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. ABSTRACT

14 Polymer-metal oxide nanocomposite is a key in developing a high temperature insulation material for power
15 electronics and HVYDC and MVDC subsea cables having capability of transmitting offshore renewable energy
16 with lower losses and higher reliability. To achieve higher operation voltage level and larger power capacity at
17 reduced cable size, weight and volume, the lighter material offering improved electrical insulation at high
18 operating temperature is required. Addition of metal oxide ceramics in the polymer is shown to improve the
19 insulating properties of the polymer used in the cable and power electronic applications, however, their
20 performance deteriorates at elevated temperature as thermal energy facilitates the electron injection to the bulk
21 material following conduction according Schottky emission. In this work, the heat insulating Al,O3z nanoparticles
22 are added to the MgO-polyethylene nanocomposite to observe the effect of interface between mix oxide
23 nanoparticles on current density and breakdown strength of the nanocomposite compared to the MgO-
24 Polyethylene nanocomposite at room and elevated temperature (90°C). The concentration of the MgO and
25 MgO+Al,03; mixture were varied from the 1 wt% to 12 wt% to find out that the nanocomposite containing MgO
26 showed best response than MgO+Al,Os at elevated and room temperature. There is no unified trend was observed
27 in the leakage current density and breakdown strength results for the MgO+Al,O3 nanocomposite indicating
28 absence of the interface formation between MgO and Al.O;. Decrease in interaction radius, calculated using
29 numerical simulation of nanoparticle dispersion state resulted in the high breakdown strength. Addition of 12 wt%
30 MgO helped achieving highest breakdown strength but overall breakdown strength for MgO+Al;O3
31 nanocomposite improved at elevated temperature.

32

gi KEYWORDS: oxide nanoparticles, interface, LDPE dielectric composite, thermal conductivity, extrusion, HVDC
35 insulation, breakdown strength

36

37

gg INTRODUCTION

40 The capacity of offshore wind parks and subsea oil/gas processing facilities are expanding in size and require
41 improved solutions for reliably transmitting large amounts of electric power using a smart energy system. The
42 core of the upcoming smart energy system demands accelerated improvements in the transmission and distribution
43 capacities of direct current based high voltage (MVDC) cables. With currently available offshore MVDC
44 technology, the cost overruns and maintenance issues are frequent and the reports (1) suggest that 80% of wind
45 farm insurance claims in European continent have been cable-related. Development of the material for the long-
46 distance transmission cables is no longer in focus, conversely, the development of materials for MVVDC cables
47 has come under intense focus (2).

48 In the past, various MVDC cable insulation materials have developed to increase the voltage carrying capacity.
49 The paper insulated, oil-filled cable for both AC as well as DC, are capable of serving the voltage up to 800 kV
50 but limited to 80 km length and cross-sections of 3000 mm? (3). However, if mass impregnated, non-draining
51 compound (MIND) insulations are used, the length limitations can be overcome but the voltage carrying capacity
52 for the cables of cross-sections up to 2500 mm? are limited to 525 kV. These materials face major limitations
53 because of the use of harmful materials such as lead sheath and the impregnation compound (4). To restrict the
54 harmful material use, the cross-linked polyethylene (XLPE) insulation is now used to carry voltage as high as 525
55 kV with the cross-sections limited to 2500 mm2 enabling high power transmission capacity at an operating
56 temperature up to 90°C. It offers practically no limitation on length, but it presents a major challenge of harmful
57 gas generation during vulcanisation (5). Alternatively, the high-performance thermoplastic elastomer
58 (polypropylene) (HPTE) insulations are used for medium & 110 kV AC and 320 kV DC transmissions, with
59 operating temperatures as high as 90°C and cross-section 2500 mma2 (6).

60
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XLPE is a common polymer used as medium voltage (MV) subsea cable insulation material, however, its
technological limit has been reached due to the polymer’s high energy density and very low thermal conductivity.
The current commercial feasibility and development of HYDC/MVDC cables depend on achieving higher
operation voltage level and larger power capacity at reduced cable size, weight and volume. An increase of current
density, however, results in increased operating temperatures and insufficient electric conduction. Therefore, the
new lighter material offering with improved electrical insulation at high operating temperature is required.
Additionally, the demand for high-temperature dielectric materials is driven by its potential applications as
capacitive energy storage in many power electronics applications such as electric vehicles, aircraft and pulsed
power system.

The new insulating material should not allow the formation of electrical treeing and space charge concentration
(7), which is a major cause of the complete breakdown, ageing and subsequently, damage to the polymer matrix.
Space charges are accumulated electrons/holes and charges (cation or anion) on the surface of the material causing
the inhomogeneous distribution of the electric field. Excessive charge accumulation can lead to electric treeing
and damage the material. Control the space charge formation is key to the development of the new materials (8).
Polyethylene, with a high bandgap, dielectric strength and resistivity, is widely used as an insulating material for
the cable. Preparing nanocomposite by adding the metal oxide nanoparticles to the polyethylene matrix can
enhance the insulating property by trapping the electrons at the interface of the metal oxide nanoparticles (9). The
combinations of polymers and nano-particles, that have already been used as electric cable insulating materials,
are graphically summarised in Figure 1, with their dielectric and thermal conductivity values (10)(11). Also, the
various electric cable insulating material failure modes are mentioned with their associated causes in Figure 1.
Addition of the nanoparticles reduces the problem of field enhancement and space charge accumulation to achieve
an extremely low dc conductivity of its insulation.
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Figure 1. A summary of potential combinations of nano-inclusions and polymers suitable for synthesis of insulating
polymer nanocomposite outer layer of the HVDC cables. Associated failure modes of insulating outer layer of the
HVDC cables are shown in outermost circle.

Ideal nanoparticles material should have a large bandgap (12) with a stable valence state as a cation to decrease
the probability of electric conduction. Moreover, these materials also should have high lattice energy to prevent
conduction at the high temperature (13). Oxides of Group Il and Il such as magnesium oxide (14), beryllium
oxide (15), zinc oxide (16), silicon dioxide (17), titanium dioxide (18) and aluminium oxide (19) have been used
previously for preparing the insulating polyethylene nanocomposite. However, the mixed metal oxides have not
widely been used for preparing the insulating polymer nanocomposite (20). Mixed metal oxides are being used in
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electronics applications as they exhibit higher dielectric and ferro-electric properties at elevated temperature than
single metal oxide. Magnesium oxide (MgO) and aluminium oxide (Al>O3) have been mixed to obtain complete
amorphous structure at their interface in the resulting material (21), which can help reducing the loss in dielectric
property due to thermally induced electron injection. To observe the change in the electrical insulating properties
in relation to mix inorganic nanoparticles present in polyethylene-based nanocomposite, the functionalised MgO
and its mixture with Al,Os were used as nanofillers in this work.

