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Abstract

Epoxy nanocomposites with different wt% of alumina was prepared by use of high-speed shear mixer
and high-frequency sonicator process, and the electrical and mechanical properties of the materials
were investigated. Surface potential variation and trap distribution analysis were carried out with
epoxy nanocomposites. Space charge analysis was carried out through Pulsed Electr(PE0®ustic
technique. The dielectric constant and (arvalues of epoxy alumina nanocomposites were

measured at different frequencies and temperatures. Contact angle and corona inception voltage
caused by awater droplet showed a direct correlation. The viscoelastic properties of the epoxy
nanocomposite material were examined through DMA studies. It was concluded thatan increase in
the supply frequency increases the storage modulus and loss modulus of the epoxy alumina
nanocomposites. Glass transition temperature and activation energy increase with an increase in wt%
of alumina contentin epoxy resin. LIBS analysis indicates that the plasma temperature calculated
increases with an increase in the wt% of alumina contentin epoxy resin. Also, the measured plasma
temperature and hardness of the material showed a direct correlation.

1. Introduction

Inrecenttimes, epoxy resin has gained popularity as an insulantin dry-type transformer, GIS spacer, cable
joints, etd 1]. With anincrease in the power rating of the power equipment, it has become essential to design and
develop a compact cost-effective and reliable insulating material. The improved high performance could be
achieved by the use of suitable natliers with base materig]. Earlier research has indicated that the addition
of different types of nanoparticl@$P) to the base epoxy showed enhancement in dielectric strength, low
dielectric loss with improved mechanical and thermal properties, and alumina nanoparticles emerged as some o
the bestnandlers[1, 3].

In nanocomposites, the interface between ther and base resin plays a vital role iniencing the
dielectric properties of nanocomposités Under a high DC voltage, space charge can accumulate in the
insulating material, which can cause local electid enhancement, leading to early failure of insuldtiof].
The presence of any space charge in the insulating material during polarity reversal testis extremely dangerous
and is one of the main causes for the failure of DC c6]€k Itis indicated that an addition of nanoparticles to
the insulating materials can suppress the space charge forfigaflpiThus, an attemptis made, as a part of the
study, to understand the space charge behaviour with epoxy alumina nanocomposites.

Surface ashover is a major threat to epoxy-based insulation strudtle#\ccumulation of charges on the
surface of insulating material, over a period, can lead to surface discharge inception leading tashidaece
atthe operating voltadg&1]. Therefore, itis essential to understand the impact of charge accumulation on
surface potential rise along with charge trap characteristics, with epoxy nanocomposite material.

In general, the polymeric insulating materials should be hydrophobic. The water droplet formed on the
surface of the insulation structure due to fog condensation or due to rain, under normal operating voltage, can
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create high electriceld leading to surface discharge actitigcking. Hence, itis essential to understand the
performance of epoxy nanocomposites on water droplet initiated discharges.

The incipient discharges formed in insulation structures can be idahltly the conventional partial
discharge measurement studieg. In recent times, the ultra-high frequen@yHF) technique is gaining
popularity because of its high sensitiyit§]. Thus, the inception of water-droplet-initiated discharges with
epoxy nanocomposites need to be analysed by UHF technique.

In addition, the nanocomposite material should have good mechanical and thermal properties. Thus, the
viscoelastic behaviour and hardness of the material were analysed by carrying out DMA studies and through
Vickers hardness test on epoxy hanocomposites.

Laser-Induced Breakdown Spectrosd@h$9 is gaining considerable importance as a condition-
monitoring technique. It can provide details of the elemental composition of the material, and can provide some
correlationtoits level of ageing. Aberkabalhave correlated plasmatemperature calculated through LIBS and
the hardness of the materjal.

Having known all these aspects, this study focus@s\@riation in surface potential with epoxy
nanocomposites with different wt% of alumina natier (ii) characteristic variation in space charge
accumulation and electrield variation in epoxy nanocompositég) variation of dielectric constantand tan
() of epoxy nanocomposites for different frequencies at different temperéwreslerstanding the
hydrophobicity and the variation in Corona Inception Voltége/) caused by a water droplet on the epoxy
nanocomposite@) variation in the mechanical properties like storage modulus, loss modulus and hardness of
the materials of epoxy nanocompositésLIBS analysis to correlate plasma temperature and the hardness of
the material, in addition to composition analysis.

