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Abstract

In the present work, a criticalreview is made on methods of surface potential measurements adopted on various polymeric
materials, mechanisms of charge decay and trap distribution associated with the respective materials. Surface potential
measurements and trapping characteristics of polymeric materials reported in the literature are critically assessed to provide
glimpses of its growing demand for the improved performance of insulation structures in power system networks. The
present review ensues with the preamble of the importance of corona discharge of various insulators and subsequently it
dwells on particularly on the development of polymeric insulating materials in the high voltage engineering. The
importance and method of surface charge measurements of polymeric insulating materials are presented. The needle plane
configuration setup employed to investigate the surface charge decay characteristics are described. It is chosen due to its
non-contact, easy to use and adaptability to desired experimental conditions. After the charging process, the various routes
of charge decay and different detrapping processes involved in the charge neutralization, along with their importance on
underlying experimental conditions, are elaborated further. The development of the different type of traps in the material
and their role in accumulating the charge in the vicinity of the defective states are systematically evaluated. Various
important parameters such as initial potential, decay rate, trap depth and trap charge density are used in elucidating the
charge trapping behaviour of the polymeric materials. The variation in the surface potential as well as the respective trap
distribution due to the Aluminium (Al) nanofiller addition, under different voltage profiles and different irradiated
environments are elucidated. Controlled addition of Al nanoparticles to base epoxy matric has shown an increased decay
rate. On the other hand, increased rise time of the applied transient voltage has resulted in the deep trap sites in the
nanocomposite material. The induced trap energy states due to the gamma irradiation in the epoxy matrix are nullified by

the addition of Al filler content.
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1. Introduction

Surface and/or internal charging of materials occur when a
sufficiently high electric field is exerted from the electrodes
(sharp protrusions, wire or a plate). The electrons in the
surrounding ambience of emitting electrode act as ionizing
agents, upon being excited by the electric field, the energy is
transferred to the gas molecules, and therefore the avalanche
of energized molecules trigger the corona discharge [1]. The
trajectory of ions is dictated by the electric field, and the
corresponding discharge, in general, possesses the same
polarity as that of the high voltage electrode. Further, the
discharge is controllable because the increase in the electric
field between electrodes increases the corona current.
Electro-optics, for instance, xerography in specific,
corona discharge is being employed to charge the
photoconductor surface uniformly at the initial stage of
photocopying and printing applications [2]-[4]. Maintaining
a constant surface potential despite the charge transport
mechanism, is achieved through the introduction of trappings
till the charged particles are removed from the
photoconductor surface [3]. The corona discharge is used in
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electrostatic precipitator applications in collecting the
contaminated charged particles in an efficient way from the
industrial gases [5], [6]. In the fabrication of electrets, corona
discharge is proven to be the best method in distributing the
charge uniformly and maintaining the charge stability for a
long time over the surface in comparison with other
techniques such as liquid contact and electron beam method,
in generating the permanent electric field in the solid
dielectric material [7]-[9]. Large scale production of reliable
and low-cost piezoelectric transducers for biomedical
instrumentation is now possible through the surface discharge
technique, wherein the method is mainly used for polarizing
the polymeric material in obtaining the required electric field
without the major breakdown of underlying material [10]-
[12]. Upon interaction with the charged particle, the surface
of the material experiences various reactions such as
crosslinking, degradation and radiation-induced conductivity
in the irradiated nuclear environment [13]. Thus, gamma
irradiated epoxy resin under repetitive pulse voltage has
shown a significant variation in trap distribution
characteristics [14]. Corona discharge is an elegant way to
analyse the effect of cosmic rays on the dielectric materials
that are used to evaluate the conductance and trapping
performance of the material [15]. Further, corona discharge is
used in indoor air cleaners, treatment of polymeric surfaces,
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production of 0zone, and destruction of gaseous contaminants
[16].

Apart from the applications mentioned above, corona
discharge is also used to evaluate the surface trapping
characteristics of the insulating materials used in high voltage
and power transportation and distribution networks [17], [18].
Effective utilization of surface discharge technique yields
fruitful results, particularly, the electrets, wherein the charge
build-up, stabilization and trapping into the material for a long
time is an essential requirement. On the other hand, uniform
charge distribution and dissipation at a rapid rate and at
regular intervals of time over the photoconductive film is one
of the essential requirements in electrophotography [19].
Whereas, a least surface charge accumulation and quick
charge dissipation are the desired parameters in obstructing
the space charge formation in bulk, thereby refraining the
possible damage to the network components in the near future
in case of the electrical insulation design application. With the
above description of different applications in which corona
discharge finds its prominence, it is evident from the
perspective of the electrical insulation that the corona
discharge is not always a threat for the insulation as long as
the least possible charge accumulation during the network
operation and rapid charge dissipation upon removal of
electrical stresses are maintained [20], [21].

The present review is mainly focused on surface charge
decay characteristics of polymeric insulating materials
utilized in various high voltage applications. Polymeric
materials are now finding their prominence as the insulating
material in long-distance electrical power transmission
systems due to their advantageous technical aspects over the
conventionally used ceramic (glass and porcelain) based
insulation [22]-[24]. Laboratory and onsite test performance
of silicone rubber composites have shown improved
mechanical, thermal and dielectric properties, besides their
inherent advantages of hydrophobic performance, lightweight
and vandal resistance [25]-[28]. The surface of the insulator
is primarily exposed to the environment where the strongly
localized constraints such as uncontrolled weather conditions
as well as the places that are in the vicinity of the pollution
sources (cities, sea, plants etc.) dictate the performance of
insulating material during the power system operation.
Insulators in the proximity of coastal areas are more prone to
the formation of conductive channels over their surface due
to the accumulation of sea salt [29], [30]. Though the
contamination layer over the surface does not cause a severe
problem in dry conditions, it is a considerably a serious threat
to the entire power system network in the presence of wetting
agents such as humidity, fog, dew, drizzling and misty
conditions [31]. Sooner or later, the bridging causes the
leakage current to flow from high voltage end to ground
electrode, and thereafter, the dry bands are formed over the
insulating material surface due to the intense heating preceded
by the water evaporation along the pollution initiated
conductive channels [30]-[33]. The network of partial
discharges across the dry band leads to the occurrence of
complete flashover, and hence the inevitable premature
failure of the power system can result [34], [35].

