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Abstract: Corona inception voltage (CIV) due to water droplet sitting over the surface of epoxy nanocomposite material
depends on supply voltage frequency, the conductivity of water droplet and the contact angle of the test specimens. The contact
angle of the specimen and CIV due to water droplet has a direct correlation. It is realised that the CIV is high under negative DC
and the least under AC voltages. Surface charge accumulation studies indicate that the accumulated charge and its decay time
constant reduces in the damage-caused zone due to corona activity. The ultra-high frequency (UHF) signal generated due to
water droplet-initiated corona activity has frequency content in the range of 0.8–1 GHz. The localisation of incipient discharges
is demonstrated by using the non-iterative technique and the cross recurrence plot (CRP) technique is used to estimate the time
difference of arrival (TDOA) of UHF signals generated due to water droplet-initiated discharge. Laser-induced breakdown
spectroscopy (LIBS) depicts the elemental composition and reveals the difference in plasma temperature and threshold fluence
between all the test specimens. In short, the performance of ion trapping particle filled epoxy nanocomposite performance is
found to be best followed by titania filled epoxy nanocomposite and the base epoxy resin.

1 Introduction
With the advancement in nanotechnology, it has become easier for
insulation designers to achieve the desired properties of the
insulating material for power apparatus, with high performance.
Epoxy resin and its composites are gaining considerable
importance in electrical applications such as bushings, spacers,
cable terminations, machine insulations etc., because of their
inherent properties such as light weight, high density, low
wettability, viscosity with excellent thermal endurance and a costeffective material [1–3]. In addition, as compared to their
counterpart microcomposites epoxy nanocomposites have better
electrical properties such as improved conductivity, permittivity,
dielectric loss, and breakdown strength [1, 4, 5].
The addition of metal oxide particle to the base epoxy polymer
is preferred by the researchers rather than using micrometric metal
particle as a filler. Common practice is to use alumina, silica,
titania, magnesia, clay etc. [6, 7].
Thabet et al. have formulated a mathematical equation to
calculate the dielectric constant of the material with a different
volume fraction of nanofillers with different polymer materials [8].
The deposition of discrete water droplets due to the wetting
mechanisms such as rain or condensation of fog etc. over the
surface of polymeric insulators such as epoxy leads to the local
electric field intensification at the triple junction existing between
insulating surface, water droplet, and surrounding air, causing the
corona discharge, surface deterioration, and eventually the failure
of an insulator [9]. Thus it is essential to understand the voltage at
which the water droplet (of different conductivities) initiates
discharges, which is called as corona inception voltage (CIV),
under AC, DC, and under high-AC voltages of different
frequencies. Sarathi et al. have studied the characteristics of the
current pulse initiated due to the water droplet under DC fields and
have concluded that the corona-injected current pulses have a rise
time of few nanoseconds radiating ultra-high frequency (UHF)
signals [10].
Titania-filled epoxy nanocomposites have shown increased
hardness, improved resistance to partial discharges, reduced
surface roughness, and increased treeing lifetime [11–13].
IET Sci. Meas. Technol., 2019, Vol. 13 Iss. 2, pp. 175-185
© The Institution of Engineering and Technology 2018

However, the studies on the effects of addition of inorganic ion
exchangers (such as zirconium phosphate) on the base epoxy resin
are scanty. Inorganic ion exchangers have superior ion trapping
properties, high heat and oxidation resistance and thus they can be
used in the insulation structure to improve its reliability [14]. Also,
the impact of corona ageing and water droplet-initiated discharge
studies with titania and ion trapping particle such as zirconium
phosphate (inorganic functional material) filled epoxy resin are
scanty. Hence, an attempt has been made in the present study to
obtain considerable database by carrying out a methodical
experimental study, to understand the impact of titania and ion
trapping particle on the electrical properties of the epoxy resin.
Du et al. studied the effects of TiO2 nanoparticles on the surface
charge of the epoxy nanocomposites and suggested that charge
dynamics is dependent upon the localised surface state which gets
altered on the addition of nanoparticles [15]. Wu et al. studied the
distribution of space charge in polymer nanocomposite material,
which depends upon the property of nano-additive such as its size
[16]. Thus, a considerable amount of research has been carried out
to understand the use of titania filler on the dielectric performance
of epoxy resin [13–17]. However, studies on the impact of the iontrapping particle of nanometric size as filler material in epoxy
resins, its impact on the surface properties and dielectric properties
of the material are scanty. Also, the studies on the impact titania
and ion-trapping agent on water droplet-initiated discharges are
limited hence the database need to be acquired.
Laser-induced breakdown spectroscopy (LIBS) is one of the
sophisticated techniques to determine the elemental composition of
the material. The sensitivity to identify multi-elements in one shine
of laser impingement is high. Also, LIBS is basically a type of nondestructive test. The amount of damage caused to the material
surface during the LIBS study is very small [18, 19]. It can be used
as an effective tool to identify the elemental composition of the
insulating material at every stage of its ageing, to understand the
characteristic variations of the material.
Water droplet-initiated discharges act as a precursor to tracking
erosion of the insulator surface which can lead to a complete
breakdown of the insulation. The magnitude of current injected
175