Additionally, the chemical composition and a homogenous dispersion of the nanoparticles in the polymer matrix
enhance the insulating properties of the nanocomposite. However, it is difficult to quantify the enhancement in
the insulating properties of the nanocomposite in relation to the variations in the dispersion state, exfoliation,
alignment and aspect ratio of the nanoparticles; just by measuring physical properties of the resulting
nanocomposites (22). To correlate the dispersion state and other relevant nanoscale details to insulating property
of the nanocomposite, the best part of physical characterisation with simulation intent was combined(23). The
dispersion state of nanoparticles in TEM images was used for building the simulated 3-Dimensional (3D)
numerical dispersion model, which, subsequently, was used to derive the key parameter of the interaction radius.
The interaction radius, representing the average distance of nanoparticles or agglomerates in a 3D space of unit
volume of the nanocomposite, influences the conductivity of the designed nanocomposite samples.

Improving dispersion requires the functionalising the nanoparticles (24)(25)(26)(27)(28) and therefore, the
nanoparticles were functionalised with Trimethoxy(octadecyl)silane. Especially the use of n-Heptane as the
solvent for anhydrous coating, prevented any oxide formation and facilitated uniform surface coverage for silane
(9) without interactions with polar atmospheric substances (CO2). The hydrophobic coating is as moisture resistant
coating which helps improving dispersibility of nanoparticles; hence, aiding the high insulation capacity of the
synthesised Low density Polyethylene (LDPE) nanocomposite.
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Figure 2. Experimental method followed for the nanoparticle’s functionalisation and the subsequent nanocomposite
synthesis.

Resulting nanocomposite was tested for its electrical properties to optimise the concentration and dispersion of
mix-metal oxide nanoparticles in relation to improvement in the insulating capacity of next generation HYDC
cables.
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EXPERIMENTAL SECTION

i. Materials.

Magnesium oxide (MgQO) nanopowder (< 50 nm size), Aluminium Oxide (Al,O3) nanopowder (< 50 nm size),
90% technical grade Trimethoxy(octadecyl)silane (TMOS), Cis-cyclooctene containing 100-200 ppm irganox
1076 FD as antioxidant, 95% and anhydrous 99% Heptane were all used as received from Sigma Aldrich (UK).
Low Density Polyethylene (LDPE) granules with 2 g/10 min melt flow rate (920 Kg/m®) was purchased from
Goodfellow (UK). Other laboratory agents were used as standard.

ii. Experimental Methods.

To evaporate the adsorbed moisture, the MgO powder containing nanoparticles were dried in a programmable
vacuum evaporator maintained at constant temperature of 550 °C. After the completion of an hour-long drying
cycle, the 5 g of MgO nanopowder was then dispersed in 2000 ml of n-Heptane. In the prepared MgO suspension,
the 9.15 ml TMOS was gradually added under vigorous stirring and the stirring using a probe type ultra-sonicator
was continued for 30 minutes at 100 kHz frequency. Even addition of the small amount of TMOS ensured the
functionalisation reaction to proceed as the methoxy groups of C18 carbons are highly reactive. The anhydrous
silanisation using n-Heptane mitigate hydrogen bonding and shield polar surfaces from interaction with water by
creating a non-polar interphase. Hydroxyl groups can transform MgO into Mg (OH); and are the most common
sites for hydrogen bonding. The reaction was then allowed to proceed for 24 h at RT, under magnetic bar stirring.
The modified MgO nanoparticles were washed three times with n-Heptane and the excess silane was discarded
by centrifuging the sample at 2500 rpm in IEC Centra — 4X Centrifuge (International Equipment Company).
Finally, the modified MgO nanoparticles were dried in oven at 1000 °C for 10 minutes. Similar method was
followed for Al,Os nanoparticles surface-modification. Henceforth, the unmodified MgO and Al,O3 nanoparticles
will be referred as Un-MgO and Un-Al,Os respectively, whereas the TMOS modified samples will be referred as
TMOS-MgO and TMOS-AI,0s.

The nanoparticles were analysed for functional groups, especially to distinguish the functional silane coating by
preparing into 7mm KBr pellets using the standard mechanical die-set. 0.7-0.8 mg of the nanoparticles were mixed
with 2-3 gm of KBr powder and ground together using an agate jar and pestle set. Though homogeneous mixing
will give the best results, the excessive grinding is not desired. The prepared mixture was pressed in the die set
under vacuum for 7-8 minutes by applying 8 Tonnes load. The pellet was recovered and then set on the KBr holder
for FTIR analysis.

The mixture of functionalised nanoparticles and LDPE was melt-blended using the extruder to prepare the
nanocomposite. The procedure is summarised and graphically represented in Figure 2. Total four weight (wt)
concentrations (1, 3, 6 and 9 wt% of MgO and MgO+ Al,O3) of nanoparticles was used to prepare nanocomposites.
Firstly, 1 wt% of TMOS-MgO was mixed with 15 gm of LDPE along with 0.5 ml cis-cyclooctene. The cis-
cyclooctene prevents the oxidation of the polymer during processing. During the processing, the Twin-tech 10
mm twin-screw extruder temperature was maintained at 140 °C and the screw speed was maintained at 60 rpm.
To improve the dispersibility of the nanoparticle, each sample was extruded two times. Resulting films of 80-150
um thickness were stored for further characterisation. Similarly, 1 wt% samples of TMOS-MgO+Al,Os (having
1:1 wt% ratio of each of the nanoparticles) along with the samples with different wt% (3, 9 and 12 wt% of
nanoparticles) were synthesised.

iii. Characterisation Techniques.

