradiated specimens are found to be
marginally higher when compared to the virgin specimen. At low
frequencies (<10 Hz) and high temperatures (>50°C), the increase
in real relative permittivity with increase in radiation dosage is
found to be significant (Fig. 16). The rise in the real relative
permittivity at lower frequencies, with respect to gamma-ray
irradiation, may be attributed to the radiation-induced chemical
reactions can alter the material structure. The radiation energy
ionises the molecule resulting in the formation of an ion pair. It can
cause a rupture in the side branch or in the main chain, which
creates energetic free radicals (small molecules) that are ready to
induce a series of chemical reactions through mechanisms like
chain scission, oxidation and cross-linking. The chain scission and
oxidation reactions result in the formation of small molecules or
polar groups. For epoxy resin, polar groups like carbonyl group (C 
= O) and hydroxyl group (-OH) were reported as reaction products
by oxidation reaction [42]. As a result of these smaller polar
molecules, the dipole orientation will be more and the permittivity
will be enhanced.

To describe the dielectric behaviour of virgin and gamma-
irradiated epoxy nanocomposites, the real relative permittivity ε′
and imaginary relative permittivity ε′′  were modelled using Cole-
Cole double relaxation model [43]. The first term in (6) represents

Fig. 15  Trap distribution characteristics of virgin and gamma irradiated
specimens under
(a) Positive DC and, (b) Negative DC corona charging

 

Fig. 16  Variation in (i) relative permittivity and (ii) tan δ values of
(a) Virgin and, (b) 8 kGy gamma irradiated specimens
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relative permittivity at very high frequencies ε∞ , second term
represents the inverse power law dependence of permittivity on
frequency (Aω−n) and the remaining part represents the real part of

Cole-Cole expressions with two distinct relaxation times τ1 and τ2.
The imaginary part of the complex permittivity ɛ′′, as shown in (7)
was calculated by the addition of DC losses to Kramers Kronig (K–
K) transformation of (6) [43].

ε′ = ε∞ + Aω−n + Re
Δε1

1 + jωτ1
1 − ∝1

+
Δε2

1 + jωτ2
1 − ∝2

(6)

ε′′ =
σdc

ωϵ0
+ Aω−ncot

1 − n π

2

+Im
Δε1

1 + jωτ1
1 − ∝1

+
Δε2

1 + jωτ2
1 − ∝2

(7)

where A is the intensity of low frequency dispersion process, Δɛ1
and Δɛ2 are the change in permittivity of first and second Cole-
Cole process, respectively, α1 and α2 are the coefficients of first
and second Cole-Cole process, respectively, τ1 and τ2 are the
relaxation times of first and second Cole-Cole process,
respectively. σdc is the DC conductivity, ε0  = 8.85 × 10−12 F/m is
the permittivity of the free space and ω = 2πf is the angular
frequency.

Figs. 17 and 18 depict the measured and modelled ε′ and ε′′
values of virgin and gamma-irradiated specimens, respectively, as a
function of frequency, at different temperatures. Admittedly, in the
range of frequency studies, the variation in ε′′, especially at
−10°C, the model holds good from 10 Hz, where the β relaxation
peak occurs. The α-relaxation peak, especially at −10°C, it lies at
much lower frequency. Further analysis on this aspect needs to be
carried out, as a part of future work. The method of least square
technique was used to estimate all the parameters (Table 4) from
the (6) and (7). A mean square error margin of 0.0001 has been
maintained in order to obtain the best fit to the measured value.
Table 5 corresponds to the DC conductivity (σdc) of test specimens
at different temperatures. It is clear that the DC conductivity of the
test specimens increases with increase in temperature. It is because
of the increase in the mobility of the charge carriers with respect to
temperature that led to the increase in the conductivity [44].

Also, there is a marginal increment in the DC conductivity of
the epoxy specimens with radiation dose, which could also be due
to the increased mobility of the charge carriers after radiation. The
activation energy (Ea) is the minimum of energy that is essential to
cause a physico-chemical transition in the material, which can be
calculated with the help of Arrhenius equation shown in (8) [45].

σdc = σ0e
− Ea/KBT (8)

where σ0 is pre-exponential factor, KB is Boltzmann constant and T
is the absolute temperature (in kelvin).