Table 1 Sample composition
Sample Acronym
S1
S2
S3

Composition by weight%

base epoxy resin
Epoxy resin with the ion trapping particle (hydrotalcite compound modified with zirconium phosphate) (of 2 wt.%)
Epoxy resin with titania nanoparticle (of 5 wt.%)

Fig. 1 Typical photograph of virgin specimens
(a) S1, (b) S2, (c) S3

identify such discharges is to use video surveillance and image
processing techniques [21]. Thus an attempt has been made to
demonstrate that the UHF technique allows one to identify the
formation of discharges and to localise.
Recently, Bot et al. have employed the cross recurrence plot
(CRP) technique for the estimation of time difference of arrival
(TDOA) of underwater acoustic signals [22]. In the present study,
an attempt has been made to localise the water droplet-initiated
discharges by adopting CRP for estimating the TDOA of UHF
signals formed due to water droplet-initiated discharges.
Having known all the above facts, the following methodical
experimental studies were carried out to understand the
performance of TiO2 (titania) and ion-trapping agent IXEPLASR
(hydrotalcite compound modified with zirconium phosphate) filled
epoxy nanocomposites to water droplet-initiated discharge studies:
(i) variation in CIV initiated due to water droplet of different
conductivity under AC, DC, and high-frequency AC voltages; (ii)
variation in the surface charge decay characteristic of the epoxy
nanocomposite material after corona ageing; (iii) analysis of
surface charge distribution along the length of test samples with
water droplet; (iv) analysis of UHF signal radiated during water
droplet-initiated discharges; (v) analysis of material properties
adopting LIBS; (vi) localisation of water droplet-initiated
discharges using CRP for estimating TDOA.

2 Experimental setup and studies
2.1 Experimental setup
Fig. 2 Schematic representation of procedural steps adopted with the
preparation of epoxy nanocomposites

Fig. 3 TEM picture of epoxy titania nanocomposites with different
magnifications
(a) 500 nm, (b) 100 nm

Fig. 4 Experimental set-up for water droplet-initiated discharge studies

during water droplet-initiated discharges is of few microamperes
and it is difficult to detect these discharges just by measuring the
leakage current [20]. Therefore it is necessary to identify and
localise such discharges at a very primitive stage to prevent any
catastrophic failure. One of the condition monitoring tools to
176

The different samples used for the study are listed in Table 1 and
their typical photographs are shown in Fig. 1. Standard shearing,
mixing, degassing, and curing procedures were used to prepare
samples with epoxy as a base matrix [23]. The schematic
representation of the procedural steps adopted for the preparation
of epoxy nanocomposites is shown in Fig. 2.
Fig. 3 shows transmission electron microscopy (TEM) picture
of epoxy titania nanocomposites (S3) with different magnification.
For epoxy resin with ion trapping particle (S2), particles could not
be observed in TEM images as its weight percentage is too low.
The thin film for TEM studies was prepared by using a focused ion
beam (model np FB2200, Hitachi Hi-Technologies Corporation,
Japan) and uniform distribution of nanofillers in nanocomposites
was visualised using a field emission transmission electron
microscope (model no. HF-2200, Hitachi Hi-Technologies
Corporation, Japan).
The ion-trapping particles having 500 nm average diameter and
spherical shape, and TiO2 particles having 15 nm average diameter
and needle-like shape as shown in Fig. 3 were used in this study.
The addition of nanofillers is to achieve the desired properties.
The experimental setup used for understanding water dropletinitiated discharge is shown in Fig. 4. The high DC and AC
voltages of different frequencies are produced by use of a Trek
amplifier (Model 20/20C) with input from a signal generator
(Tektronix 3051C). For generated AC voltage measurement, a
capacitive divider is used and for DC voltage measurement, a
resistive divider is used. The voltage to the test specimens was
increased at the rate of 200 V/s.
The test electrode arrangement comprises two stainless steel
electrodes with its tip cut at 45° (according to IEC 60112 [24] set
on a 3 mm thick epoxy composite material). The electrodes are
separated by a gap distance of 10 mm as shown in Fig. 4. One
electrode is connected to the high-voltage source through a current
limiting resistor of 10 MΩ and the other electrode connected to
ground. 10 µl of deionised water and 0.1 N NH4Cl solution of
different conductivities were used as a droplet.
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2.3 Localisation of discharges
2.3.1 Cross recurrence plot: CRP is a bi-variable version of
recurrence plot [25, 26]. CRP is an effective graphical method to
determine the time instant at which state space trajectory of one
signal visits the close by a zone of state space trajectory of another
signal. This method effectively determines the similarity in the two
dynamical frameworks with the related lag/lead. Hence the CRP
method can be employed to estimate the TDOA of signals. The
following steps are involved in the construction of CRP of two
signals.
Step 1: Phase space trajectory construction of two signals (x and y)
using the time delay embedding method [27].