Attenuated Total Reflection spectra (ATR-FTIR) were recorded on Perkin-Elmer make, using DGS-KBr sensor
for identifying the effect silane functionalisation of nanoparticles. Nanocomposite films of thickness around 80-
150 pum thickness were prepared and a total of 30 scans in the range of 525-4000 cm™ wavenumber was carried
out to identify functional groups and structural changes after the addition of nanoparticles, at a resolution of 4cm-
1

For analysing the surface characteristics of the functionalised nanoparticles and the dispersion-pattern of
nanoparticles in the LDPE matrix TEM images were taken. Nanoparticles were dissolved in ethanol and a tiny
drop was taken from this solution on the copper grid and left for natural drying, as forced drying can bring the
nanoparticles together as clumps. Ultrathin section of the nanocomposite was obtained by microtome and placed
on 400-mesh-size gilder copper grid. The images were then captured on Philips CM100 TEM with an accelerating
voltage of 100 kV and a spot size of 10 nm, with 0-50 s exposure time. The magnification range of x7900 to
x245,000 was used to capture images.

ACS Paragon Plus Environment

Page 4 of 21



Page 5 of 21

oNOYTULT D WN =

ACS Applied Electronic Materials

Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) was performed using TA
Instruments DSC Q100 and TGA Q500 using a sample mass of 7-12 mg. For DSC, Heat/Cool/Heat standard cycle
type analysis was selected for accurately depicting the behaviour and T, for the samples prepared. The running
segment consisted of a ramp heating at 10 °C/min from 25 to 150 °C, then ramp cooling at 5 °C/min to -50 °C
and finally ramp heating at 10 °C/min to 150 °C. In TGA the heating rate was 10 °C/min and the 100% weight
reduction mode was selected for the analysis. Detailed crystallisation calculation method is discussed in
Supporting Information S1.

Thin films with thickness of around 200 + 10pum were used for measurements but the direct current (DC) electric
field applied was for unit millimetre. Both the top and bottom surfaces of the samples were deposited with copper
electrode of the diameter of 7 mm. The current data were collected under the applied alternating electric fields up
to 60 kV/mm to obtain current vs applied electric field characterisation. The maximum applied field was 116.85
kV/mm. All the measurement was performed at room temperature and 90°C.

Breakdown measurement was carried out by applying high DC electric field via the pin type electrodes (7 mm in
diameter, Brass material) and the electrode system with sample was immersed in the pure silicone oil during the
measurement. An electric field was applied until the sample was broken down. The electric field increases
proportional to the thickness of film. This makes results obtained with any film any thickness comparable. In other
word, the applied field was independent of thickness. For every sample, five specimens were used to obtain all
the data.

v, Simulated model generation.

The TEM micrographs were used as an input for building the simulated 3D model using MATLAB® platform.
The micrographs were processed in Photoshop® software; wherein they were cropped, rotated and enlarged, for
removing their edges and any distorted background. Further, they were digitally enhanced using filters for the
several purposes such as removing the background noise and their artefacts or improving upon the definition and
sharpness of the image. All grayscale images were corrected for the brightness and contrast to achieve correct
black and white tonalities, which helped distinguishing the polymer matrix represented by the grayscale region
and the pure black entities representing the nanoparticles. Finally, the polymer background images were toned
with the yellow and green colour and the black nanoparticle entities toned with red and black colour representing
MgO and Al,O nanoparticles/agglomerates, respectively. The red and black toning of nanoparticles/agglomerates
were random in nature as they were trivial to the study. Then the final toned images were saved as high quality 8-
bit TIFF format and loaded in ImageJ image processing software for estimating the nanoparticles/agglomerates
sizes of all the sample variations. This size data was then added as input to the bespoke designed MATLAB®
code, to be used as a basis for generating the random nanoparticles/agglomerates in the simulated 3D model of
the nanocomposite. The code was able to generate the model with the required concentration of nanoparticles and
sizes within the input diameter range. Same image tone colours were allocated in in the simulated model as well,
where the red and black colours were representing MgO and Al,Os nanoparticles/agglomerates, respectively.

Results and discussion
i Evaluation of functionalisation of nanoparticles.

The FTIR spectrum for the uncoated (Un-MgO and Un-Al,O3) and coated (TMOS-MgO and TMOS-MgO+Al,03)
nanoparticles are presented in Figure 3. The sharp peaks at 1057 and 1058 cm™ confirmed the formation of Si—
O-Si bonds or those relevant to Si-O-R where R is being an associated alkyl unit (29). Slight peak shoulder is
formed at around 3717 cm'* and 3720 cm due to the condensed silanes, but it seems mostly suppressed by the
broad peak between 3750-3200 cm™ viz. due to the proton donors in surface hydrogen bonds attributed by the
surface -OH groups. The stretching around 3750-3710 cm! related with multi-coordinated surface and isolated —
OH groups has also been reported as dependent on the exposed crystal surface of metal oxide nanoparticles (30).
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Figure 3. IR Spectra of the Uncoated (Un-MgO and Un-Al.03) and Coated (TMOS-MgO and TMOS-MgO+Al.0z3)
nanoparticles.

Chemisorption of CO- on surface of the nanoparticles forms a bidentate carbonate (O—C—QO) with single or double
bridging bonds and appears as a hump of broad peak at 1458 cm™ while enveloping the 1700-1300 cm range
(31)(32). Similar intensity of peak for the chemisorbed CO, from the atmospheric air contamination of the
nanoparticles has been reported earlier (33). The peaks observed at 1458 and 1643 cm™ for the Un-MgO
nanoparticles attributed to CO, and H,O adsorption respectively, are considerably suppressed in the coated
nanoparticles, indicating better steric hindrance for adsorption of TMOS (31, 32). On contrast the Un-MgO
nanoparticles showed greater extent of adsorbed surface water as seen with the broad peak around 3200-3750 cm-
1 and another at 1643 cm™. During the surface modification of nanoparticles this surface water was utilised to
facilitate the hydrolysis of silane, hence the limited water content in the coated nanoparticles.
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(iii) (iv)

Figure 4. Processed TEM images of uncoated [(i) Un-MgO & (ii) Un-Al2Os] and coated [(iii)) TMOS-MgO & (iv) TMOS-
MgO+Al203] nanoparticles. (Wherein, MgO is assigned as black and Al2Os as red particles respectively, and the Bar
Scale marked is of 100 nm)

The high-resolution TEM images of the nanoparticles before and after the TMOS functionalisation process were
taken to analyse the effect of the silane coating on the nanoparticles surface and eventually their behaviour on the
dispersion in the LDPE matrix. As seen in Figure 4, the original TEM images (original TEM images are included
in Supporting Information S2) are processed to assess the functionalisation effect on the nanoparticles surface.
The Figure 4 (i) & (ii) show the uncoated nanoparticles that were clumped together due to the adsorption of
atmospheric moisture and gas (H.O and CO>). The agglomerating tendency was greatly restricted after application
of the silane coating on the nanoparticles surfaces, as it is evident from the Figure 4 (iii) & (iv). These images
show the well separated nanoparticles with the thickness of the shell layer of these surface-treated nanoparticles
was found to be approximately 8-18 nm. The thickness measurements were made using ImageJ.