2. Experimental studies

2.1. Sample preparation

Epoxy resirfAraldite CY 205 IN Liquid, solvent-free, unmodi Bisphenol A epoxy resin purchased from
HUNTSMAN) was used as a base material and aluisiza 20-30 nm, 99.9% purity from Richem

international, USMwas used as a nanter. The nano alumina powder was dried at 15fdbr 24 hand theniit

was mixed with ethanol by sonication process. The sonicated mixture was added to epoxy resin. For complete
mixing, shear mixingfor six hours at 4000 rpjrand high frequency sonication procéss one hour at 20 kHy

was adopted. Later the harde(iEri-ethylene tetra-amine purchased from HUNTSM)firequired ratio was
added to epoxy-alumina mixture and degassed. The degassed mixture were poured in the mould of required
dimension and left for curing at room temperature for 24 h by keeping them in a vacuum dessicator. Epoxy
nanocomposites with 1, 3, and 5 wt% of alumina ndles were prepared. Before use of sample for any
experiments, the samples were cleaned with ethanol and gently treated with hot air blower, to vapourise the
ethanol and any surface moisture. Admittedly, further work need to be carried out to understand the impact of
moisture on charge dynamics variation in epoxy alumina nanocomposites.

2.2. SEM analysis

Inspect F50 HRSEM Scanning Electron Micros¢Sgd/) was used to understand the uniform distribution of

nano llersinepoxy resin. Gold sputter coating was done for 120 s on each sample before examine the epoxy
nanocomposites to get the better resolutions. SEM images were taken at the acceleration voltage of 20 kV, with
different magnication.

2.3. Surface potential decay measurement

Figurel shows the experimental setup for surface potential measurement study. Needle-plane electrode
con guration was used to deposit charges on surface of the insulating miptesitdbn 1) by generating corona
at 10 kV DC voltage, for specitime and then moved to position 2 for surface potential variation. The studies
were carried out with both polarity. The electrostatic voltm@tezk model 341Bwvas used to measure the
surface potential.

2.4. Dielectric relaxation spectroscopy

Dielectric constant and dielectric losses of all samples were measured by Novo control technology broadband
dielectri¢ impedance spectromet@&lpha-A High performance frequency analygeor the test, samples were
cutinto circular shape of 30 mm diameter and 1.5 mm thickness. Dielectric constant and dielectric loss were
measured at different input signal frequency ranging front i1 Hz.
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Figure 2.Schematic diagram of PEA setup for the space charge measurement.

2.5. Space charge measurement

For space charge measurement pulsed electro aq®Efdechnique is adopted. The PEA System consists of a
PEA Flatcell, variable DC source-e80 kV, a pulse generator 6f®00 V, a DC power supply of 434 V for the

ampli ersinthe cell and an oscilloscdfiektronix, 350 MHz, 5 GS $). The test specimen used the study is

with dimensionof 40x 40 x 1.5 mm. Figur@ shows the schematic diagram of Techimp PEA setup. Inthe
process of the measurement of space charge, poling voltage was applied for 1 h and then poling voltage was
switched off so that all the space charge should get depleted, this process is known to be depoling. Depoling was
done for 1 hfor each sample.

Inthe present work, to know the effect of voltage reversal on space charge and ellectratage was
reversed after 30 min of poling from positive to negative during the period of 30 s and continued poling for
another 30 minin reverse polarity. After 1 h of poling and 30 s of reversal time, voltage was switched off and
depoling was done for another 1 h.

2.6. Water dropletinitiated discharge studies

Figure3shows the experimental setup for the measurement of in water droplet initiated corona discharge
inception voltag€ClIV). Two needle electrodes are kept at 45 degree each on the samples. Water droplet of 10
volume was put on the samples in between the two electrodes. One of the electrodes was given high voltage and
other electrode was connected to ground. Input voltage was varied and corresponding CIV due to water droplet
was characterised using UHF technique.