Further, the glass fiber reinforced polymeric materials are
preferred in construction, aviation and electronics industries
due to their high strength, stiffness and resistance to harsh
environments [36]-[38]. Nevertheless, these materials also
experience surface discharges in space due to uncontrolled
irradiation levels, satellite anomalies, etc. [39], [40]. Epoxy is
a widely used insulating material for superconducting
magnets in controllable nuclear fusion research. The reactions
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such as crosslinking and degradation occur to the insulation
due to prolonged usage in the electron beam and gamma
irradiation environment [41], [42]. The non-conductive
insulating materials play an equally responsible role as that of
the conducting materials in power transmission and
distribution networks. Epoxy resin is one such thermosetting
polymeric insulating material that protects the electrical and
power electronic components from short circuits, moisture
and dust accumulation besides providing structural support
for the live components. Specifically, the epoxy insulation is
used as a housing material for superconducting fault current
limiters in the power system network [43]-[45]. The network
components such as cables, transformers, overhead lines and
switchgear units are designed to withstand the fault currents
typically higher than the normal load currents for a negligible
period of time. In the advent of prolonged fault currents, the
network components experience increased fault levels and
exceeding the network component ratings can lead to
catastrophic failure of the network if the proper remedies are
not incorporated. Fault current limiter (FLC) is one such
addition to the network with the dynamic impedance
characteristics, which can save the power system by offering
negligible impedance during the normal load currents and
offering a rapid rise in impedance, on the other hand, during
the presence of a fault or high currents for longer periods of
time. The insulation in the FLC device is subjected to a rapid
rise in the thermal and electrical stresses during the faulty
events along with the quenching effects. The breakdown
characteristics of the insulation under liquid nitrogen (LN>) is
greatly influenced by the volume defects, rise in temperature
and creepage discharge properties under the cryogenic
environment [43], [46]. Recently, epoxy filled with titania and
alumina nanoparticles has shown better dielectric
characteristics over the epoxy material alone. Further, the
addition of silica nanoparticles has improved the Alternating
current (AC) breakdown as well as partial discharge inception
voltage characteristics over the base polymeric material [46],
[47]. In addition, the epoxy polymeric materials are widely
used insulating structures for the various power network
components such as gas insulated substation (GIS) spacers,
cable joints, dry-type transformers, post type insulators and as
a support structure for bus bar and breaker in switchgear [48]—
[51].

Tam introduced the trapping and detrapping through the
demarcation energy model for semiconducting and insulating
materials [52], [53]. Watson has adopted the model and
obtained the trapping parameters by the application of the
electron beam charging method [54], [55]. The surface
demarcation energy model was introduced by Molinie et al.,
and it was used extensively in estimating the trap
characteristics of various insulating materials during the
potential decay [18], [19], [56]-[59]. Gubanski and his
coworkers have worked extensively on measuring and
modelling the surface potential measurements of various
polymeric materials, which are in service to analyze the
surface performance analysis of the respective materials [26],
[60]-[63]. Two-level surface charge trapping process at
various defects possessing different energy levels are
investigated by Chen et al. through isothermal surface
potential decay studies [21], [64]. Elaborative research work
on surface potential decay measurements and corresponding
trap characteristics of various polymeric materials under
different ageing condition, nanofiller additions, thermal and
mechanical stresses, and surface functionalization etc. are
studied by Du et al. [65]-[74].
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The magnitude of the charge accumulation under the High
voltage direct current (HVDC) stress is strongly related to the
unavoidable defective states in the insulation, which further
lead to the charge trapping phenomenon [75]. Here, the
HVDC is the most effective and economical means of power
transfer technology providing grid interconnection and more
controllable power transfer over a long distance while
maintaining network quality and stability, besides offering
lower losses in comparison with the AC transmission system
[76].

With the significance of corona discharge known in
various applications, it’s usage in insulation point of view in
high voltage applications is further explored through a needle
plane configuration test setup, a well adopted method for
obtaining the surface potential measurements under different
voltage profiles, temperature and ageing conditions. Rest of
the paper deals with the corona discharge and surface
potential measurement experimental setup, the process of
charge injection and trapping, mechanisms of charge
neutralizations, possible routes of charge decay, surface
charge measurements through Kelvin probe method, and trap
distribution  analysis through the surface potential
measurement parameters such as mean life time and trap
depth. The three case studies are discussed in order to
examine the influence of nanoparticle addition, variation in
voltage profile and gamma ageing effect on surface potential
decay and trap distribution characteristics of Al filled epoxy
nanocomposite materials.

2. Experimental setup

The defective states nearing the insulating material surface
are more vulnerable to charge accumulation due to the
sustained electric field during the electrical network operation
under the Direct current (DC) voltage [75]. Nevertheless, the
polymeric material surface is prone to charge accumulation
mainly due to surface discharges, triboelectric effect,
polarization, and charge migration etc. Extended periods of
operation under the high fields can distort the structure of
local electric fields within the material [77]. The built over
stress as a result of electric field enhancement at the defective
states will show a deteriorative effect, at worst, breakdown of
the resultant insulating material, over a long term operation.
Thus, the surface potential can compel the electric fields high
enough to cause the surface discharge activity or on the
charge being trapped in localized states can cause
enhancement in local electric field variation leading to
internal damage locally, and therefore significant destruction
can result to the insulation over a period of time [56], [78].
Though there is no control over obstructing the formation of
inherent defects in the insulating material, the magnitude of
charge accumulation and rate of charge dissipation can be
controlled by various means such as the addition of
nanofillers and direct fluorination during the material design
process [72], [79].