. Effect of variations of nanoparticle concentration

IR spectra in Figure 5 show the LDPE related peaks of -CH, stretching band around 2911-2916 cm™ and the -CHs
stretching band around 2839-2849 cm™ (marked with ‘A’ notation), however, these peaks are suppressed the
presence of alkyl group from the Trimethoxy(octadecyl)silane coating as was observed in Figure 3. The other
representative LDPE peaks of v(C=0), §(C-H), y(=C-H) and y(C-H) is subsequently seen at around 1450 cm?,
1460 cm™, 1030 cm™ and 710 cm™ and are marked with the notations of ®, I', 3 and o, respectively. All the spectra
of the various samples are much similar in nature, with a residual broad peak at about 1453-1469 cm. On the
slope up to the NP-bulk absorption (709-725 cm™) (31), the small peaks at 714-719 cm™ (TMOS-MgO) and 709-
725 cm™* (TMOS-MgO+Al,O3) have been attributed to Si—O stretching in the SiOH (29), while the peak at 862
cmwas assigned to OH from the adsorbed H,O (32). Mild suppressions of peak at around 3550 cm™ marked as
Y is due to the low presence of the hydroxyl bond associated with the moisture adsorption on the MgO
nanoparticle surface. Low adsorption was observed due to silane coating and the effect of this suppression is
clearly visible in the Figure 3 & 5. All peaks associated with the nanoparticles of MgO and Al,Os are accordingly
marked in the Figure 5 with the notations 6 and ® & ¢ respectively (24)(25). The peak related to Si-O-Si bond
formation observed around 1038-1053 cm™ (Figure 3) in nanoparticles spectra appears sharp compared to the
same peaks observed in the nanocomposite spectra. The suppression of the peak related to the Si-O-Si bond
formation in the nanocomposite spectra can be attributed to presence of LDPE matrix. The peak is marked with &
notation in Figure 5.
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Figure 5. IR Spectra of the LDPE nanocomposite containing varying concentrations (in wt%o) of coated and uncoated
nanoparticles. The black trace represents an IR spectrum of the Virgin LDPE.

The DSC analysis is an important tool for discriminating the mechanical and thermal stability of a sample based
on the transitions of the physical properties involving heat flow; as the degree of crystallinity will dictate the
suitability of the synthesised nanocomposite for structurally sound application (27). The analysis is done to
quantify the endothermic transition energy absorbed during the melting phenomenon and the exothermic
crystallisation energy released whilst the cooling down of melted sample. The samples showed variation in heat
absorbed during melting, as associated with the crystalline lamellae transforming into viscous amorphous
structure; this variation depends on the range in crystal sizes and defects within the crystals. The decreasing trend
of the melting temperature (Tm) and the associated increase in melting range of both the variations of samples i.e.
with TMOS-MgO and TMOS-MgO+Al,03 with the increasing concentration of the nanoparticles, as is expected
with increasing impurity level in the sample (34). Further the degree of crystallinity of all the samples was
calculated with standard procedure using the melting heat of 286.7 J/g of completely crystallised polyethylene
(35) (calculation method listed in detail in the Supporting Information S1) and are shown in Table 1.

Table 1. A list of Melting temperature (Tm), Crystallization temperature (Tc)and degree of crystallinity from DSC
results.

o o Degree of
Sample Tm (°C) T. (°C) Enthalpy (J/g) Crystallinity (%)

Virgin LDPE 10946 +1 98371 11046 +1 38531
1% TMOS-MgO 11089 +1 98.66 + 2 110.12 £ 2 38.41+2
3% TMOS-MgO 110.78 + 1 98.59 + 2 109.81 +2 38.30+2
9% TMOS-MgO 110.26 £ 2 98.22+2 98.74+2 3444 £2
12% TMOS-MgO 109.89+1 98.16 £ 2 96.11+3 33.52+3
1% TMOS-MgO+AI203 110.28 £ 2 98.98+1 110.09 +£1 38.40+1
3% TMOS-MgO+Al,0; 110.11 %2 98971 109.00 £ 1 38.02+1
9% TMOS-MgO+Al,0; 110.01+1 98.95+2 9955+1 34.72+1
12% TMOS-MgO+Al,0s 109.54 +1 98.92+1 98.59 + 1 34.39+1
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Figure 6. DSC melting endothermic peaks used for crystallinity calculation for all the nanocomposite samples prepared,
and its comparison with that of the Virgin LDPE. (Endo. represents Endothermic process)

Figure 6 show the DSC curves for the heating (taken at 10 °C min'') whereas Figure 7 represents the cooling
curves (taken at 5 °C min) for all the nanocomposite samples including virgin LDPE. As seen in Table 1 and
Figure 6, the onset temperature of the melting has decreased by ca. 1-2 °C for the sample with highest loading of
the TMOS-MgO and TMOS-MgO+Al,O3 nanoparticles; whereas the crystallisation temperature (Figure 7)
increased very slightly by ca. 0.5 °C for the TMOS-MgO samples only. In case of the nanocomposite with TMOS-
MgO+Al,03 nanoparticles, there is no change observed. The shift in the onset temperature of crystallisation is
distinguishingly seen by a slight elevation for all nanocomposite samples compared to Virgin LDPE. With the
increasing concentration of nanoparticles of TMOS-MgO, the decrease in onset of melting/crystallisation is
evident for all samples except 12 wt%, however, the decreasing trend is observed for all samples with increasing
amount of TMOS-MgO+Al,O3 nanoparticles concentrations.

This concludes that the nano-inclusions formed nucleating sites, hence reducing the degree of crystallinity with
the increase in wt% as observed in other studies on polyolefins (34) and also resulting in the subsequent reduction
in melting temperature (Tm) and the crystallisation temperature (T¢) (34). However, it is not clearly evident for
samples with 12 wt% concentration as the high concentration may lead to agglomeration and uneven heating
during the DSC characterisation.