2.7.UHF technique

Inthe present work, a non-directional broad band sensor was used to sense the UHF signal produced during the
discharge. Test cell was maintained at a distance of 15 cm from the UHF sensor. LeCroy digital real-time
oscilloscope of sampling rate 10 GSaas used to capture UHF signal produced during the partial discharge.

2.8. Mechanical analysis

Dynamic mechanical analy@dMA) was carried out by using NetzschDMA-242C through three point bending
mode in the temperature range ofFA®0°C at the frequencies of 1, 10, and 50 Hz. Test was carried out with
nanocomposites to know the viscoelastic behaviour by measuring storage modulus and loss modulus. The
samples of dimension 59 12 x 1 mmwas used for the DMA. Micro-Hardness test was performed on all the
samples using 402MVD at a constant force of 980 mN with a dwell time 10 s. 10 readings were taken at different
places for each sample and then it was averaged to obtdinardness value.
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Figure 4 Experimental setup of Laser Induced Breakdown Spectroscopy.

2.9. Laserinduced breakdown spectroscopy

Laser Induced Breakdown Spectrosdbp$9 was used to determine the elemental constituents of the nano
composites. Plasmatemperature was calculated using the spectra obtained after performing LIBS experiment.
Figure4 shows the experimental setup for LIBS studiesHINYAG lasefLAB-156-10-S2Kbeam of pulse

duration of approximately 10 nano seconds was used to shine the sample surface. Lens L1 was adjusted to focus
the laser beam on the sample. As high energy laser is injected on the sample, plasma containing excited ions,
neutral atoms, and electrons are induced. As plasma cools down and returns to lower energy states by releasing
energy inthe form of electromagnetic radiations. Focusing lens L2 was adjusted to capture these radiations and
transfer it to spectrometer using opticéler having a core diameter of 406, with numerical aperture of 0.22.
Integration period of 500 ms was set in order to capture the spectrum.

3. Results and discussion

3.1. SEM analysis

Figure5shows the SEM images of different wt% of nano alumina added epoxy nanocomposites. The images
clearly indicates the uniform dispersibility of alumina naller in the epoxy matrix. It was observed that
nanoparticles were uniformly dispersed at lower wt% of nanoparticles. Agglomeration of alumina nanopatrticles
was observed in 5 wt% of alumina added epoxy nanocomposites.

3.2. Surface potential measurement and trap distribution analysis

Figures shows the surface potential variation of epoxy nanocomposites with different wt% of alumina. The
surface potential variation of epoxy nanocomposites, with respect to time can be approximated as exponential
decay

V() Ve M 1)
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Figure 5.SEM images of alumindled epoxy nanocomposites w{g) 1 wt%,(b) 3 wt%,(c) 5 wt% alumina nanoller.
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Figure 6 Surface potential decay characteristics for alunilad epoxy nanocomposites.

Table 1 Variation of initial voltage and decay rate of pure epoxy and alunfiedepoxy nanocomposite under DC voltage.

+DC DC
Sample
Wit% Decay raté ) Initial voltagg(V,) Trap deptheV) Decay raté ") Initial voltage(V) Trap depth(eV)
0 0.0063 3428 0.779 0.006 2761 0.787
1 0.0070 3311 0.763 0.0069 2642 0.782
3 0.0072 2879 0.763 0.0071 3170 0.773
5 0.0077 3203 0.751 0.0074 2984 0.768

where \§is the initial surface potential on the nanocompositesthe decay rate andJ —Twis the mean life
time. The initial surface potential and decay rate of the epoxy nanocomposites on charging its surface under
positive and negative DC corona are shown in tabléis characteristic variation in charge decay process with
nanocomposites could be due to surface charge de-trapping resistance performance on the addition of the
aluminananoller. Duet alstudied the effect of Tighanoparticles on the surface charge decay of epoxy and
concluded that charge decay characteristics are highly dependent on the local surface states, that get altered on
addition of nanopatrticles. They also observed that surface potential decay faster in positive DC voltage as
compared to negative DC voltage and also increases with the increase in the wt¢mafiti@er[15]. Similar
characteristics was observed in the present study.