Fig. 5 LIBS experimental set-up

In the present study, a non-directional broadband UHF sensor
was used by keeping the sensor at a distance of 20 cm from the
water droplet-initiated discharge test setup. The output of the UHF
sensor signal was measured using a high-bandwidth digital storage
oscilloscope (LeCroyWavepro 7300A, 3.5 GHz bandwidth,
operated at 20 GSa/s).
The corona was produced by using a high-frequency damped
sinusoidal AC voltage of 15 kV. Samples were cut into 3 cm × 3 cm
and were placed under the electrode with a 2 mm gap. In the
present study, the specimens were exposed to corona treatment for
10 and 20 min and immediately subjected to studies.
2.2 Experimental studies
2.2.1 Surface charge measurement: Needle plane
configuration was used to spray charges on the composite by
generating corona at 12 kV +DC and −DC. The surface charge
accumulation in epoxy composites after corona aging was
measured using an electrostatic voltmeter (ESV) (Trek model
341B). The study was conducted with a deionised water droplet.
The sensor measures the deposited charge present in 5 mm radius
when it is placed 3 mm above the water droplet placed on the
surface of the specimen.
The charge Q measured on the surface of the epoxy composite
material is
Q=

V ⋅ εo ⋅ εr ⋅ A
,
d

(1)

where A is the area of the curved surface of the sensor. d is the
distance between the sensor surface and specimen. V is the voltage
measured by an ESV. ɛo and ɛr are the permittivity of free space
and relative permittivity of the specimen, respectively.
2.2.2 Laser-induced breakdown spectroscopy (LIBS): LIBS is
a type of atomic emission spectroscopy, which uses a highly
energetic laser pulse as the excitation source. The laser is focused
to form plasma, which atomises and excites samples. The
formation of the plasma only begins when the focused laser
achieves a certain threshold for the optical breakdown, which
generally depends on the environment and the target material. In
principle, LIBS can analyse any matter regardless of its physical
state, be it solid, liquid or gas. If the constituents of a material to be
analysed are known, LIBS may be used to evaluate the relative
abundance of each constituent element or to monitor the presence
of impurities. In the present study, Nd3 + YAG laser was focused
on the sample using 25 cm focal length and guided to the
spectrometer (Ocean Optics) through the multimode optical fibre
of core diameter 400 µm, 0.22NA as shown in Fig. 5. An
integration period of 1 s was used to obtain spectra.
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xm i = x i , x i + τ , …, x i + m − 1 τ ,

(2)

ym j = y j , y j + τ , …, y j + m − 1 τ ,

(3)

where i = {1, 2,…, Nx − (m–1)τ}, j = {1, 2,…, Ny − (m – 1)τ}, where
τ is the embedding delay (not TDOA), m is the embedding
dimension, Nx = Ny = N is the number of samples of signals x and y.
Step 2: Measurement of the degree of closeness of states of two
space trajectories. This gives N × N similarity matrix
(4)

d i, j = Sim xm i , ym j ,

where Sim (similarity function) can be a variety of mathematical
functions, which can be used to measure the degree of closeness of
states, such as Euclidean norm, dot product, and Pearson's
correlation coefficient [22, 28]. In this study, dot product has been
used as similarity function as it is found to be more appropriate for
measuring the closeness of states [26].
Step 3: The CRP matrix is obtained from the similarity matrix by
comparing each entry of the matrix with a threshold ϵ
CRP i, j = H(Sim xm i , ym j