Earlier studies mention that, attaching stearates/coating to metal oxide-type nucleating agents will further
attenuate the nucleating activity (34). Which can explain the nucleation due to nanoparticles inclusion in the LDPE
matrix.

This crystallinity study suggests that the properties in terms of onset crystallisation and melting of the 12 wt%
TMOS-MgO+AI,0O3 sample is almost matching with the Virgin LDPE, however, TMOS-MgO+Al,O3 sample
shows lower degree of crystallinity. The effect of this crystalline phase nature is understood to not affect the
conductivity directly (9), but the effect with the nanoparticle concentration and type does, which is further
investigated in the electrical measurements.
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Figure 7. DSC exothermic crystallisation peaks for all the nanocomposite samples prepared, and its comparison with
that of the Virgin LDPE. (Exo. represents Exothermic process)

Though the degree of crystallinity decreased with the increasing concentration of nanoparticles for both the sample
types, but it also improved the thermal stability of the composites due to the improved dispersion as a result of the
silane functionalisation. Figure 8 shows the thermal degradation behaviour of all the samples and compared with
that of the virgin LDPE. The virgin LDPE showed the onset of degradation well earlier at a temperature ca. 170
°C, as seen in Figure 8. Conversely, the samples with the smallest content of nanoparticles (i.e. 1 wt%) showed
an onset temperature at least ca. 100 °C higher than the virgin sample; this is obvious due to the nature of the
metal oxide inclusions. Also, the increase in the loading of the nanoparticles gradually improved the onset
temperature of the samples, but of all the samples the 9 wt% and the 12 wt% TMOS-MgO+Al,O3; samples showed
the highest temperature for onset of degradation. It is, therefore, attributed to the increased nanoparticle
concentration and type of nanoparticles. As seen in Figure 8, the addition of mixture of MgO and Al,Os3 increases
the degradation temperature compared to nanocomposite having MgO only. The heat-stabilising effect is
associated with the restricted oxygen accessibility with the possible adsorption of volatile species at the onset of
degradation (36).
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Figure 8. The thermogravimetric analysis (TGA) data plots for all the nanocomposite samples prepared, and its
comparison with that of the Virgin LDPE.
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iii. Simulated model generation showing interaction radius (IR)

The original TEM micrographs (included in Supporting Information S2) of all the samples, processed as per the
methodology discussed in the earlier section, are presented in the Figure 9. As seen in the Figure 9, the
agglomeration of the nanoparticles increases with the increase in the nanoparticle concentration, however, the size
of agglomerates do not change significantly at highest concentration. As the nanoparticles comes closer with each
other in high concentration nanocomposite, the dipole-dipole interaction causes them to agglomerate.
Interestingly, the samples with both MgO and Al,O3 nanoparticles, showed higher agglomerate sizes which
indirectly indicate that Al,O3 have higher tendency of forming agglomerate, as compared to the MgO. These
images were analysed using ImageJ image processing software and the ferret diameter measurement tool, which
approximates each selected region of nanoparticle/agglomerate as an ellipsoidal entity, was used to calculate the

agglomerate diameter based on relation J (minFeret X maxFeret). Final estimated diameter data from this
calculation for each sample are summarised in Table 2. The values in Table 2 were then used as an input diameter
range for bespoke MATLAB® code to generate the spherical nanoparticles in the simulated 3D model.

Figure 9. The processed TEM micrograph images for samples with MgO variations [(a) 1 wt%, (b) 3 wt%, (c) 9 wt%
and (d) 12 wt%] and MgO+Al.0s variations [(e) 1 wt%, (f) 3 wt%, (g) 9 wt% and (h) 12 wt%] of nanoparticles
respectively. (Scale bar represents 500 nm)

Table 2. Estimated ferret diameters of nanoparticle/agglomerate regions identified from TEM micrographs and
calculated in ImageJ

Biggest agglomerate Smallest nanoparticle/
Sample . .
size (nm) agglomerate size (nm)

1% TMOS-MgO 130+ 15 30£5
3% TMOS-MgO 115+ 15 30£5
9% TMOS-MgO 135+ 10 305
12% TMOS-MgO 170 £ 25 305
1% TMOS-MgO+Al,03 160 = 20 30+5
3% TMOS-MgO+Al,03 155+ 20 30+5
9% TMOS-MgO+Al,03 190+ 15 30£5
12% TMOS-MgO+Al,03 220+ 20 30+10

To keep the complexity of the simulated model to a minimum, all the entities are generated as spherical
nanoparticles/agglomerates. The simulated models for all the samples are shown in Supporting Information S3.
Wherein smallest spheres represent the individual nanoparticles and the large spheres correspond to agglomerates.
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The purpose of the simulated modelling is to visualise and interpret the dispersion state of the synthesised samples
with variable concentration of the nanoparticles, which is quite challenging to attain with the physical methods of
sample characterisation. Using the distance between the nearest neighbours (spheres) in a simulated volume of
the nanocomposite, the interaction radius (IR) of each nanoparticle/agglomerate region were calculated. The IR
values for each region containing the individual sphere of variable sizes (Supporting Information S3) helped
determine the influencing region or the interaction region of each nanoparticle or agglomerates in the simulated
model. The dispersion state and IR are two main parameters that dictate the transfer of charged electrons or
conductivity/insulating properties of the synthesised sample (9) and therefore, the dispersion sate of the
nanoparticles in the nanocomposite was simulated. The values of the IR generated by the bespoke MATLAB®
code is summarised in Supporting Information S3, and this data was used for graphically representing the
interaction region as shown in Figure 10. Finally, this data is correlated with the measured insulating properties
of all nanocomposite samples.

According to the definition, the variable IR values are dependent on the size of the nanoparticle/agglomerate and
its nearest neighbours. The IR values are found to be decreasing from ca. 140 nm to 70 nm with increase in the
concentration of nanoparticles in nanocomposite. Though having the largest sized agglomerates (as summarised
in Supporting Information S3), the sample having both MgO+Al,Osand 12 wt% nanoparticles showed the lowest
IR value. This is due to one of the reasons of bigger agglomerates present, as listed previously. Hence, the presence
of little higher sized agglomerates present in this sample, is in fact aiding the conductivity performance and viz.
confirmed in conductivity measurements later.