According to isothermal current decay theory, the surface charge distribution can be obtained from surface
potential characteristics. The distribution function of electrons or holes can be repres¢éhépd as

2 £ Fdv

NE qLkT{(B dt

2
wheregis the electron chargkis thickness of sampleis Boltzmann constant,is absolute temperaturigs
time, andf,(E) is occupancy rate of initial electrons.

The trap depth (E)can be expressed as

B B B KTin(w (©)

wherekE:is conduction band energy aig trap level energy. Figureshows variation in trap depth of epoxy
alumina nanocomposites on charging its surface by corona ageing under positive DC and negative DC corona
and itwas observed thatits value varied in the range of 0.71t0 0.83 eV. The trap depth at the peak value of trap
distribution characteristics of epoxy nanocomposites under positive DC and negative DC corona were
represented intable A reduction in the trap depth can be observed due to left shiftin the peak value of trap
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Figure 7 Trap distribution characteristics for aluminbed epoxy nanocomposites.
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distribution characteristics for increase in natier in epoxy nanocomposites. The high trap energy level means
more number of deep traps in the composites which hinders the mobility of the trapped charge, as aresult charge
is getting captured into the deep trap which led to decrease in surface potential decay. This left shiftin the peak
value indicates the reduction of the energy barrier for charge detrapping. Thus, by correlating the surface
potential decay rate with trap energy level, it shows inverse correlation.

3.3. Dielectric constant and loss tangent of nanocomposites

Figure8shows the variation in relative permittivity and {apwith the variation in supply voltage frequency at
differenttemperatures. It was observed that dielectric constant of the epoxy nanocompediteith different

wt% of alumina nanoller had higher dielectric constant than that of virgin sample. Alumina riéeratself has

high intrinsic permittivity value, as a result dielectric constant of epoxy nanocomposites increases on addition of
the alumina nanoller[17]. Dielectric constant decreased with the increase in the supply frequency. The
properties of dielectric materials strongly depend upon the presence of dipoles and ions in the materials. At
lower frequency of supply voltage, different functional group presentin the sample orient along the direction of
electric eld, as aresult higher permittivity was observed. On the other hand at higher frequencyatis fdif
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Table 2Threshold electriceld

value for the space charge formed at
the different applied electrield in
allsamples.

Sample Electriceld(kV/ mm)

Virgin 4.17
1 wt% 8.42
3wt% 5.69
5 wt% 8.55

the induced dipoles to get synchronize and orient them along with the fast varying applied editgritius

causing reduction in permittivity value. It was observed that dielectric constant gnyitemeases with the

increase inthe temperature. At lower temperatures, dipolar units from the epoxy are almostin frozen state, as
temperature is increased, mobility of epoxy chain units started increasing and adding up to the existing dipoles,
resulting inthe increase in dielectric constant at higher temperature. At higher temperature above the glass
transition temperature of composites, rapid increase in dielectric constant was observed as sianessiie)

and 1f). Atthe temperature above glass transition temperature abundant amount of charge carriers will be
formed as a result of enhanced mobility of polymer chain segments, this charge carriers accumulated between
the matrix and ller enhances the interfacial polarization effects which lead to increase in the dielectric constant.
Variation of tan( ) atlow temperature and at high temperature with the variation in frequency for different wt%
ofalumina lled epoxy hanocomposites was observed(Tjamcreased with the increase in the alumina

nano ller contentinthe epoxy matrix and this enhancement was due to the increase in the charge carriers and
variation in electrical conduction of charge carriers. At higher temperature) taalue became sigraantly

higher especially at lower frequencies range and this could be due to the increase in the electrical conductivity of
thermally activated charge carrigt§].

3.4. Space charge analysis
3.4.1. Space charge measurement
Average amount of accumulated space charge density can be estimated using(@yjuation

Xo

WE ) —— " Abgg(x )1 dx (4
X1 Xo

wherexgoandx; are electrode positioisharges induced at the electrode are not taken into the considgration
is the applied electriceld, tis the poling and depoling time, aAthy g x 1 is the absolute value of the charge
pro le. Figur@shows the variation in space charge density with different applied elettkitt was observed
anincrease in space charge in sample with increase in applied ekddtuip to particular electriceld and after
that rapid increase in space charge was observed. Thisincrease in space charge density clearly indicates the str
dependence of charge accumulation on the applied eleetdcThe electriceld alone where sigrniant
increase in space charge accumulation was observed was called to be threshole kI Et#id he value of
threshold electriceld of epoxy nanocomposites is tabulated in tabléne value of threshold electrield is the
highest for the 5 wt% sample.