− ϵ,

(5)

where H( ) is the Heaviside function. Therefore, when two states
are close (within a threshold) CRP entry takes a value of 1, or else
it takes a value of 0. In our case, ϵ was chosen to be 10% of the
maximum value of the dot product of vectors. This choice was
found to be very apt as ϵ the threshold is not fixed, but varies with
two signals being compared in this way ϵ is also dynamic. Also
embedding dimension m was chosen as 3 with unit delay
embedding (τ = 1), as a three-dimensional trajectory is clearer to
visualise and delay of one is found to work fine and is in
accordance with the guidelines to choose m and τ [29].
2.3.2 Recurrence quantification analysis (RQA): CRP, gives
visual information about signal similarities and associated lag.
However, in order to quantitatively determine lag for estimating
TDOA, RQA is done on the CRP matrix [22]. In this study, sum of
similarity (SS) metric is used for calculating TDOA of UHF
signals and is defined a
N+t

∑ CRP i − t, i

SS t =

⊙ dd i − t, i

t<0,

⊙ dd i, i + t

t≥0 ,

i=1

(6)

N−t

∑ CRP i, i + t

i=1

where ⊙ is the Hadamard product. The TDOA is measured as
TDOA = t such that arg max SS t
t

.

(7)

When both signals of the CRP have a similar waveform with
certain delay t then the RQA measurements will have a maximum
diagonal value.

177

Fig. 6 Variation in CIV due water droplet with supply voltage frequency

2.3.3 Source localisation: Let the partial discharge source be
located at some point (x, y, z) and four sensors be located at known
positions S1(x1, y1, z1), S2(x2, y2, z2), S3(x3, y3, z3), and S4(x4, y4,
z4), and the entire space is considered within the positive axis of all
coordinates
(8)

x − x1 2 + y − y1 2 + z − z1 2 = (vT)2,
x − x2 + y − y2 + z − z2 = (v T + τ12 ) ,

(9)

x − x3 2 + y − y3 2 + z − z3 2 = (v T + τ13 )2,

(10)

x − x4 2 + y − y4 2 + z − z4 2 = (v T + τ14 )2 ,

(11)

2

2

2

2

where v is the velocity of the electromagnetic signal, T is the time
of propagation of the signal from the source to sensor 1. τ12, τ13, and
τ14 are propagation delays between sensor 1 and sensor 2, sensor 3
and sensor 4, respectively. This equation system (8)–(11) can be
solved non-iteratively to find source location [30]. In the present
study, CRP is used to estimate propagation delay between sensors,
further obtained TDOAs are validated [31] and water dropletinitiated discharges are localised.
2.3.4 UHF signal simulation: The CRP method is also verified
on simulated UHF signals. The UHF signal is generated as a
double exponential signal [32]. White Gaussian noise is added to
the UHF signal to obtain the required signal-to-noise ratio (SNR).
The UHF signal v(t) is defined as
v t = K e( − 1.3t / τ) − e( − 2.2t / τ) sin 2π f ct ,

(12)

where K is the amplitude of the UHF signal, fc is the frequency of
the signal and τ is the shaping parameter. In the present work, A, fc,
and τ are assumed to be 40 mV, 1000 MHz and 1 ns, respectively
[32].