Figure 10. Simulated representation included with the interaction radius (IR) of the individual
nanoparticle/agglomerate regions present in the synthesised nanocomposite (1 cubic micron size) for MgO variations
[(a) 1 wt%o, (b) 3 wt%, (c) 9 wt% and (d) 12 wt%] and MgO+Al2Oz variations [(e) 1 wt%, (f) 3 wt%, (g) 9 wt% and (h)
12 wt%] of nanoparticles respectively. (Herein, solid Black spheres represent MgO and Red spheres are for Al2O3
nanoparticle or agglomerates and the faint black and red region/sphere around nanoparticle or agglomerates
represents their interaction range respectively.)

iv. Electric leakage and breakdown measurement

The electric current leakage density was measured for LDPE and all nanocomposite thin films (80 um). Measuring
the leakage current values provides understanding of the insulating properties of the all materials. Figure 11 shows
the values of leakage current density J in response to the applied electric field (E) for all the samples at room
temperature.

As seen in Figure 11, the highest current density is observed in the pure LDPE samples subjected to a range of
the electric field at room temperature and 90° C. Increasing the concentration of the TMOS-MgO in
nanocomposite decreases the leakage current density and improves the insulating property. The 1wt% TMOS-
MgO nanocomposite showed highest current density in comparison to all other nanocomposite containing TMOS-
MgO. However, all nanocomposite samples containing TMOS - MgO +Al,0s show higher leakage current density
at room temperature than that of all TMSO-MgO nanocomposites.

It was reported that charge carriers in O— states were dissociated from the O,— sublattice of MgO in the bulk and
diffused to the surface during the heat treatment with Al,Os. After fast cooling of MgO nanoparticles to room
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temperature, the charge carriers mainly remained at cation vacancies on the crystal surfaces, which increased the
electrical conductivity of the MgO phase (21). On the other hand, the MgO nanoparticles alone in an LDPE matrix
act as additional charge traps and increase the space charge barriers thus reducing the charge mobility and DC
conductivity within the LDPE matrix. At higher temperature, the O— states return to MgO and increases slightly
the resistivity.

However, there is a limit to the loading MgO nanoparticles to reduce the conductivity of pristine LDPE. The
increase in loading of nanoparticles improved the insulating properties but it is recommended to reduce loading
to retain polymeric properties.
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Figure 11. Measured leakage current density for prepared film samples at room temperature.

With small increase in the applied electric field, the value of current density increased rapidly. However, the
increase in current density gradient slowed down. It is important to note that the leakage current density data for
electric field almost near to breakdown values have not been plotted. The gradient of the curve is quite steep for
the values more than maximum electric field showed in Figure 11, however, they were not included in the Figure
11 because measurements for the electric field near breakdown values may affect the sensitive ammeter. However,
it is quite evident that the current density changed nonlinearly with the increase in the applied field. First the large
increase in current density for electric values <5 kV/mm can be attributed to the space charge accumulation
between the electrode and copper film deposited on the nanocomposite film (37). After further increase in the
electric field values, the charge trapping at the interface of the nanoparticles and polymer initiated causing
considerable reduction in the gradient. Moreover, it is observed that the gradient values for the nanocomposite
with high concentration nanoparticles is lower than the nanocomposite with low concentration. Above the electric
field of 5 kV/mm, the current density and therefore, the space charge behaviour changed from linear to nonlinear.
The electric field where transition occurs is referred as space charge accumulation threshold. The threshold field
is found to be reducing with the increase in the nanoparticle concentration in the nanocomposites, which shows
the reduction in probability of space charge accumulation in nanocomposite with high concentration of
nanoparticles. At higher fields, the space charge accumulation may be dominated by the bulk processes and could
be attributed to larger availability of ionic carriers during processing of nanocomposites (38).

For the nanocomposites, the total leakage current density decreases and exhibits the higher breakdown strength
(Supporting Information S4). This indicates that the space charge accumulation is suppressed by the capture of
injected charges either by deep trapping or charge hopping (39). The current density curves indicate the minor
role of the carrier injection at the electrode contacts (40). Considering the plot, it can be deduced that the charge
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hopping is taking place and follows the relation for the hopping conduction current in the dielectrics (41) (42).
The breakdown strength of material was measured separately from the conductivity experiment. Therefore, the
maximum field strength used in current leakage measurements do not reflect the breakdown strength of the
material. The breakdown strength (Supporting Information S4) of the materials at room temperature showed
similar trend as leakage current density. The nanocomposite with 12% MgO was found to show highest breakdown
strength.
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Figure 12. Measured leakage current density through prepared film samples when subjected to electric field at 90°C

Elevated temperature measurement (90°C) was carried out to characterise the suitability of a new material at
extreme conditions arising due to extreme heating at high current. The current density in relation to applied electric
field at elevated temperature is measured and shown in Figure 1212. Both films containing 1wt% TMO0S-MgO
and TMOS- MgO+Al,0O3 shows almost same behaviour at higher temperature which suggest that the charge
trapping at low concentration does not change with addition of the Al.Os. An interface formation between
dielectric insulating with high thermal conductivity ceramics such as Al,Os; can improve the dielectric
performance at high temperature (43). However, the homogeneity of the nanoparticles at low concentration could
be low.

As seen in the Figure 12, the leakage current density of the all materials was increased and insulating properties
was affected at elevated temperature. All nanocomposite samples showed less leakage current density than LDPE
at 90°C (44). Also, it was worth noting that, at 90°C, both 12% TMOS-MgO and 12% TMOS-MgO+Al,O3 showed
higher current density than the current density measured at the room temperature. Also, the breakdown strength
of 12% TMOS-MgO+Al,O3; sample increased at elevated temperature measurement, as compared to the MgO
samples which showed a decreasing trend. It suggests that the addition of Al.O3; have improved the charge-
discharge cycle at the MgO- Al,Os interface (44) leading to reduction in space charge injection at higher
temperature.