For space charge studies during poling and depoling, analysis was carried out at an applie@kledtric
10 kV mm *. FigurelOshows the time dependent space chargelpruring poling of epoxy nanocomposites
under the electriceld of 10 kV mm *. Heterocharges formation were observed in the vicinity of cathode was

7
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pure epoxy(b) 1 wt%,(c) 3 wt%,(d) 5 wt% alumina lled epoxy nanocomposites.

Table 3 Space charge density in all the samples at the different elettric
during 1 h of poling.

Sample space charge den&iym?®)
Electric eld(kV/ mm)

Virgin 1 wt% 3 wt% 5 wt%

4 0.081 0.073 0.054 0.058
6 0.122 0.112 0.097 0.101
8 0.143 0.128 0.115 0.124
10 0.464 0.14 0.280 0.132
12 0.505 0.434 0.387 0.395
14 0.586 0.51 0.458 0.480

dueto the ionization of impurities present in the epoxy and due to the presence of dominant charge carrier,
typically Na+ ioninthe epoxy resif2(. At 3 wt% of alumina nandler, large heterocharges accumulation

near the cathode were observed and at 5 wt% of n@ralecrement of heterocharges were observed, and this
could be due to the neutralization phenomenon happened near the cathode. Because of this neutralization
phenomenon, decrementininner electrald distribution after 2500 s was observed for 5 wt% alumlied

epoxy nanocomposites as showngurel4. Similar neutralization phenomenon was also reported by Qiang
etal[21]. At 10 kV mm *of electric eld, space charge was minimum with 5 wt% of alumina added epoxy
nanocomposites and pure epoxy sample had maximum space charg8&shalls space charge density value

for epoxy nanocomposites at different electatd and it clearly shows that space charge increased with the
increase inthe electrield. It was observed that sample with 3 wt% of nano alumina added epoxy resins
accumulated less space charge at different electric except at 10 Kyasshown in tablg so performance of

3 wt% alumina added epoxy nanocomposites is better than the other samples. The evolution of space chargein
the bulk of all the samples are shown gurel 1 Figurel2shows the space charge decay lerduring the 1 h of
depoling period. Formation of heterocharges were observed in the samples. As the wt% of alumifer nano

was increased, suppression in heterocharges were observed, and also decay of accumulated space charge bec
faster. Addition of nandler introduces alot of shallow traps into the base epoxy, resulting into the
enhancementin carrier mobility, as a result decay of space charge was high in the epoxy nanocpifiposites
Figurel3shows the variation of mean magnitude of space charge during poling and depoling in the bulk of pure
epoxy and different wt% of alumindled epoxy nanocomposites under the electeid of 10 kV mm . Decay

ofthe space charge formed in the bulk of nanocomposites on removal of applied etddfican be

approximated as exponential decay process.

8
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where Qisthe initial space charge andk the decay rate. Tablshows the initial charge density and the decay

rate of the space charge formed in the bulk of nanocomposites. Decay rate increased for the bduhaimaxy
nanocomposites.

Figureldshows the electriceld distribution in pure epoxy and alumin#ied epoxy nanocomposites under
the application of 10 kV mn. Field distortion near electrodes was observed in the pure epoxy due to
formation of heterocharges near the electrodes. Enhancementin the eledctvi@s also observed in the pure
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Table 4Decay rate of the space charge formed at the
10 kV mm *electric eldin allsamples.

Sample Initial space charge, Q  Decayraté )
Virgin 0.4662 0.001294
1 wt% 0.1533 0.002727
3 wt% 0.2858 0.004742
5 wt% 0.1159 0.003447

epoxy compared to the alumin#ied epoxy nanocomposites and this was due to formation of more space
charges.