3

Results and discussion

3.1 Analysis of variation in CIV due to water droplet
The CIV was determined based on the first UHF signal generated
by water droplet-initiated discharges within the electrode gap due
to the applied voltage. Fig. 6 shows the variation in CIV due to the
deionised water droplet, under high-frequency AC voltages. It is
observed that CIV increases with an increase in supply voltage
frequency. Nazemi et al. [9] have clearly observed that there exist
different modes of oscillation of water droplet sitting on the surface
of the sample. Under AC stress, water droplet elongates at the
edges, along with the axis of the electrodes which results in electric
field intensification at the triple junction of the surface, water, and
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air. Hence corona inception takes place. At a higher frequency of
supply voltage, the water droplet oscillates more and the stretching
of the water droplet is less as compared to that at lower frequencies
requiring higher voltage for corona to incept.
To understand the impact of the conductivity of water droplet
on corona inception, 0.1 N NH4Cl solution of different
conductivities is used. From Fig. 7 it is observed that with the
increase in the conductivity of water droplet, a reduction in CIV
takes place, under AC and DC voltages. The reason behind this is
that the water droplet gets polarised due to the applied electrical
stress. With the increase in conductivity this polarisation increases,
resulting in higher stress at the triple junction between water, air,
and insulator surface, hence conductivity has an inverse
relationship with CIV. It is also noticed that the CIV is higher
under negative DC voltage as compared to AC and positive DC
voltages. The values of CIV obtained are within the error of ±0.05
kV. Comparing the material performance of the test specimens
using CIV, it is observed that CIV follows the sequence S1 < S3 <
S2, under AC and DC voltages. The reason behind this is the
variation in their contact angle, as shown in Table 2, which follows
the order S1<S3<S2. The contact angle has a direct relationship
with CIV. If the contact angle is higher the spread of water droplet
is less along the axis of the electrode, increasing the effective mean
distance between the high- and the low-voltage electrode. Hence
resulting in higher CIV. Hence it can be concluded that sample S2
with the highest CIV performs better than other samples.
3.2 Impact of corona ageing on contact angle and CIV
One of the basic processes by which the power apparatus insulation
degrades is corona activity. Therefore it is essential to identify the
material with good discharge resistance. Analysis of the contact
angle of the surface after corona ageing gives information about
the level of surface degradation due to corona ageing.
Fig. 8 shows the variation in contact angle of the epoxy
nanocomposite material post corona ageing. On corona ageing, a
drastic reduction in contact angle is observed, irrespective of the
type of epoxy material/nanocomposite under test. The
measurement of the contact angle is within the error of ±5°. It is
observed that for the virgin specimens the contact angle is highest
for S2 followed by S1 and S3. The same order is also observed
with the corona-aged specimens. It is already mentioned in Section
3.1 that CIV and contact angle follow the direct relationship.
Furthermore, the CIV follows the same order as the contact angle
after corona ageing, indicating superior performance of S2 even
after corona ageing as compared to S1 and S3.
The surface roughness of the corona-aged specimens was
measured using a non-contact optical profilometer, as shown in
Table 3. The surface roughness is not the same even though the
duration of discharge exposure is the same for each specimen. It is
observed that surface roughness follows the order S2<S3<S1 post
corona ageing, indicating that the ion trapping particle mixed
nanocomposite is least prone to surface erosion. Fig. 9 shows
variation in CIV formed due to water droplet sitting on top of the
corona-aged specimen. Considerable reduction in CIV is observed
after corona ageing and the reduction in CIV is almost the same
above a certain level of corona ageing. This characteristic is the
same under AC and DC voltages.
On corona inception, the voltage is further increased for
discharge activity to occur between the water droplet and the
electrodes and the magnitude of voltage is maintained for 30 s to
understand the level of damage to the insulating material. Fig. 10
shows a typical photograph of damage caused due to water dropletinitiated discharges. It is observed that the level of erosion is the
smallest with S2 and maximum with S1 specimen. Also, the
amount of erosion is high under DC voltage than under AC
voltage.
Furthermore, the conductivity of the nanocomposites was
measured by using a Novo control technology broadband
dielectric/impedance spectrometer (Alpha-A high performance
frequency analyser) is shown in Fig. 11. It is observed that the
conductivity of ion trapping particle-filled epoxy nanocomposite
(S2) is least followed by titania-filled epoxy nanocomposite (S3)
IET Sci. Meas. Technol., 2019, Vol. 13 Iss. 2, pp. 175-185
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Fig. 8 Typical photograph showing variation in contact angle on the
corona-aged specimen

Table 3 Variation in the mean surface roughness of corona
aged specimens
Sample
Mean surface roughness, µm
S1
S2
S3

651.833 ± 5
346.956 ± 5
354.276 ± 5

3.3 Change in surface charge characteristics in the presence
of water droplet
The surface condition of the insulating material has a high impact
on the performance of the insulating material. The surface charge
accumulation in insulating materials can initiate surface discharge
activity which can cause damage to the insulating material. Fig. 12
shows the surface charge decay characteristics of virgin epoxy
specimens and corona-aged epoxy specimens. The surface charge
accumulation studies were carried out by depositing charges by the
corona injection process under positive and negative DC voltage
and then calculating the charge using (1). It is observed that the
surface charge decay follows the exponential pattern and is given
by
Q t = Q0e− λt,

Fig. 7 Variation in CIV with a conductivity of water droplet
(a) AC, (b) +DC, (c) –DC