The TMOS-MgO+Al,03 results showed inconsistent pattern. The 12% TMOS-MgO+Al,O3 sample performed
well at elevated temperature, but the samples with lower weight percentage loading of TMOS-MgO+Al,O3 did
not show better results as compared with the TMOS-MgO samples. Probably, the inadequate dispersion of MgO
and Al,Os nanoparticles at the 3% and 9% loadings would have not provided consistent results. The improvement
at elevated temperature by 12% TMOS-MgO+Al,Os supports the reasoning that heat transfer in the material
should increase with addition of Al,O3 (45) nanoparticles and that could help achieve better insulation properties
at elevated temperature.
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During nanocomposite manufacturing, the nanoparticles were mixed using blender. However, it may be possible
that the Al,O3 and MgO nanoparticles did had their interparticle attraction and didn’t mixed well with each other.
When the mixed nanoparticles were added to polymer, the dispersion might have worsened further and the pockets
of the polymers containing the high concentration of Al,O3;0r MgO could have formed. Which was also confirmed
from the TEM micrographs, wherein the 12% samples had comparatively bigger sizes of agglomerates than the
lower loading samples. This can induce the ability of nanocomposite to perform at elevated temperature.

Further to current density, the average electric field stress was measured for all samples at breakdown and plotted
(Supporting Information S4). Similar to the trend observed for the current density results, the average electric
field stresses at breakdown were found to be 66.72 and 56.8 kVV/mm for the 12% TMOS-MgO and 12% TMOS-
MgO+Al,03 samples, respectively.

The temperature affected the electrical insulating properties of all samples at different scale. The increase in
temperature causes different types of failure mechanism such as the thermal and electromechanical degradation
(46). Addition of nanoparticles create the defects in polymer and improves the breakdown strength. As observed
the mobility of charge carriers decreased for all the samples. And the addition of Al.Os; nanoparticles decreased
the rate of thermal degradation by preventing diffusion paths for oxygen and hence increased the thermal transfer
through the material. Such dissipation of the energy decreases the leakage of the current through the material
when it is subjected to electric field.

The effects of the nanoparticle concentration on the breakdown strength of the nanocomposite are related to two
different aspects. The nanoparticles coated with TMOS bonds strongly to the surrounding polymer matrix and
create a barrier at the interfacial layer. The surface functionalisation using TMOS facilitated the dispersion of the
nanoparticles in the polymer matrix even at the highest concentration of 12 wt% as seen in the TEM images
(Figure S2). The sizes of the agglomerated nanoparticles are not significantly different in 12 wt% sample than the
1wt% sample. The minimum agglomeration size of 30 nm as shown in Table 2 is same for all samples. The
maximum agglomeration size in 12wt% sample is 220 nm compared to lowest value of the maximum
agglomeration for 3% is 115 nm. This suggests that the agglomerate size in the samples containing highest
concentration of nanoparticles is not in micrometre scale. Because of relatively small size of agglomerates present
in all samples, it can be deduced that the probability of overlapping of agglomerates is less resulting into the
reduction of the percolation pathways facilitating charge transfer. As all samples showed the limited changes in
the dispersion state (Table 3), the formation of the interconnections between nanoparticle agglomerate were
limited in the samples with highest concentration of the nanoparticles which otherwise could have facilitated the
charge transfer. Any micro-defects in the sample of the nanocomposite could concentrate the charge locally but
high nanoparticle content provided the filler for such defects and might have prevented the charge transfer and
electrical tree propagation is also hindered by the obstruction developed due to nanoparticle presence in the LDPE
matrix. This is evidenced by the decreasing leakage current density of the nanocomposite samples with increasing
content of nanoparticles. Progressive decrease in the current density also showed the increasing breakdown
strength of the nanocomposite.

Table 3. Interrelating the simulated interaction radius value with all the electrical measurement findings of each sample
for a quick comparison.

Irft\(\a/rez:;?gn Leakage current  Breakdown Leakage current Breakdown strenath
Sample Radius Density @ RT  strength @ RT Density @ 90 °C @ 90 °C (kV/mgm)
(nm) (mA/mm? x10°°) (kV/mm) (mA/mm? x10°°)

LDPE n/a 1.99+0.10 37.89+1.25 4.52+0.10 35.20+1.0
1% TMOS-MgO 140.80 0.83+0.15 49.88+1.3 3.95+0.12 51.70+0.8
3% TMOS-MgO 139.21 0.75+0.25 51.72+1.20 3.62+0.05 47.50+2.3
9% TMOS-MgO 86.91 0.48+0.05 61.70+1.50 2.24+0.05 58.25+2.1
12% TMOS-MgO 73.09 0.32+0.05 94.80+1.00 0.35+0.05 66.55+3.5
1% TMOS-MgO+Al,0; 149.97 1.68+0.05 47.35£1.50 3.93+0.17 51.72+2.2
3% TMOS-MgO+Al;03 135.40 1.5840.05 41.50£1.0 4.10£0.05 41.31+2.0
9% TMOS-MgO+Al,03 87.29 1.45+0.03 49.95+1.50 2.75+0.05 43.19+2.1
12% TMOS- 71.74 1.0240.10 49.37+1.60 1.1040.025 56.60+3.0

MgO+A|203
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Considering the findings of the DSC & TGA along with the improved interparticle interaction as reflected by the
interaction radius obtained from the simulated model and the electrical responses of each sample as summarised
in Table 3.

Conclusion

The silane coating of nanoparticles improved the dispersion, even at higher weight percent (12 wt%) loading of
nanoparticles, which resulted in comparatively lower interaction radius and therefore, the increased sites of
electron trapping and low space charge accumulation was observed. Further, higher loading of nanoparticles
resulted in marginal increase in the crystallinity compared to that of nanocomposites with lower loading of
nanoparticles, however, they exhibited the higher resistance to thermal degradation according to DSC and TGA
results. The nanocomposite containing TMOS-MgO showed best response than TMOS-MgO+Al,O3 and other
samples at elevated and room temperature. There is no unified trend was observed in the leakage current and
breakdown strength measurements for TMOS-MgO+Al,O3; nanocomposite and interface between MgO and Al;O3
was not seen forming and improved insulating properties at high temperature. The breakdown strength of the
nanocomposite containing TMOS-MgO+Al,O3 have improved but it was still not better than 12% TMOS-MgO
nanocomposite. Low interaction ratio combined with metal oxide material type (TMOS-MgO or TMOS-
MgO+Al;03) governed the decrease in low leakage current density and high breakdown strength. It can be
recommended that 12% TMOS-MgO showed overall superior response, with lowest interaction radius, least
leakage current allowance and enhanced breakdown strength at elevated temperature. Hence, the 12% TMOS-
MgO sample could be the most suitable choice for HVDC insulation. A composite glass ceramic formation
between MgO and Al;O; could achieve desired interfaces and improved insulating properties at elevated
temperature.
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Figure 1. A summary of potential combinations of nano-inclusions and polymers suitable for synthesis
of insulating polymer nanocomposite outer layer of the HVDC cables. Associated failure modes of
insulating outer layer of the HVDC cables are shown in outermost circle. .......ccccoouveeeviieeeeiiieeececneenn, 2