After the charging process, the surface potential decay
characteristics can be obtained experimentally by measuring
the charge remaining on the surface of the dielectric material.
The experimental setup shown in Figure 1 represents the
typical needle plane configuration, and it is the simplest
method of acquiring the charge dissipation characteristics.
Charging of the polymer surface is an essential prerequisite
before obtaining the decay behaviour. The charging process
of insulating materials is, in general, carried out either in
contact or non-contact (corona charging) method [47], [57].

The experimental conditions shown in Figure 1 were adopted
to understand the study of the surface potential variation
occurring due to the charge deposited by corona activity. The
corona charging process is a non-destructive, convenient and
widely adopted method, which has a plethora of advantages
over the contact method, which includes: a) utility to check
surface trap characteristics for different voltage profiles. (eg.
DC, transient and composite voltages), b) flexibility in
adjusting the magnitude of the applied voltage, c)
accessibility in varying the applied voltage polarity, i.e.
positive and negative polarities, and d) adaptability to test
under varying temperatures and different ageing conditions,
i.e. ultra violet (UV), gamma irradiation, water and corona
ageing etc. while maintaining the uniform atmospheric
experimental conditions [80]. Since one side of the surface of
the specimen is open to the surrounding ambience and the
other side surface is resting on the metal electrode during the
charging process, the arrangement is referred to as open
circuit configuration [63].

The combination of the function generator and High
voltage (HV) amplifier setup generates the desired voltage
signal with the required magnitude and polarity that is ready
to impinge over the surface of the specimen through the
needle electrode. The customized input such as pulsed,
transient, or composite voltages having varied magnitudes
and polarities can be generated with the help of a function
generator along with the HV power supply combination
besides testing alone with the DC input. Since the discharges
are initiated from the sharp protrusions, the needle electrode
with a tip radius of 0.3 mm is utilized in the present
experimental setup. Mesh grid can be used in between the
needle electrode and the specimen for uniform charge
distribution over the surface of the sample [1], [47]. Since the
discharge is controllable, based on the magnitude and polarity
of the applied voltage, the produced electric field directs the
charge carriers to scatter over the specimen surface. The
distance between the tip of needle electrode and specimen
surface is adjusted in such a way that a) the produced electric
field should spray the charges over the surface instead of
spraying in the surrounding environment and b) the produced
electric field is just enough for the sprayed charges to settle
over the localized surface states in the specimen [81], [82]. It
is observed that the applied electric field below the threshold
level of the material restricts the formation of space charge in
bulk. Thus, the applied field well below the threshold electric
field will ensure the sprayed charges settle over the surface
[83]. Figure 2 shows the laboratory experimental setup for
measuring the surface potential decay measurements of
insulating materials through needle plane configuration
method.

HV Amplifier
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Generator

OUT‘ P Sensor
N l Position1 | Position 2 B
Sample (Charging) | (Measurement) Sliding ground
electrode
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Voltmeter

HV needle
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Fig. 1. Graphical experimental setup for surface potential decay studies.
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Fig. 2. Practical experimental setup for surface potential measurements.

The process by which the charges are deposited over the
surface of the specimen under the corona injection from the
needle electrode is illustrated in Figure 3. Collision of charges
emitted from the needle electrode with the neutral atoms in
the surrounding ambience results in the formation of ions
(ionization) and electrons. Considering negative DC as input,
the electrons and negative ions will be deposited over the
surface [84]. At the same time the positive ions are also
generated as a result of affinity of the molecules towards the
electrons in the surrounding air. Involvement of stampedes of
charges in reiterating collisions and recombination yields the
charge deposition over the specimen surface. During the
process, all the charges may not reach the surface of the
specimen due to the loss of energy during the collisions, ionic

()

.
o
.

» HV needle electrode _

formation and recombination. Thus, the trajectory of charge
is dictated by the electric field, and the corresponding
discharge, in general, possesses the same polarity as that of
the high voltage electrode.

Thermal agitation due to the collision of stampedes of
charges originating from the corona needle electrode forces
the charges deposited earlier over the surface to transport
towards the bulk of the material. Since the practical polymeric
materials are the aggregate structures of amorphous and/or
polycrystalline nature, the charge carrier trapping is primarily
characterized by the localized states that arise from the
various defects. The defective states essentially classified into
two categories i.e. physical and chemical defects [75]. The
physical defects include structural imperfections due to static
or induced disorders at the grain boundaries, intentional
(nanofillers, silane compounds and curing agents etc.) and
unintentional (voids, agglomerations, moisture and dust
particles etc.). Chemical defects comprise charge carrier
interaction with the polar molecules in the resultant material,
a dynamic disorder caused due to molecular lattice vibrations
due to thermal agitation, chemical tails of macromolecular
chains, and van-der-Waals bonded molecular motion etc.
[47], [85].

(b)

o © :Electron

@ :Neutral molecule
@ :Positive ion

@ :Negative ion

Sliding ground electrode

»

Fig. 3. Typical corona discharge (a) from the needle electrode and (b) the charge deposition process over the surface of the specimen

The process of charge carrier trapping or accumulation at
the defective states defines the respective energy gap of the
polymeric material [75]. The charges migrating from one side
of the surface to the other side will be trapped at several
defective states in the material. Upon receiving sufficient
energy due to collisions from the newly coming charge
carriers, the trapped charge will be released from its site and
start moving towards the counter electrode, having the next
higher energy site deeper in the energy gap. Thus, the charge
occupying at the deeper trap sites requires higher energy to
release from its localised state [86]. The process of trapping
and releasing from the localized states will be continued till
there is no further thrusting force either from the deposited
charge carriers over the surface or from the corona electrode.