Table 2 Contact angle of virgin specimens
Sample
Contact angle, °
S1
S2
S3

69.55
82.33
76.74

and base epoxy resin (S1). In the process, the ion trapping filler
limits the injection of current thereby limiting the discharge
channel/amount of damage (Fig. 10) having high discharge
resistant properties (S2) being superior to other composite
materials (S1 and S3).
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(13)

where λ is the decay rate. Also, the mean life time ‘τ’ is calculated
as τ = (1/λ ). Table 4–6 show the initial charge stored and charge
decay rate (λ) for the virgin, 10 min corona aged, and 20 min
corona-aged epoxy specimens, respectively. It is observed that the
decay rate gets drastically increased for the corona-aged
specimens. From Fig. 12a, it is clear that the surface charge decay
characteristic for all the virgin samples are almost the same with
only a marginal difference in the decay rate and initial charge.
However, after the corona ageing (Figs. 12b and c), the
magnitude of charge acquired and decay time constant reduces
drastically. The reason is corona ageing significantly modifies the
surface of the polymeric insulating material and lead to the
generation of deep and shallow traps through which the charges
detrap at a different rate [33–35]. Table 4 shows the initial charge
and decay rate of virgin and corona-aged specimens. It is clearly
observed that the decay rate is higher under negative polarity. The
reason behind this is the higher mobility of electrons than the
positive ions. The charge retention capability before and after
corona ageing is highest for S2 and lowest for S1, irrespective of
the polarity of charge injected. Thus the change in surface charge
decay characteristics after corona ageing for the sample S2 is least
and its performance is superior to other test specimens.
3.4 Potential distribution over the surface of the insulating
material in the presence of water droplet
During operation, the water droplet on the surface of the insulating
material can alter the local electric field [36]. Fig. 13 shows the
characteristic variation in potential distribution over the surface of
virgin and corona-aged epoxy/epoxy nanocomposites under test
with the water droplet placed at the distance of 1.5 cm from either
edge of test specimens. It is observed that the charge retention
179

Fig. 11 Variation in conductivity of epoxy nanocomposites with frequency

Fig. 9 Variation in CIV after corona ageing under
(a) AC, (b) +DC, (c) −DC

Fig. 10 Typical photograph of epoxy nanocomposites due to water
droplet-initiated discharges under AC and DC voltages

capability of the samples reduces for the corona-aged specimen
(Figs. 13b and c). The peaks of the potential distribution follow the
order S2 > S3 > S1 for the virgin and corona-damaged specimens.
However, in the case of corona-aged specimens, the magnitude
of surface potential reduces. Furthermore, the reduction in the
surface potential peak value due to corona ageing is maximum for
sample S1 and minimum for sample S2 indicating the superior
performance of sample S2. Also from Fig. 13, it is observed that
for the virgin specimens the peaks are sharp in nature as compared
to corona-aged specimens where peaks become more of a smooth
topped nature.
3.5 Analysis of UHF signal formed due to the water dropletinitiated discharges
A typical UHF signal generated due to water droplet sitting on
epoxy nanocomposites initiated discharges is shown in Fig. 14.
Figs. 15a–c show the fast Fourier transform (FFT) of the UHF
signal generated due to corona activity and water droplet sitting on
the top of epoxy nanocomposites, at the point of inception, under
AC and DC voltages.
From Figs. 15a–c, it is clearly concluded that UHF signal
formed due to corona discharge activity initiated by water droplet
180

Fig. 12 Surface charge decay characteristics for

(a) Virgin specimens, (b) 10 min corona-aged specimens, (c) 20 min corona-aged
specimens under positive DC and negative DC corona charging
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sitting on epoxy nanocomposites, under AC and DC voltages have
a frequency in the range of 0.8–1 GHz. Under negative DC
voltages, a marginal increase in the energy level observed in the

Table 4 Initial charge and decay rate of virgin epoxy specimens
Sample
Positive DC
Initial charge, nC
Decay rate, τ
S2
S3
S1

99.22
96.00
94.25

0.00109
0.00123
0.00242

low-frequency range. Not much variation is observed above 1
GHz.

