GUPTA, R., BADEL, B., GUPTA, P., BUCKNALL, D.G., FLYNN, D. and PANCHOLI, K. 2021. Flexible low-density
polyethylene—BaTiO3 nanoparticle composites for monitoring leakage current in high-tension equipment. ACS
applied nano materials [online], 4(3), pages 2413-2422. Available from: https://doi.org/10.1021/acsanm.0c02719

Flexible low-density polyethylene—BaTiO3
nanoparticle composites for monitoring leakage
current in high-tension equipment.

GUPTA, R., BADEL, B., GUPTA, P., BUCKNALL, D.G., FLYNN, D. and
PANCHOLI, K.

2021

mAl R This document was downloaded from

@RG U https://openair.rgu.ac.uk



https://doi.org/10.1021/acsanm.0c02719

Downloaded viaROBERT GORDON UNIV on April 15, 2021 at 14:36:25 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERNAPPLIED
NANO MATERIALS

Heo
www.acsanm.org

Flexible Low-Density Polyethylene—BaTiO; Nanoparticle
Composites for Monitoring Leakage Current in High-Tension
Equipment

Ranjeetkumar Gupta,® Birzhan Badel, Priya Gupta, David G. Bucknall, David Flynn,
and Ketan Pancholi*

Cite This: ACS Appl. Nano Mater. 2021, 4, 2413-2422 I: I Read Online

ACCESS ‘ [l Metrics & More | Article Recommendations | Q Supporting Information

ABSTRACT: Polymer—nanoparticle composites prepared using a
low-density polyethylene (LDPE) matrix with BaTiO; nanoparticle
compositions of 6, 9, 12, and 15 wt % have shown insulating behavior
and are evaluated for their applicability as flexible strain sensors. With
increasing percentage of the nanoparticles, the LDPE crystallinity
decreased from 38.11 to 33.79% and the maximum electrical
displacement response was seen to increase from 2.727 X 107 to
4.802 X 10™* C/cm? The maximum current, remnant current, and
coercive field, all increased with the increasing nanoinclusion loading.
Furthermore, the interaction radius values derived from the three-
dimensional (3D) model of the nanoparticle dispersion state in
polymer—nanoparticle composites were found to be correlated with
its key properties. The interaction radius values from the simulated
3D model gave a clear basis for comparing the electrical properties of
the samples with the effect of the nanoparticles’ functionalization on the dispersion state in the context of the increased NP loading
and giving the values of 275, 290, 310, and 300 nm, respectively. The 12 wt % nanoparticulate-loaded sample demonstrates the best
overall trade-off of key parameters studied herein. Overall, the results demonstrate that these flexible polymer—nanoparticle
composites could be used for strain-based sensors in the high-tension applications.
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H INTRODUCTION printers, transducers used in ultrasonic imaging, vibration-
controlled sensors, and sonars.” Industrial applications require
multiple functional attributes from materials within sensors,
such as tunable electrical conductivity, large surface areas, light
weight, and mechanical stability, while also being mass
manufacturable and with minimum processing cost. Polymer
nanocomposites consisting of NP inclusions in a polymer
matrix, can meet these requirements.”

The benefits of the nanoinclusions can only be attained if
the NPs are dispersed uniformly in the polymer matrix.
However, NPs tend to agglomerate because of their dipole—
dipole interactions,” and when incorporated in the viscous
polymer melt, their uniform dispersion becomes difficult. If not
addressed, such issues can lead to agglomerates in the

Polymer—nanoparticle (NP) composites have attracted sig-
nificant attention for a variety of applications, due to their ease
of processing, tunable sensitivity, and suitability for agile
manufacturing for customization into bespoke applications.'
The demand for piezoelectric composites as smart functional
composites is expected to exceed 5 kilotons by 2029.*
Piezoelectric polymer—NP composites are designed to
optimize properties for both sensing measurands and robust
deployment. However, although piezoelectric solid ceramics
have excellent dielectric properties, they cannot be used for
flexible applications because of their intrinsic behavior. On the
other hand, the polymer—NP composites can marry in the
flexibility of polymer with the piezoelectric behavior of
ceramics into one single material. With the improving

processing scenarios’ and variabilities possible with the Received:  October 9, 2020 m’“"“
nanoscale involvement for a multitude of properties offering Accepted:  January 22, 2021 5
an economic replacement of traditional materials for industrial Published: March 1, 2021

applications.® For instance, flexible piezoelectric materials, as
shown in Figure 1, are finding widespread applications in
energy harvesting, automated fuel injection actuators, ink-jet
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Figure 1. Various emerging application areas of piezoelectric polymer—NP composites.