3. Surface potential decay studies

3.1 Surface potential measurement

After the charge is implanted over the surface for a specific
duration of time, the potential over the surface is measured by
the Kelvin probe technique by shifting the sample position
from position 1 to position 2. Though other techniques such
as induction probe and field mills probe are available, the
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Kelvin type probe method allows the more accurate, non-
destructive and non-contact type of investigating the surface
charges over the polymeric surface [57], [87]. The charges
over the polymeric surface induce charge on the metal
electrode of the Kelvin probe which is placed above the
studied surface. The probe vibrates perpendicularly to the
studied surface and hence nullifying the resultant current by
adjusting the voltage between the probe and electrode to zero,
results in the charge over the tested surface [57]. The potential
(V) over the test surface is estimated through the expression,

V=;O' (1)

Where d is the air gap between the probe and tested
surface, € is the relative permittivity of the material between
electrodes. o is the surface charge density over the material
surface. Proportionally, the charge on the test surface over the
scan area (A) is calculated through the expression, [88]

€A

Q=V—

(2)
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Thus, the surface charge and surface potential measured
from the voltmeter are related directly to one another in the
current experimental scenario.

3.2 Mechanisms of charge decay:

The charge being deposited and trapped near surface of the
insulator, it is now free to escape from their existing states
under the absence of electrical field, referred as detrapping,
which involves several mechanisms such as surface
conduction, bulk neutralization and gas neutralization [63],
[89]. All these three phenomena are involved in the decay
process. Literature reveals that one or two of the phenomena
are taken in to account, and it solely depends on the specimen
under test and underlying experimental conditions [63].
Uneven charge distribution of implanted charges over the
specimen yields the leakage of charges along the surface
termed as surface conduction. The surface conduction is
strongly dependent on atmospheric conditions such as
humidity, temperature and pollution levels [90], [91]. This
mechanism can be ignored by maintaining the uniform
experimental conditions while investigating the comparative
study of decay characteristics of various polymeric materials.
Gas neutralization is the process where the loosely trapped
charge carriers initially detrap from their localized states by
recombining with the free ions that are attracted to the
polymeric surface at the gas-solid interface followed by the
tightly bound charges etc. [63], [92]-[94]. Here, the ions are
produced during the charge injection from the needle
electrode and occupy the surface states and the charge
carriers. Thus, gas neutralization is a strong function of ions
present in the surrounding ambience due to the applied
electric field.

On the other hand, few of the injected charges are
transported to the bulk despite the control over the applied
electric field due to the longer durations of charge injection
and material intrinsic conductivity characteristics [19], [58].
Thus, bulk neutralization can be observed within the bulk
volume of the polymeric material, where the neutralization of
trapped charges is achieved through the polarization and
recombination process [59]. Further, the rate of charge
injection, transportation, and mobility of carriers within the
bulk of respective polymeric material defines the rate of
charge recombination [47]. To conclude, the deposited
charges choose to decay either through the atmosphere, along
the surface or across the volume based on the experimental
conditions [95].

Under the absence of excitation, the trapped charges are
released from their localized states through various routes
such as thermal detrapping and photon assisted detrapping,
tunnelling and impact ionization [47], [5S8]. The detrapping
process associated with photons excited due to visible light in
the present experimental conditions could be very slow. The
available energy with the photons considering experiment at
isothermal conditions is very low to stimulate the charge
carriers to release from their localized states. Therefore,
photon assisted detrapping can be neglected. Tunneling and
impact ionization processes occur at very high electric fields.
Since the applied electric field is far less than the threshold
level of the material, tunneling and impact ionization
processes too have the least significant effect at such a lower
field in detrapping the carrier from their localized states.
Thus, thermal or phonon-assisted detrapping is the possible
mechanism for charge detrapping, where the energy for
trapped carriers is acquired from the thermal lattice vibrations
(phonons) [47].
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3.3 Trap distribution characteristics

The characteristics of the material are well explained through
the trap distribution parameters for which measurement of
trap depth from the surface potential decay characteristics is
a necessary requirement. Trap depth is the amount of energy
required for a trapped carrier to be released from the trapped
site [86]. The description of volume traps and detrapping from
the demarcation energy model is first proposed by Simmons
and Tam for semiconductor and insulating materials [52],
[53]. Further, the model was adopted by Watson to determine
the trap parameters of polystyrene material under the electron
beam charging technique [54], [55]. Molinie group has
studied the surface charge modelling process and
demonstrated the surface demarcation energy model to
characterize insulating film behaviour during the potential
decay [18]. It is well known that the trapped charges having
the energy above a certain limit, called the demarcation
energy (Eq), can be detrapped. Therefore, the emission of
charges from the states below the demarcation level can be
neglected [92]. Here Eq defined as the border between
emptied and occupied states, and its position is varied as a
function of time and availability of density of trapped charges
at the surface level of the respective material [54], [96]. Thus,
the carriers nearing the Eq can detrap from their localized
states, resulting in detrapping emission current (Iq).
Considering the detrapping process causing the decrease in
surface potential, the rate of change of potential is directly
proportional to the detrapping emission current, i.e.

av

I;(t) « I

3)

Since the detrapping of charges released from the
localized states is varying, the corresponding position of the
Eq also varies with time [53]. Furthermore, the variation in
density of charges released from trap sites is directly
proportional to detrapping emission current, i.e.