Figure 2. Experimental method followed for the nanoparticle’s functionalisation and the subsequent
NANOCOMPOSITE SYNTNESIS. 1netiiiiiiiiee e e e st e e s sabae e e s abteeeesnsaeeesansaeeesnnseeeeenn 3

Figure 3. IR Spectra of the Uncoated (Un-MgO and Un-Al,Os) and Coated (TMOS-MgO and TMOS-
Y F={@ R AN P @ Y I o = a o o T L o o [ 6

Figure 4. Processed TEM images of uncoated [(i) Un-MgO & (ii) Un-Al,03] and coated [(iii) TMOS-MgO
& (iv) TMOS-MgO+Al,03] nanoparticles. (Wherein, MgO is assigned as black and Al,O3 as red particles
respectively, and the Bar Scale marked is 0f 200 NM) .....cccueiiiiriiiieiee e 7

Figure 5. IR Spectra of the LDPE nanocomposite containing varying concentrations (in wt%) of coated
and uncoated nanoparticles. The black trace represents an IR spectrum of the Virgin LDPE. .............. 8

Figure 6. DSC melting endothermic peaks used for crystallinity calculation for all the nanocomposite
samples prepared, and its comparison with that of the Virgin LDPE. (Endo. represents Endothermic
[T o Yol =Ty U 9

Figure 7. DSC exothermic crystallisation peaks for all the nanocomposite samples prepared, and its
comparison with that of the Virgin LDPE. (Exo. represents Exothermic process)........cccoceeeeecvveeeenneen. 10

Figure 8. The thermogravimetric analysis (TGA) data plots for all the nanocomposite samples
prepared, and its comparison with that of the Virgin LDPE. .........ccccoeiiiiiie it 10

Figure 9. The processed TEM micrograph images for samples with MgO variations [(a) 1 wt%, (b) 3
wt%, (c) 9 wt% and (d) 12 wt%] and MgO+Al,03 variations [(e) 1 wt%, (f) 3 wt%, (g) 9 wt% and (h) 12
wt%] of nanoparticles respectively. (Scale bar represents 500 NM) ......coevveeriereiieeenieeeiie e 11

Figure 10. Simulated representation included with the interaction radius (IR) of the individual
nanoparticle/agglomerate regions present in the synthesised nanocomposite (1 cubic micron size) for
MgO variations [(a) 1 wt%, (b) 3 wt%, (c) 9 wt% and (d) 12 wt%] and MgO+Al,Os variations [(e) 1 wt%,
(f) 3 wt%, (g) 9 wt% and (h) 12 wt%] of nanoparticles respectively. (Herein, solid Black spheres
represent MgO and Red spheres are for Al,O; nanoparticle or agglomerates and the faint black and
red region/sphere around nanoparticle or agglomerates represents their interaction range
=T oY=t 41771 128 SRSt 12

Figure 11. Measured leakage current density for prepared film samples at room temperature. ....... 13

Figure 12. Measured leakage current density through prepared film samples when subjected to
ElECIIC fIRIA @t G0°C.ciniiiiiiie ettt s e sttt s e e s be e e sabeesabeesbbeesabeeesabeesabaesnbeesareenn 14
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Section 1 (S1).

The enthalpy of all the samples were calculated using the Universal Analysis software that comes along with the
DSC instrument control package. By quantifying the heat associated with the melting endotherm. This heat was
then reported in terms of percent crystallinity by normalizing the observed heat of fusion with that of the 100%
crystalline LDPE polymer. The area used for the enthalpy (crystallinity) calculation as identified using the
“Integrate Peak” functionality of the TA Universal Analysis 2000 software (1) is recreated in the plots in Fig. 6
(included in the main text). The same analysis also helped identify the “Melt Peak Temperature” of the endotherm
peak, which was the melting point T,, of the samples and listed in the Table below. Adding to the discussion, the
Glass transition temperature T, was also identified using the “Glass/Step transition” functionality available in the
same software.

The degree of crystallinity for all the samples was calculated from the following Equation 1, using the standard
reference value of LDPE as cited in the main text.

Sample Enthalpy from DSC plot
PAG6 Enthalpy from Reference Text

Sample Degree of Crystallinity = x 100% Eqn. 1

Section 2 (S2). Original TEM micrographs are shown in Figure S1 and S2.
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Figure S1. Original TEM images of uncoated [(i) Un-MgO & (ii) Un-Al,O;] and coated [(iii)) TMOS-MgO &
(iv) TMOS-MgO+Al,0;] nanoparticles. (Wherein, MgO is assigned as black and Al,O; as red particles
respectively, and the Bar Scale marked is of 100 nm)

Figure S2. Original TEM micrograph images for samples with MgO variations [(a) 1 wt%, (b) 3 wt%, (c) 9 wt%
and (d) 12 wt%] and MgO+AL,O; variations [(e) 1 wt%, (f) 3 wt%, (g) 9 wt% and (h) 12 wt%] of nano-inclusions
respectively. (Scale bar shown is of 500 nm)



Section 3 (S3).

Figure S3. Simulated representation of the synthesised nanocomposites without interaction radius (1 cubic
micron size) for MgO variations [(a) 1 wt%, (b) 3 wt%, (c) 9 wt% and (d) 12 wt%] and MgO+Al,05 variations
[(e) 1 wt%, (f) 3 wt%, (g) 9 wt% and (h) 12 wt%] of nano-inclusions respectively (Herein, Black spheres
represent MgO and Red spheres are for Al,O; nanoparticle or agglomerate respectively.)

The simulated representation of the naoparticle distribution in the synthesised nanocmposite plot without
interaction radius is shown in Figure S3.
Section 4 (S4).

The measured average values of the electric field stress at the breakdown for each sample is plotted herein.
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Figure S4. Breakdown strength of all samples at room temperature.
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Figure S5. The average electric field stress of the prepared samples at breakdown measured at 90°C.
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