Heat BT NPs in
Oven for 15 mins

=

Finely ground
any agglomerate

Introduce BT NPs in
HNO; and ultrasonicate

Centrifuge and
recover BT NPs

Flexible
Nanocomposite films

Recovered BT NPs
dispersed in
Water+HNO;+TEOS

Stirring .
> i o | overnight Centrifuge and
@RT recover BT NPs
Calcinate in
Oven @ 1000 °C
for 15 mins
2
TEOS Coated NPs

Finely ground the
calcinated NPs

w

LDPE Pellets
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preparation.

polymer—NP composites causing local charge accumulation
and nonuniform electrical or heat conduction."” The
agglomeration issue can be minimized by various techniques
like melt compounding, high shear mixing, three roll mills,
solution blending, NP functionalization, and so forth of which
functionalization of NPs is the most effective.”’" Functional-
ization involves coating the individual NP with a chemical
moiety that is either the same or compatible with the matrix
polymer. The functionalization can serve two purposes, first to
reduce the interparticle attraction between the NPs and second
to align the NPs hierarchically within the base polymer chain
lengths, depending on the functional groups’ interactions.
There are many examples of piezoelectric polymer—NP
composites with silane—ethanol'>"* and oleic acid"* coatings.
Silica coatings using the Stober method'” can potentially be a
cost-effective and scalable process for commercial NP
functionalization manufacturing.lé’17 Also, silica functionaliza-
tion of NPs by this method is widely used for producing ultra-
thin layers,'® which do not suppress the material properties of
the NPs. Hence, the BT NPs, were functionalized employing
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the Stober method in this study. The functionalized NPs
dispersed well as compared to the uncoated NPs'*'” In this
study, barium titanate (BT) NPs are used as they are lead free
and cost-effective piezoelectric materials that can be suitable
for measuring the strain. As a matrix, the low-density
polyethylene (LDPE) was chosen because of its insulating
properties and its suitability for application in measuring strain
in large high-tension electrical equipment’s, wherein the
loading is excessively high because of their self-weight like
insulated transmission cable lines, umbilicals, and so forth.
Moreover, LDPE has a high strength and wide working
temperature range of —50 to 85 °C, assuring compliance to a
range of industrial applications. LDPE is already widely used as
an insulation material in high-voltage DC transmission cables
that carry high-voltage DC current™’ and offshore umbilicals,”!
both of which represent a good example of combined high-
tension and high-voltage equipment scenario.

https://dx.doi.org/10.1021/acsanm.0c02719
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B EXPERIMENTAL SECTION

Materials. LDPE granules with 2 g/10 min melt flow rate and
molecular weight of 45,000 g/mol (density 920 kg/m3) was
purchased from Goodfellow (UK). BT (BaTiO;) NPs (<50 nm
size) (BET) having density 6.08 g/mL, 90% technical grade tetraethyl
orthosilicate (TEOS), cis-cyclooctene containing 100—200 ppm
Irganox 1076 FD as an antioxidant, citric acid 99%, and anhydrous
99% heptane were all used as received from Sigma-Aldrich (UK).
Other laboratory agents were used as standard.