dE4(t)
dt

I;(®) « N(E4(®)) 4

The trap depth, which is the difference between the energy
levels of conduction (E.) and demarcation (Eq) states exist in
the material is given by,

AE = E, — E; = kT In(1t) 5)

Where k (in J/K) is the Boltzmann constant, T (in K) is
the thermodynamic temperature and v is the attempt to escape
frequency, in order of 102 s\,

Taking the proportionalities from (3) and (4) yields

dE4(t)
dt

av
o N(E4(D) (6)

Differentiating equation (5) with respect to ‘t’ and

substituting it in equation (6) gives that the density of charges
at the demarcation level [56], i.e.

dv

N(E4 (1)) « t— )

Considering the trapped charges can escape from their

localized states, the density of charges can be computed by
[13],
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av(t)
dt

4¢g,€,

NE) = g7

8)

where L (in m) is the thickness of the material, &, is the relative
permittivity of the material.

4. Case study

In the present study, self-passivated spherical aluminium
nanoparticles of 99.9% purity with an average particle size of
40 nm are used in the preparation of nanocomposites.
Passivation is the process of formation of a thin and dense
protective layer on the nanoparticle surface at the time of
particle production. It provides uniform particle size
distribution, besides preventing the oxidation process [97].
The presence of a passivated layer over the metallic core
nanoparticles results in reduced dielectric loss over its
unpassivated particles in a dielectric material [98].
Aluminium nanoparticles possess high combustion enthalpy,
due to which these particles and corresponding composites
find their prominence in rocket propellants, explosives,
pyrotechnics, electric energy storage capacitors, embedded
capacitance materials, EMI shielding applications and
insulation structures. Sindhu et al. studied the influence of the
addition of different sizes and concentrations of aluminium
nanoparticles to the epoxy polymer matrix to vary the electric
energy density for the energy storage capacitance applications
[99].

Literature reveals that the controlled addition of various
nanoparticles to the base polymer matrix resulted in enhanced
mechanical, thermal and dielectric properties [7] [101] [98].
In specific, utilisation of passivated core-shell structured
aluminium nanoparticles proved its significance in improving
thermal conductivity, mechanical strength and dielectric
properties of a resultant composite system. Despite the
advantageous features of metallic composites below the
percolation threshold in reducing dielectric loss and improved
thermal conductivity, their fruitful utilization, specifically in
insulation engineering, have not been explored to the core,
apart from the fundamental dielectric characterization.
Considerable research work is need to be carried out
regarding Al/epoxy nanocomposites for their suitable usage
as an insulating material in the electrical insulation system.
Hence the present is study is marking its step towards
fulfilling the gap in literature to investigate the surface
potential behavior of Al/epoxy nanocomposites under
different voltages, filler addition and different dosages of
gamma irradiation.

4.1 Surface potential measurements under DC voltage

Inspection of the surface charge decay characteristics of
epoxy nano aluminium composites viz. potential decay and
trap distribution properties under the DC and transient voltage
for positive and negative polarity are studied in the case study.
Further, one more case study is presented to understand the
charge trap characteristics due to the ageing process under the
gamma-irradiated environment for nanocomposite samples.
The details regarding the selection of filler concentration,
material preparation, microstructural characterization and
ageing parameters of the materials are reported in the earlier
literature [80], [102], [103]. The experimental setup depicted
[47]in Figure 1 was employed to investigate the surface
potential decay characteristics of the nanocomposites for the
positive and negative polarity of the applied voltage. Though
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the details of the experimental setup are discussed earlier,
specific experimental conditions are provided in this section.
All the specimens of nanocomposite materials are sliced into
square-shaped with the dimensions of 40 X 40 mm for the
surface charge measurements. One side of the nanocomposite
sample surface is exposed to air and charge is implanted from
the needle electrode. Another side of specimen surface is
resting on the sliding aluminium sheet. The combination of a
function generator (AFG3051C) and a high voltage amplifier
(Trek model 20/20 C) is used to supply the required voltage
to the needle electrode. Three minutes of charging time are
chosen, during which the specimen remains at position 1. The
specimen is shifted to position two, where the potential
remaining on the surface of the specimen is measured upon
shifting the sample to position two after the charging process
under isothermal conditions. The surface potential is
measured though the Kelvin probe which is connected to an
electrostatic voltmeter (Trek model 341B). Subsequently,
data is recorded continuously in the oscilloscope. Further, the
dielectric response of the materials investigated in the earlier
studies is utilized for understanding the variation in trap
parameters of the respective materials [80], [103].

As discussed earlier, the charge carrier trap formation in
the polymeric material is due to physical and chemical
defects, and the injected carriers accumulate at the boundaries
of these defective sites due to thermal agitation of charge
collisions resulting from the needle electrode. The applied
voltage from the needle electrode is sufficient enough for the
charge carriers to be deposited over the surface, whereas the
resultant field is insufficient for the injected charges to
transport through the bulk of the material. Thus, the bulk
neutralization and surface conduction are considered to be of
the least significance for the trapped charges to release from
their localized trapping sites [47]. Since the objective is to
observe the surface potential variation, the present
experimental electrode configuration can be used to obtain the
charge trap characteristics. Therefore, the charge decay
essentially occurs through the phonon-assisted detrapping,
where the trapped charge is estimated to decay by
recombining with the ions of opposite sign in the surrounding
ambience, under the absence of applied field conditions. The
respective potential measured through the electrostatic
voltmeter at any instant of time is in proportion with the
charge detected over the surface of the specimen through the
Kelvin probe, which is positioned at 3 mm above the charged
surface of the specimen.