The Arrhenius plot [ln (σdc) versus (1/T)] of epoxy specimens is
represented in Fig. 19. The calculated activation energies from the
Arrhenius plot are tabulated in Table 5. A slight reduction in the
activation energy of the epoxy specimens with increase in radiation
dose is noticed. Peng et al. have stated that the higher activation
energy is an indication of the charge carriers being captured in
relatively deep traps [44].

Thus the reduction in activation energy with increase in
radiation dose is an indication for the charge carriers being trapped
in relatively shallow traps, thereby increasing charge carrier
mobility. This can be correlated with the increase in the decay rate
of average space charge density during depoling, with increment in
radiation dose.

The variation in the imaginary relative permittivity (in
logarithmic scale) values of virgin and gamma irradiated specimens
with respect to temperature (reversed temperature scale), at
different frequencies is represented in Fig. 20. Fréchette et al. have
indicated the dielectric relaxation map in which α, β, and γ
relaxation peaks were represented with decreasing temperature
[46]. The right wing of α relaxation peak is more significantly
visible for the frequency of 0.1 Hz, in case of all the test
specimens. In the measured range of temperatures, a broad β

Fig. 17  Measured and modelled ε′ values of
(a) Virgin and, (b) 8 kGy gamma irradiated specimens

 

Fig. 18  Measured and modelled ε′′ values of
(a) Virgin and, (b) 8 kGy gamma irradiated specimens
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relaxation is seen around −10°C, for the frequency of 10 Hz. This β
relaxation consists of shorter relaxation time, less magnitude of
relaxation peak and can be attributed to the crankshaft motions of
the hydroxyl-ether groups located along the molecular chains [46].

3.4 Elemental analysis and hardness calculation by LIBS

Fig. 21 shows the emission spectra of test samples. In the emission
spectra of epoxy specimens, few peaks of Zr along with Si and O
are identified with the help of the NIST database. This could be
due to the presence of zirconium in the ion trapping particle (IXE).
It is observed that there is no change in the elemental composition
of the epoxy nano–micro composites after gamma irradiation, but
there is a slight reduction in the intensity of the emission spectra.

The plasma temperature can be calculated using the Boltzmann-
Saha equation shown in the following equation:

Te = 1.44
E2 − E1

ln l1λ1A2g2/l2λ2A1g1
(9)

where E1 and E2 are energies of excited energy levels 1 and 2,
respectively, g1 and g2 are statistical weights, A1 and A2 are
transition probabilities of states, I1 and I2 are intensities of
particular atomic species at λ1 and λ2 wavelength, respectively, and
Te is the plasma electron temperature under the local
thermodynamic equilibrium.

Tables 6 and 7 show the plasma temperature, micro Vickers
hardness and crater depth values of test specimens. In each sample,
the zirconium peaks were used to calculate the plasma temperature.
It was observed that the plasma temperatures were decreasing as
the dosage of gamma radiation increases. The crater depth of the
samples formed after hitting the surface of the insulating material
with 15 laser pulses with a time interval of 1 s between each hit,
increases with dosage amount of the radiation. The depth of the
crater formed was measured by using a non-contact profilometer.
Vickers hardness number (HV) and is calculated as [47]:

HV = 1.8544 ∗
F

d
2 kgf /mm2 (10)

where d is the average of the two diagonals of the imprint formed
by indenter and F is the applied load.

It is observed that the Vickers hardness of the samples,
calculated from Vickers hardness test, follows the same pattern of
plasma temperature of the samples (Table 6). The intensity ratio
calculated between the ionic line and the atomic spectral line of
zirconium is found to have a direct correlation with the Vickers
hardness of the specimen (Table 7). Cowpe et al. in [48] observed
that the plasma temperature of the bio-ceramic sample increases
with increasing hardness of the sample. Abdel-Salam et al. [49]
stated that the Vickers hardness number of human teeth, shellfish,
and eggshells are proportional to the intensity ratios between the
ion line and the atomic line for calcium and magnesium in the
plasma spectrum. From Tables 6 and 7, it is observed that the
calculations of plasma temperature and ion line to atomic line
intensity ratio are indirect and non-intrusive methods for estimating
the hardness of the material. The plasma electron density was
estimated using the following equation:

Table 4 Estimated model parameters for the dielectric responses of the test specimens at different temperatures
Parameters −50° C −10°C 30°C 70°C 110°C

virgin 8 kGy virgin 8 kGy virgin 8 kGy virgin 8 kGy virgin 8 kGy
A 0.338 0.337 0.786 0.786 1.29 1.09 1.26 1.24 2.59 2.55
N 0.110 0.093 0.133 0.133 0.059 0.092 0.095 0.177 0.332 0.272
ε1 0.233 2.29 2.08 2.07 4.40 4.96 23.9 27.4 18.4 191
τ1 10.0 10.0 9.49 × 10−5 1.07 × 10−4 37.6 47.6 83.1 84.3 136 177