3.4.2. Effect of voltage polarity reversal on space charge anelélectric

Figured 5and16respectively shows the variation in space charge distribution and eletdritistribution in
epoxy nanocomposites, with applied electeitl of 14 kV mm *and reversing its polarity from positive to
negative in 30 s. Inguresl5and16, the negative time indicates space charge distribigientric eld
variation, the time before reversal of voltage polarity. Heterocharges were observed to form at cathode before
reversal and these charges would be retained near cathode even after voltage reversal, resulting in the
enhancement of electrield near cathode. Atanode very less heterocharges were formed, as aresult very less
enhancementin electrield was observgdd. Addition of alumina nanoller to the epoxy resins suppressed
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Figure 15 Space charge prte during poling under the electrield of 14 kV mm * during the polarity reversal from positive to
negative irfa) pure epoxy(b) 1 wt%,(c) 3 wt%,(d) 5 wt% alumina lled epoxy nanocomposites.
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Figure 16 Electric eld distribution under the electriceld of 14 kV mm  during the polarity reversal from positive to negativi@n
pure epoxy(b) 1 wt%,(b) 3 wt%,(d) 5 wt% alumina lled epoxy nanocomposites.

Anode

the formation of space charge inthe bulk, as aresult less enhancement in edttriere observed in alumina
lled epoxy nanocomposites compared to pure epoxy.
Field enhancement factor F was ded to know the extent of theeld enhancement after voltage reversal,
and can be written as

- E

E &

q 100

(6)

where Fistheeld enhancement factor, E is the enhancagld after voltage reversal, and$he applied electric

eld. Field enhancement factor were calculated and tabulated ib fab&l the samples, and it was found to be
less for 3 wt% of aluminalled epoxy nanocomposites. Enhancement in eleattitbefore and after the voltage

reversal was observed, and difference was calculated, and tabulatedifrtallenhancement factor was
calculated for 3 wt% of alumindled epoxy nanocomposites on the application of different eleatitand
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Figure 17 Electric eld distribution in 3 wt% aluminalled epoxy nanocomposites under the application of different eleeidc
during the polarity reversal from positive to negative.

Table 5 Field enhancement factor of virgin and alumitled epoxy nanocomposites at 14 kV mhof electric eld during the polarity
reversal from positive to negative.

Beforereversalelectric ~ After reversal electrield Enhancementin electrield Field enhancement
Sample eld(kV/ mm) (Es) (KV/ mm) (kV/ mm) factor(F)
Virgin 18.54 20.78 2.24 48.4
1 wt% 16.56 18.45 1.89 31.78
3 wt% 16.29 18.03 1.74 28.78
5 wt% 16.45 18.21 1.76 30.07

Table 6 Field enhancement factor of 3 wt% alumirieed epoxy nanocomposites at different electeid during the polarity reversal from

positive to negative.

Applied Electric eld Beforereversal electric  Afterreversalelectric  Enhancementin electrieeld Field enhancement
(B) (kV/ mm) eld(kV/ mm) eld(Eg) (kV/ mm) (kV/ mm) factor(F)

4 4.221 4.25 0.029 6.25

6 6.449 6.523 0.074 8.71

8 8.96 9.37 0.41 17.125

10 10.8 11.74 0.94 17.4

12 13.49 14.52 1.03 21

14 16.29 18.03 1.74 28.78

16 19.21 21.12 1.91 32

reversing its polarity from positive to negative in 30 s. Fifjusdows the electriceld distribution in 3 wt%
sample on the application of different electrétd during the voltage reversal from positive to negative and
corresponding eld enhancement factor were calculated and tabulated irdtdtitdd enhancement factor
increased drastically for the 3 wt% sample for the eleattitabove threshold value afld i.e. 5.69 kV mm*
and below this eld, very less enhancement in electeild was observed.