The surface potential decay from the trapping sites on the
surface of the different nanocomposite materials is plotted in
Figure 4 for the applied DC voltage profiles under positive
and negative polarities. The surface potential is decayed
exponentially as a function of time for all the samples under
observation regardless of the applied polarity. Thus, the decay
studies are analyzed mathematically upon fitting the recorded
surface potential through the exponentially decaying function
[80],

V() = V,er ©)
where V, corresponds to the initial surface potential measured
at the charged specimen surface after being brought under the
Kelvin probe. The variable t (in s) represents the mean
lifetime of the carriers, i.e. the time taken for the potential
decay curves to reach around 37% of initial potential.
Furthermore, a variable A (in s') is referred to as decay rate
constant, and it can be defined as the inverse of the mean
lifetime of the carriers (t). From the experimental results, it is
seen that the potential decay is rapid during the initial period
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of time, and it becomes slower afterwards. It is known that the
presence of physical and chemical defects lead to the
formation of traps, and hence the characteristics of the
material are now defined by the variation in trap distribution
due to the addition of nanoparticles. It is also known that
charges occupy the traps having different energy levels
present in the material. The presence of physical and chemical
defects defines the traps with different energy levels [21]. As
a result, the charges trapped at loosely bounded states require
less energy to detrap in comparison with the charges trapped
at sites having higher energy levels. Thus, a classification is
imposed on the trap sites depending on their energy levels,
wherein the trap sites with lower energy are referred to as
shallow traps. On the other hand, the traps that possess higher
energy are referred to as deep traps. Zhou et al. have related
the shallow traps, which are higher in density in the material,
are caused due to physical defects, whereas the deep traps that
arise in the materials are due to chemical defects [21]. Thus,
the faster potential decay shown in Figure 4 during the initial
period of time is due to the detrapping of charges from the
shallow traps, while the subsequent slower decay is ascribed
to the decay of charges from the deep trap sites [104]. A slight
variation in the magnitude of initial potential is observed for
a given material with respect to a change in polarity of the
applied voltage. The magnitude of initial potential under -DC
is higher than +DC. The probable reason could be affinity of
the material towards the negative charge transportation during
corona charging, and hence detrapping is quite difficult for
negative charges in comparison with that of positive charges.
Further, the charge density in the negative corona is higher
than that of positive corona discharge [105]-[107].

The decay time of the nanocomposites subjected to +DC
and -DC voltage is presented in Table 1. The decay behaviour
exhibited by the epoxy nanocomposites is almost similar in
both the polarities. It can be observed that the decay time is
decreased from the base epoxy material to the nanocomposite
having the 5 wt% nanofiller concentration. Further addition
of nanofiller above 5 wt% has shown the increased decay
time. Variation in the decay time for the nanocomposites as a
function of filler concentration is further explained better with
the determination of trap characteristics.

6000

oS
=
=
=

Surface potential (V)
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Fig. 4. Surface potential decay characteristics for +DC and —DC input
voltage [82].

Table 1. Mean life time and trap parameters of Al/Epoxy nanocomposites under DC voltage [82].

Polarity Positive polarity Negative polarity
wt% Mean life time (s) Trap depth, eV Mean life time (s) Trap depth, eV
0 362.71 0.87 276.40 0.86
1 186.85 0.85 218.15 0.85
5 131.73 0.84 127.03 0.84
10 468.16 0.87 250.10 0.86

The density of charges trapped at various energy levels
due to the traps that arose as a result of defects is calculated
for the nanocomposites through the equation (8). Figure 5
shows the distribution of charge carrier density (N(E)) at
different energy levels (E) for the Al epoxy nanocomposite
materials. Here, trap depth is the energy required to liberate a
charge from the trap site, i.e. lower values of trap depth
indicate the minimum energy required for a charge to release
from its localized state. Further, the trap center is identified as
the trap depth at which maximum charge carrier density
exists. A left shift in the trap center for the nanocomposites

16
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shows the enhanced charge detrapping from the localized
states due to reduced trap depth. On the other hand, the right
shift in the trap center shows the slower detrapping of charge.
It is seen from Figure 5 that the trap center is reduced with the
addition of Al nanoparticles to 5 wt% to the epoxy polymer
matrix, whereas it is increased for 10 wt% beyond the trap
depth of unfilled epoxy material. Trap centers for the
nanocomposites are presented in Table 1. It is seen that the
trap distribution for epoxy nanocomposites under both the
polarities is ranging from 0.7 electron Volts (eV) to 0.9 eV.
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Fig. 5. Trap energy distribution for (a) + DC and (b) —-DC input voltage profile [82].
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Intuitively, the addition of nanofiller to the base polymeric
material leads to the reduction of interparticle distance.
Beyond a certain level of filled addition results in the
aggregation of nanoparticles, and therefore, the formation of
conductive channels in the nanocomposite material is
inevitable. In parallel, the interfacial region formed around
the nanoparticle in the polymer matrix is also a function of
filler concentration. The formation of interfacial regions
around the nanoparticles provides mean free path for the
trapped carriers to release from their localized states. The
interfacial volume is modelled as a function of filler
concentration to the polymer matrix, and it is concluded that
the addition of nanoparticles has shown the enhancement in
the interfacial volume till certain wt% of filler addition,
beyond which the interfacial volume has reduced [102],
[108]. Thus, enhancement in the interfacial volume due to the
addition of Al nanoparticles till 5Swt% has provided the mean
free path for the trapped carriers to detrap and therefore,
reduction in the trap depth is observed. Whereas, the
decreased interfacial volume due to agglomerations in the
polymeric material resulting from the addition of
nanoparticles beyond 5 wt% has shown the increased trap
depth, in which case the escape of trapped charges is
relatively difficult. The microstructural characteristics of Al
epoxy nanocomposites are reported in earlier studies [83]. A
considerable amount of energy is needed for these charge
carriers trapped in a cluster of localized states to get liberated,
and therefore the trap energy is increased for 10 wt% material.
Therefore, the reduction in the trap center and reduction in the
mean lifetime of the nanocomposites indicate faster
detrapping characteristics. Moreover, the left shift in the trap
center is intuitively thought of as the decrement in the mean
lifetime of the potential decay curves.