Negative DC
Initial charge, nC
115.11
98.93
97.25

Table 5 Initial charge and decay rate of 10 min corona-aged epoxy specimens
Sample
Positive DC
Negative DC
Initial charge, nC
Decay rate, τ
Initial charge, nC
S2
S3
S1

74.9
47.39
43.52

0.0186
0.0300
0.0473

85.385
74.375
42.42

Table 6 Initial charge and decay rate of 20 min corona-aged epoxy specimens
Sample
Positive DC
Negative DC
Initial charge, nC
Decay rate, τ
Initial charge, nC
S2
S3
S1

74.9
47.39
43.52

0.0186
0.0300
0.0473

74.1
46.6
41.4

Decay rate, τ
0.00131
0.00193
0.00290

Decay rate, τ
0.0148
0.0256
0.0492

Decay rate, τ
0.0241
0.0317
0.0501

Fig. 13 Variation in the potential distribution along the length of the epoxy specimen for (i)Virgin sample, (ii)10 min corona-aged samples, (iii) 20 min
corona-aged samples under
(a) +DC, (b) –DC fields
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Fig. 14 Typical time domain representation of UHF signal generated
during the inception

Fig. 16 Emission spectra of the samples in
(a) S1, (b) S2, (c) S3

S1, S2 and S3, respectively. In the emission spectra of S2, a few
peaks of Zr are also observed. Similarly, in the S3, Ti peaks are
observed because of the presence of the ion-trapping particle and
TiO2 nanoparticles.
Further plasma temperature is used to characterise the plasma
produced by the ablation of materials through the interaction of the
laser beam on the surface of the samples. The plasma temperature
is calculated using the Boltzmann–Saha equation given by
Fig. 15 FFT analysis of the inception voltages for all the samples S1, S2,
and S3 under
(a) AC field, (b) +DC field, (c) −DC field

3.6 LIBS analysis and vicker hardness test
LIBS analysis for all the samples is performed for two main
purposes. Firstly to detect the elemental composition and plasma
temperature of all the resin and secondly to find the correlation
between the plasma temperatures and micro vicker hardness.
Meyer et al. have compared laser abrasion resistance and tracking
tests and observed that laser erosion resistance can be used to rank
the material easily [37]. Figs. 16a–c show the emission spectra of
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T e = 1.44

E2 − E1
,
l1 λ1 L2 g2
ln
l2 λ2 L1 g1

(14)

where E1 and E2 are excited energy levels, g1 and g2 are statistical
weights of excited energy levels 1 and 2, respectively, L1 and L2
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 condition of local
thermodynamic equilibrium.
Table 7 shows the calculated plasma temperature using (14) for
samples S1, S2 and S3. The Ca, Zr and Ti lines were used to
calculate the plasma temperature of samples S1 S2 and S3,
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Table 7 Variation in plasma temperature measured, laser fluence, and the hardness of epoxy nanocomposites
Sample
Plasma temperature
Hardness
Threshold fluence, mJ
S1
S2
S3

8289(Ca)
10,190(Zr)
9251(Ti)

14.81 ± 0.3
24.25 ± 0.3
19.26 ± 0.3

11.83
15.77
14.73

Table 8 Actual sensor and source locations
Sensor and source
P1(x,y,z), m
P2 (x,y,z), m
source
sensor 1
sensor 2
sensor 3
sensor 4

2.5, 5, 0.62
5, 2.5.0.62
4, 0, 0.62
1, 1, 0.62
1, 3.38, 0.62

2.5, 5, 0.62
1.5, 4, 0.62
4, 0, 0.62
5, 2.5, 0.62
1, 1.0.62

respectively [38]. It is observed that the plasma temperature
follows the order S2 > S3 > S1. For all the samples, plasma
temperature was obtained under identical conditions, at different
locations on the sample and the average value is provided. Plasma
temperature measured for the base epoxy resin and the composite
material is different due to the inclusion of fillers. The inclusion of
fillers causes variation in hardness levels of the material, which can
be easily observed by variation in plasma temperature.
Table 7 also shows the micro vicker hardness for all the samples
and it is found that the sample with higher plasma temperature has
vicker hardness hence the mechanical hardness and plasma
temperature (14) are directly proportional and plasma temperature
can be used as an effective tool to estimate the surface hardness of
the bulk material. Based on the results obtained for epoxy
nanocomposites, correlating the surface roughness of the material
due to corona discharge activity and surface plasma temperature
formed indicates that material with higher plasma temperature has
a higher hardness.
Furthermore, it has been reported in the literature that the
ablation due to the erosion and depth of erosion of material due to
high energy laser beam used during LIBS is less for the harder
material [39, 40]. To quantify the erosion, the crater depth of all the
samples is measured for a different number of shots of laser pulse
ranging from 5 to 40 causing erosion of different depth as shown in
Fig. 17. It is clear that the depth of the crater follows the order S1
> S3 > S2, again depicting the superior behaviour of S2. The
typical 3D photograph of the crater formed by the laser pulse is
shown Fig. 18.
3.7 Localisation of discharges
The localisation was done in an open air environment considering a
coordinate system with a maximum distance between the source
and sensor being 5.2 m. Table 8 shows the coordinates of the
source and sensors. The entire system of the source and sensors is
placed in an imaginary cube of 5 m. The localisation was done by
keeping the sensors at two different positions (P1 and P2), and the
technique was verified for both the positions.
CRP (6) was used to determine the TDOA (7) of UHF signals,
the obtained TDOAs are correct up to the first decimal point (up to
the resolution level) (Table 9). The obtained TDOAs were
validated and the source is localised by the non-iterative method
[29, 30]. A maximum deviation of 0.29 m was observed (Table 10)
in localisation for the practical case, while in the simulation case,
the maximum deviation was found to be 0.01 m. The cause for
deviation in the practical case is because of limitation in the
sampling rate of data acquired through an oscilloscope. An
improved sampling in simulation case results in improved accuracy
of localisation. While 0.01 cm deviation in the simulation case is
because of noise introduced in the simulated signal with a SNR of
−6 dB where the simulated signal was sampled at a resolution of
0.01 ns. The error in localisation is calculated as
e=