3.5. Contact angle measurementand CIV

Hydrophobicity of nanocomposites were analyzed by measuring the water droplet static contact angle on the
nanocomposites surface. Tabhows the measurement of static contact angle of aluriethepoxy
nanocomposites. It was observed that contact angle increased as the wt% of alumilienveamincreased.
Table8shows the comparative variations in water droplet initiated corona discharge inception voltage on
alumina lled epoxy nanocomposites surface under A@QC, - DC voltages. Itwas observed that CIV was very
less on application of AC voltage as compared to DC voltages. This is due to variation in the shape of water
droplet and conductivity of water droplet under AC and DC voltagelpso CIV increased with the increase in
wt% of alumina nanoller and thisincrement is possibly due to increase in contact angle with the increase in
wt% of alumina nanoller. Water droplet was placed on the surface of sample in between the electrodes. As
voltage was increased, water droplet started elongating along the axis of electrodes tip, as a result water droplet
gotsharpened at the tip, thereby enhancing the local eleetdevhich lead to corona inception. High contact

12



I0OP Publishing Mater. Res. Expr@42020 025037 Neelmanktal

Vickers Hardness

Virgin 1 wt% 3 wt% 5 wt%

Figure 18Vickers hardness value of the alumitiad epoxy nanocomposites.

Table 7 Contact angle measurement of alumitiad epoxy
nanocomposites.

Sample Virgin 1 wt% 3 wt% 5 wt%

Contactangle 65.32 70.22 72.66 75.70

Table 8 Variationin CIV of alumina lled
epoxy nanocomposites undey AC,
(b) + DC and(c)-DC voltage.

CIV (kV)
Sample
AC +DC DC
Virgin 0.709 1.1825 1.05
1 wt% 0.773 1.3945 1.23
3 wt% 0.832 1.412 1.3
5 wt% 0.882 1.485 1.375

angle means water droplet ¢espread over the surface of sample thereby increasing the distance between
droplet and electrodes, as aresultinception due to water droplet occurred at higher voltage.

3.6. Mechanical properties of alumina added epoxy nanocomposite

3.6.1. Hardness test

Figurel8shows the variation in hardness with different wt% of nano alumina added epoxy nanocomposites. It
was observed that hardness value increased with the increase in wt% of alumini@naferdness is actually

the ability of material to resist from deformation and penetration on application of force. Aluminais itself a hard
ceramic materials that is one of the reason for increment in hardness of material. As indenter applies force on the
surface of materials, pressure developed on the surface should be transnuisedigfn order to resist from

any indentation. Uniformly dispersed nanoparticles transmit the pressure moiergfy, as aresult very less
indentation was observed on the surface of samples with alumina nanoparticles thereby increasing the hardnes:
value.

3.6.2. Dynamic mechanical analysis
The viscoelastic properties of alumina-epoxy nanocomposites were evaluated using Dynamic mechanical
analysis. Figure9shows the variation of storage modulus andtafor 1 wt% alumina included epoxy
nanocomposites with the variation of temperature at different frequency of applied force. It was observed that
storage modulus and t&n) increased with increase in frequency. The peak df Jamthe range of temperature
studied is identied as glass transition temperat(ifg). For different frequencies, the glass transition
temperature was observed to be varying. Storage modulus of materials starts decreasing once itreaches glass
transition phase.

Figure20shows the variation of storage modulus andtdwith the variation of temperatures for the epoxy
nanocomposites with different wt% of nano alumina. It was observed that storage modulus increased with the
increase in wt% of alumina in epoxy nanocomposites. At higher wt% of alumina lkema marginal
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Figure 19 Dynamic mechanical analysis of 1 wt% alumilied epoxy nanocompositég Storage modulugb) tan( ).
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Figure 20Dynamic analysis of alumindled epoxy nanocomposites with different wt% of alumina ndleo(a) Storage modulus,
(b)tan( ).

reduction in storage modulus was observed which could be due to the agglomeration diemafigure2O(b)
shows the variation in tan) with the variation of temperature. It was observed that glass transition
peaks decreased and shifted towards right on the addition of alumina nanoparticles and the cause for it could
be due to reduction in the mobility of polymer chains on addition of nanoparticles to the epoxy| Bekins
Decrease in the transition peaks on addition of nanoparticles implies a reduction in viscoelastic nature of the
nanocomposites and interfacial losses, indicating interfacial bonding between the epoxy matrix and alumina
nano llerenhanced. This enhancementin interfacial bonding lead to incremegwaidie with the increase in
wit% of alumina nanoller but at 5 wt% of nanoller, decrementin Jwas observed due to agglomeration of
alumina nanoparticles in epoxy resins.
Activation energy is the minimum energy required to start any structural changes inside the materials.
Activation energy of the samples were determined using Arrhenius equation.