4.2 Surface potential measurements under transient
voltages

Considering the nanocomposite below 5 wt% results in better
decay characteristics among the prepared specimens, the
influence of variation in the transient voltage rise time is
further studied for the nanocomposites. The variation in
surface  potential decay characteristics of epoxy
nanocomposites under the transient voltage application with
a front time of 0.5 ps, 1.2 ps, 2 pus and 5 ps with a constant 50
ps tail time respectively is shown in Figure 6(a) to (d). The
signal corresponding to the desired front times are generated
with the help of a function generator and subsequently given
to the needle electrode through the high voltage amplifier.
The experimental conditions are maintained constant for all
the specimens under observation. Further, the applied field

conditions are sufficient for the injected charges to settle over
the surface of the specimen and hence the surface conduction
and bulk neutralizations are assumed to have negligible effect.
The release of charge from the trapped sites is mainly through
the thermal detrapping in which case the trapped charge is
neutralized by recombining with the ions of opposite signs

around the charged surface.
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Fig. 6. Surface decay potential characteristics for transient voltage profile
with (a) 0.5 ps, (b) 1.2 ps (¢) 2 ps and (d) 5 ps rise time [83].

Exponential decay in surface potential was observed
irrespective of the applied polarity and filler concentration.
Here also, the initial surface potential under the applied
transient voltages is higher in a negative polarity case than in
positive polarity. Similar to the DC voltage application, the
inclusion of the nanofiller to the epoxy polymer matrix results
in the reduced interparticle distance, giving rise to enhanced
interfacial volume for the enhanced charge carrier mobility to
detrap from their localized states. Hence, a decrease in a mean
lifetime can be observed in all the voltage profiles and follows
a similar decay pattern with the inclusion of Al nanofiller to
the base epoxy polymer. The trap distribution characteristics
shown in Figure 7 and 8 are derived from the surface potential
decay curves to better picturize the variation in trap center as
a function of filler concentration and rise time of the transient
pulse. Variation of trap energy density for positive and
negative polarities of Al filled epoxy nanocomposites for
different transient voltage profiles is shown in Figure 7 and 8,
respectively. It is seen that the trap distribution covers the
range from 0.7 eV to 0.9 eV. Table 2 shows the variation in
the trap center, which represents the energy at maximum
charge density, variation with respect to the addition of filler
and polarity of applied voltage profiles.

Table 2. Variation in trap depth as a function of filler concentration under different transient voltage profiles [83]

AE (t=0.5 ps) AE (t=1.2 ps) AE (t=2 ps) AE (t=5 ps)
Wi + - + - + - + -
¢ polarity polarity polarity polarity polarity polarity polarity polarity

0 0.87 0.83 0.87 0.86 0.84 0.83 0.87 0.87
0.5 0.87 0.82 0.87 0.86 0.82 0.83 0.86 0.85
1 0.86 0.81 0.86 0.84 0.83 0.82 0.86 0.85
2 0.81 0.80 0.82 0.82 0.81 0.80 0.85 0.85
0.77 0.77 0.82 0.82 0.81 0.81 0.79 0.85
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For a given voltage profile, enhancement in interfacial
volume due to the inclusion of nanofiller concentration
reduces the deep traps, and it is confirmed by observing the
left shift in the trap center from trap energy plots. Thus, the
faster charge decay characteristics are observed for the Al
epoxy nanocomposites under the absence of the corona

187

injection. Further, the increased rise time of the applied
voltage has induced the deep trap sites in the nanocomposite
material. The reason can be explained through the core-shell
structure of nanoparticles in the polymer matrix [109]. The
charges are accumulated at the shallower traps present at the
loosely bounded layer (the third layer) under the applied field
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conditions. The collision of charges resulted from the thermal
agitation thrusting the carriers at shallower traps to migrate to
deep trap states (through the second layer). Since the charge
injected from the high voltage electrode is high with the
increased rise time of the transient voltage, the enhancement
in the charge transportation forces the charge carriers to
migrate deeper and thereby raise in the deep trap energy levels
are observed [83].

4.3 Impact of gamma-irradiation on charge trap
characteristics
In this study, the surface potential characteristics of gamma-
irradiated Al epoxy nanocomposites subjected to 10 kV DC
input voltage are investigated to understand the influence of
ageing parameters on the charge trap characteristics.
Considering the superior trap characteristics exhibited by the
Swt% Al epoxy nanocomposite sample from the earlier
studies, the gamma irradiation is thus performed on the 5 wt%
specimens along with its unfilled epoxy specimen. The
prepared insulating materials were subjected to gamma
irradiation through %Co source provided with the air
ambience with the dosage rate of 660 Gy/h, up to the total
gamma dosage of 12 kilo gray (kGy). The preceding letter ‘U’
and ‘G’ in the sample notation correspond to unaged and
gamma aged, respectively, and the succeeding number
represents the nanofiller concentration. For example, G5
corresponds to gamma aged 5 wt% nano filled specimen.
The samples have shown a significant discoloration after
the gamma irradiation. The variation in the physical changes
due to gamma irradiation is shown in Figure 9. The virgin
specimen was observed to be transparent but with the gamma
irradiation, it became opaque. The cause for it is due to the
radiation caused oxidation reactions to epoxy [110].
Similarly, the nanocomposite material too has shown slight
change in its color, though it is slight difficult to notice due to
higher opacity.