α1 1.0 0.996 0.906 0.907 0.999 0.985 0.958 0.953 0.949 0.949
ε2 3.45 3.41 4.14 4.13 0.804 1.39 14.4 16.3 150 148
τ2 3.80 3.77 4.22 × 10−6 5.34 × 10−6 0.012 1.84 × 10−7 0.036 0.038 0.452 0.086

α2 1.00 1.00 1.00 1.00 1.00 1.00 0.932 0.924 0.941 0.939

σ ( × 10−13) 0.87 1.52 4.53 8.02 5.84 13.9 25.1 36.9 39.7 63.4
 

Table 5 DC conductivity and activation energy of epoxy specimens
Sample DC Conductivity ( × 10−13 S/m) Activation energy, eV

−50°C −10° C 30°C 70°C 110°C
Virgin 0.87 4.53 5.84 25.1 39.7 0.173
4 kGy 1.38 5.62 13.2 34.4 61.6 0.169
8 kGy 1.52 7.79 13.9 36.9 63.4 0.168

 

Fig. 19  Arrhenius plot of test specimens
 

Fig. 20  Temperature variation in ε′′ values of
(a) Virgin and, (b) 8 kGy gamma irradiated specimens
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ne = 6.6 × 1021 IaAigi

IiAaga
exp −

E
ion + Ei − Ea

T
(11)

where Ei and Ea are energies of excited energy levels of ionic and
atomic species, respectively, gi and ga are statistical weights, Ai and
Aa are transition probabilities of states, Ii and Ia are intensities of
particular ionic and atomic species at λ1 and λ2 wavelengths,
respectively, Eion is the ionisation energy and ne is the plasma
electron density under the local thermodynamic equilibrium.

The plasma electron density of the test specimens is calculated
from the ion line (Zr II) and atomic spectral line (Zr I) of zirconium
and is represented in Table 7. It is observed that the plasma
electron density of the test specimens increases with increase in
dosage of radiation.

4 Conclusions
The important conclusions accrued based on this study are the
following:

• Presence of homo-charge due to charge injection has been
observed in the space charge profile of both virgin and gamma-
irradiated epoxy micro–nano composites. This charge injection
is found to increase with increase in the magnitude of DC
electric field applied.

• The threshold of space charge accumulation (ET) is found to be
reduced and the rate of space charge accumulation (b) is found
to be increased with an increase in dosage of gamma irradiation.

• It is observed that the average space charge density during
poling and charge decay rate during depoling, under 10 kV/mm
positive DC field, is higher for gamma-irradiated specimens
when compared with the virgin specimen.

• Space charge measurements made during voltage polarity
reversal indicated that a part of the homo-charge injected from
electrodes, remained as hetero-charge just after polarity reversal
and could result in the distortion of the electric field.

• The initial surface potential has a marginal reduction with an
increase in the dosage of gamma radiation, but the surface
potential decay rate has increased significantly.

• A left shift in the peak value of the trap distribution
characteristics is observed with an increase in the dosage of
gamma radiation. It indicates the reduction in the trap depth
which further indicates the presence of shallow traps and
increase in charge mobility after irradiation.

• It is observed that the real relative permittivity decreases with
increase in frequency and increases with increase in
temperature. A marginal increase in relative permittivity and
dielectric loss tangent is noticed with an increase in dosage of
gamma radiation.

• The DC conductivity is found to be increased with increase in
temperature and also with radiation dose. It is also observed that
the activation energy of the epoxy specimens, reduces with an
increase in radiation dose.

• LIBS reflected no change in elemental composition when
subjected to gamma irradiation. The variation in plasma
temperature and ion line to atomic line intensity ratio with
dosage of gamma radiation is proportional to the Vickers
hardness number of the specimens, thereby forming an indirect
method for the estimation of hardness of the material with
respect to ageing.

• The presence of zirconium content in epoxy micro–nano
composites due to IXE compound, has increased the hardness of
the material.

In short, it could be concluded that the gamma irradiation of epoxy
nano–micro composites have a high impact on space charge and
charge trap characteristics of the material along with a reduction in
permittivity and hardness of the material.
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