Ea
f  foex
0EXp RT (7
E
Inf Inf —2 8
o BT ®

where fis the frequency of input signglsfa proportionality constant Jis the activation energy, Ris gas
constant, T istemperature. Fig@reshows the linear relationship between the frequency and glass transition
temperature. The slope of the graph provides the activation energy and is tabulate @irtetblation energy
increases with the increase in wt% of alumina in epoxy nanocomposites.

3.7.LIBS analysis

Figure22shows the LIBS spectrum of alumirlled epoxy nanocomposites. LIBS was carried out for
characterizing the constituent elements of materials. AlumigAlx{both neutral and ionic forppeaks was
observed on all the samples except pure epoxy sample. Ga&)borxygern(O), and Nitroger(N) were main
constituents of all samples. Inthe LIBS experiment, laser beam is injected on the surface of sample as aresult,
plasma is produced due to the ablation of materials. The plasmatemperature can be calculated using
Boltzmann-Saha equati¢p9).
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Figure 21 Activation energy calculation of aluminéed epoxy nanocomposites.
Figure 22LIBS spectrum of alumindled epoxy nanocomposites.
Table 9 Calculated mechanical parameters of alumited epoxy
nanocomposites.
Activation energy Plasma
Sample (kJ mol) T4(°C) temperaturgK)
Virgin 16.038 80.88 125924
1 wt% 16.212 84.07 140974
3 wit% 16.493 88.90 147265
5 wt% 29.70 82.13 156976
E
Te 144 2 B 9
In 11 MA2G,
12 MA1g

where Eand B are excited energy levelsahd L, are intensities of corresponding atomic species at wave lengths
and », A;and A represents transition probabilities of energy states\djg are the statistical weights of
corresponding excited energy levels, agid the plasma electron temperature at the local thermodynamic
equilibrium. Table® shows the plasmatemperature of all the samples. Plasma temperature was calculated using
the spectral line of O l and O Il. It was observed that plasma temperature was low for the virgin sample and it
increased on increasing the wt% of alumina nanoparticles. Further surface degradation was analysed of all the
samples by forming crater using laser pulses. 20 number of pulses of equal energy were hit on the surface of all
the samples to form crater on the surface of samples. Eig{@ehows the variation in crater depth with the
variation of alumina nandler. It was observed that crater depth decreases with the increase of wt% dferano
Figure23(b) shows the typical 3D image of the crater created by the laser pulses.

4. Conclusions

The important conclusions derived, based on the present study, are the following
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Figure 23 Crater depth variation and crater imgggVariation in crater depth of alumina added epoxy hanocompogiteBypical
3Dimage of crater.

« Surface potential decay measurementindicates that the decay rate increased with an increase in the wt% of
aluminain epoxy resin. Trap distribution analysis indicates a reduction in trap energy with the increase in
wt% of nano alumina in epoxy resin.

« Space charge accumulation and electld distortion factor measured during polarity reversal test were
found to be less with the addition of alumina nariler of up to 3 wt% in epoxy resin.

« Dielectric constant and tgn) values of epoxy alumina nanocomposites are different at low and high
temperatures. Also, the supply voltage frequency has a huge impact on its variations.

« Contactangle increases with an increase in the wt% of alumina Iharia epoxy resin. The voltage at which
coronaincepts due to water droplet, under AC voltage, was idehidopting the UHF technique. The
coronainception voltage and the contact angle showed a direct correlation.

« DMA resultsindicate that the storage modulus increases and loss modulus decreases with an increase in the
wt% of alumina nanoller. It was observed that an increase in the supply frequency showed an increase in the
storage modulus and loss modulus of the epoxy alumina hanocomposites. Glass transition temperature and
activation energy measured showed an increasing trend with an increase in the wt% of alumina content in
epoxy resin.

 Vickers hardness value increased with an addition of alumina Hanto the base epoxy.

« LIBS analysisindicated that the plasmatemperature increases with an increase in the wt% of alumina content
in epoxy resin. Also, the measured plasmatemperature and hardness of the material show a direct correlation
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