x − xc 2 + y − yc 2 + z − zc

2
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(15)

Fig. 17 Variation of the depth of the crater with a number of laser pulses

Fig. 18 Typical 3D photograph of the crater formed by the laser pulse

where xc, yc, and zc are calculated source coordinates and x, y, and
z are actual source coordinates. The error in the practical case (15)
was around 0.25 m mainly because of the sampling rate, an
improved sampling rate would definitely give better accuracy as
can be seen in the simulation case (Table 11) (12).

4 Conclusions
The present study compares the performance of epoxy
nanocomposites, filled with ion-trapping particle and titania filler,
with the base epoxy resin. Corona discharge initiated due to water
droplet sitting on epoxy nanocomposite increases with supply
voltage frequency. Increase in conductivity of water droplet
reduces the CIV. Surface roughness follows the inverse relationship
with the contact angle and CIV. In the present study, it is found that
the ion-trapping particle-filled epoxy nanocomposite has the
highest contact angle and CIV, followed by titania-filled epoxy
nanocomposite and base epoxy resin. The trend is similar in virgin
as well as corona-aged specimens.
The amount of the surface damage caused to all the epoxy
resins due to water droplet-initiated discharges is high under –DC
voltage than + DC and AC voltage. Also, the surface damage,
depth of erosion and carbonisation due to AC and DC voltages is
maximum for the base epoxy resin and the least for the iontrapping particle-filled epoxy nanocomposite.
Surface charge accumulation studies indicate that the
accumulated charges decay fast for corona-aged specimens. The
water droplet-initiated discharges under AC and DC voltages
radiate a UHF signal whose frequency band lies in the range of 0.8
−1 GHz. CRP was used to estimate the TDOA of UHF signals. The
obtained TDOA was validated and the source was localised, it was
further observed that the improved sampling rate of the signal
would give a better accuracy of localisation.
LIBS analysis provides the elemental composition of the epoxy
nanocomposite material. The values of micro vicker hardness,
threshold fluence and plasma temperature formed show the direct
relationship. Ion-trapping particle has the highest plasma
183

Table 9 Actual and estimated TDOAs.
TDOA
Actual, ns
P1
P2

Calculated SS method, ns
P1
P2

Simulated, ns
P1
P2

τ12

12.765

5.6518

12.7

5.6

12.76

5.65

τ13

7.1128

2.4707

7.1

2.4

7.11

2.47

τ14

9.5835

−5.2901

9.5

−5.3

9.58

−5.29

Table 10 Actual and estimated source locations
Method
actual location
practically calculated
calculated by simulation

P1 (x,y,z), m

P2 (x,y,z), m

2.5, 5, 0.62
2.48, 4.98, 0.38
2.50, 4.99, 0.61

2.5, 5, 0.62
2.47, 4.98, 0.33
2.50, 4.99, 0.61

Table 11 Root-mean-square error in the position of both the source practically and simulated
Position
Error practically, m
P1
P2

0.2416
0.2922

temperature and hardness followed by titania-filled epoxy
nanocomposite and base epoxy resin. The results of the study
correlate well with the damage caused due to water dropletinitiated discharges.
In short, to conclude, the performance of base epoxy resin is
strongly influenced and improved by the addition of nanoparticles.
The ion-trapping particle-filled epoxy nanocomposite performs
best among the test samples.
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