Fig. 9. Discoloration of different Al-epoxy nanocomposites due to
gamma irradiation (a) U0 (b) U5 (c¢) GO and (d) GS5.

The surface potential characteristics of gamma-irradiated
nanocomposite materials are shown in Figure 10. It is
observed that the potential decays exponentially irrespective
of the ageing, material and applied polarity of the voltage
profile. The initial potential and decay rate variation of
gamma-irradiated al epoxy nanocomposites are shown in
Figure 11a and b for the applied +DC and —DC voltage. The
faster charge decay characteristics of U5 is observed in
comparison with the unaged epoxy polymer (U0). Similarly,
G5 is showing faster decay characteristics GO. Whereas the
unaged nanocomposites are exhibiting faster charge decay
properties over their aged counterparts.

188

5000 . . . .
2 2500
=
=
8
s 0f
(=N
-5}
>
5
22500}
-5000* : : ' :
0 200 400 600 800 1000
Time (s)

Fig. 10. Surface potential decay characteristics of gamma irradiated
Al/epoxy nanocomposites under +DC and —DC voltage profile [103].

The trap distribution properties of gamma-irradiated
Al/epoxy nanocomposites are represented in Figure 12a and
b, respectively. Despite the applied polarity, it is observed that
the trap energy distribution covers the range from 0.7 eV to
0.9 eV. The variation in trap depth for the materials based on
their filler inclusion and gamma dosage rate is shown in Table
3. It is observed that the U5 has a lower trap center compared
to the UO. Similarly, specimen G5 has a lower trap depth in
comparison with specimen GO. A higher trap center is
observed for aged composites over their unaged counterparts.
The enhancement in the interphase area eases the charge
carrier movement freely under the absence of corona charge
injection. Enhancement in the carrier mobility due to
available free interface volume allows the detrapping process
more easily for the sample U5 compared with U0 [102],
[108]. Hence, the sample U5 exhibits the lowest trap depth
and lower mean lifetime. Chain scission and molecular chain
breakage caused due to gamma dosage at the surface states,
allowing the charge carriers to trap at the verge of broken
bonds.

The degradative reaction of functional group in the
nanocomposite samples is dominant due to gamma irradiation
[111]. The impact of gamma irradiation induces functional
group degradation and therefore, new structural defects can
be formed, thereby increasing the number of localized traps
[13], [112]. Thus, the charge accumulation in the case of
gamma-irradiated samples is higher than that of unaged
specimens. As additional trap sites are formed due to the
gamma irradiation, the detrapping of carriers is therefore
difficult from the deep trap sites. Thus, it is evident that the
rightward shift in the trap center can be seen in the trap energy
distribution plot, as shown in Figure 12 for the gamma aged
samples.

Even though the gamma irradiation increases the trap
depth for unaged epoxy specimens, the same is not followed
for the G5 specimen. Improved interfacial volume due to
nanofiller inclusion at 5 wt% alleviates the increased trap
depth. To conclude, the addition of nanofiller to the polymer
matrix can tailor the trap distribution characteristics both in
unaged and gamma aged environments. Also, it is further
observed from Table 3 that the trap depth and mean lifetime
followed the direct correlation. The sample with a lower trap
center is exhibiting a lower mean lifetime and vice versa.
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Table 3. Mean lifetime and trap centres of Al/epoxy nanocomposite samples [103].
Polarity Positive polarity Negative polarity
Sample Mean lifetime (s) Trap depth, eV Mean lifetime (s) Trap depth, eV
uo 362.71 0.87 276.40 0.86
us 131.73 0.84 127.03 0.84
GO 497.51 0.87 279.02 0.86
G5 179.79 0.85 183.82 0.85

5. Conclusions

The main goal of the present work is to bring the consolidated
review on methods of surface potential measurements
performed on various polymeric materials, mechanisms of
charge decay and trap distribution associated with the
respective materials. The variation in the surface potential as
well as the respective trap distribution due to the Al nanofiller
addition, under different voltage profiles and different
irradiated environments are elucidated. The important
reviewed topics and the main contributions of the present
research on polymeric materials in the viewpoint of insulating
applications based on the studies are the following:
. The experimental setup of surface potential
measurements is explained through the simple and non-
contact type of needle plane electrode setup. Surface
potential measurement is discussed briefly through the
vibrating reed principle adopted in the Kelvin probe in
determining the surface charge.

. The various charge neutralization mechanisms such
as gas, bulk and surface conduction processes are
reviewed and hence it is highlighted that the dominance
of one of the mechanisms during the surface potential
decay depends on the type of specimen under test and the
underlying experimental conditions. Further, the phonon-
assisted detrapping is seemed to be the possible charge
release method from the surface states upon removal of
the excitation source.

. The charge parameters such as mean lifetime, trap
center, initial potential and decay rate are discussed from
the trap distribution analysis to characterize the surface
charge decay behaviour of polymeric materials.

. The three case studies are discussed in order to
examine the influence of nanoparticle addition, variation
in voltage profile and gamma ageing effect on trap
distribution  characteristics of Al filled epoxy
nanocomposite materials.

. Controlled addition of nanoparticles to certain wt%
has enhanced the detrapping of carriers from trap sites due
to increased interfacial volume.
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. Increased rise time in the input transient voltage
profile has resulted in the increased trap energy states.

. Despite the gamma irradiation induce an additional
traps in accumulating more charges, the effect is nullified
by the controlled addition of nanoparticles to the epoxy
base matrix.

. Thus, the addition of nanoparticles to the polymer
matrix plays an important role in tailoring the trap
characteristics of resulting nanocomposite materials.

This is an Open Access article distributed under the terms of the Creative
Commons Attribution License.
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