Experimental Methods. The BT NPs were functionalized/
coated as per the following procedures. The pretreatment of BT NPs
was performed by dispersing 500 mg of NPs in 10 mL of 1 M HNO;
and mixed vigorously by ultrasonication for S min; this acidic
treatment activated the NP surfaces. The supernatant was removed by
centrifuging at 4500 rpm and the NPs were subsequently washed
three times with deionized water after every centrifuge. The collected
NPs were then dispersed in 10 mL of 0.01 M citric acid solution and
ultrasonicated for 5 min; the absorption of citric acid enhances the
colloidal stability in the alcohol—water mixed solvent, promoting the
silica functionalization of NPs. Excess acid was removed by
centrifuging at 4500 rpm, followed by washing in deionized water
and repeating three times. The collected NPs were then dispersed in
20 mL of water solution containing 20 4L ammonia and left for 24 h.
The silica-coating procedure was implemented by dispersing these
citrated BT NPs in 100 mL of a mixed ethanol/water/ammonia
solution with 75/23.5/1.5 vol. %, respectively. TEOS'® (55.5—111
uL) was then slowly introduced in this solution, which formed ca.
10—1S nm thick silica coatings on the NPs (The uncoated and coated
NPs transmission electron microscopy (TEM) images are included in
Section S1). The mixture was left overnight at room temperature, this
initiated the hydrolysis and condensation of TEOS to form silica
shells around the NPs. The silica-coated NPs were then recovered by
centrifuging the mixture three times at 5000 rpm for 8 min, followed
by ethanol washing each time. The collected BT NPs were then
sintered for 3 h, with a gradual rise (5 °C/min) in the temperature
and finally maintained at 1000 °C'>**** for 15 min to get stable
functionalized NPs.

The polymer—NP composites films were then prepared by using a
Twin-tech 10 mm twin-screw extruder. 9 wt % of functionalized BT
NPs was mixed with 15 g of LDPE along with 0.5 mL cis-cyclooctene.
The inclusion of cis-cyclooctene was the same for the 12 and 15 wt %
samples, as it was used considering the weight of LDPE for preventing
its oxidation during the extrusion process. All the regions of the
extruder were maintained at 140 °C temperature and the screw speed
set to 60 rpm. To improve the dispersibility of the NPs, the 2 mm
diameter extrudate was pelletized under air cooling and extruded a
further two times. Finally, the polymer—NP composites films of 80—
150 pm thickness were prepared using a film die attachment having
slot area of 80 ym X 3 cm. Samples with 12 and 15 wt % of NPs were
prepared using the same methodology. The procedure is summarized
graphically in Figure 2.

The flexible film samples prepared for the electrical characterization
is shown in Figure S1 of Section S1 in the Supporting Information
along with the placement of the conductive copper electrodes for the
measurement of electrical displacement, current density, and current
change under the influence of the applied electric field. The samples
are here onward referred as 6, 9, 12, and 15% samples.

Material Characterization. Attenuated total reflection Fourier-
transform infrared spectra (ATR—FTIR) were recorded on
PerkinElmer Spectrum 100, using a DGS-KBr sensor to identify the
effect of the silane functionalization of the NPs. Polymer—NP
composites films of thickness around 80—150 ym were measured and
the spectrum was determined from a total of 30 scans in the range of
525—4000 cm™" wavenumber at a resolution of 4 cm™.

For analyzing the surface characteristics of the functionalized NPs
and the dispersion-pattern of NPs in the LDPE matrix TEM images
were taken. NPs were dissolved in ethanol (95%, spectrophotometric
grade) and a tiny drop of this solution placed on a copper TEM grid
and left to air dry, as forced drying induces aggregation of the NPs.
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TEM samples of the polymer—NP composites were prepared by
microtoming ultrathin sections and placing on 400-mesh-size gilder
copper grids; later sputter gold-coated. TEM images were then
captured on a 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.

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were performed using TA DSC Q100 and TGA Q500
instruments using a sample mass of 5—12 mg. For DSC, a standard
heat/cool/heat cycle analysis was used to evaluate the sample
behavior and estimate the T, for all samples. The process sequence
consisted of a ramp heating of 10 °C/min from 25 to 150 °C,
followed by a cooling cycle at 5 °C/min to —50 °C and finally a
heating ramp of 10 °C/min back to 150 °C. The detailed
crystallization calculation method is discussed in Supporting
Information S2. The TGA analysis was undertaken with a heating
rate of 10 °C/min and the total differential weight loss mode was
selected to study the thermal behavior of polymer—NP composite
samples. Detailed crystallization calculation method is discussed in
Section S2 of Supporting Information.

The tensile tests of all the samples were carried out on an Instron
3367 tensile testing machine having a full-scale static rating of +30
kN. The sample preparation and testing were undertaken according to
the ASTM D3039 standard, with the cross-head displacement set to
vary at a rate of 1 mm/min. The test criteria were fixed to 50% change
in the maximum load capacity and allowable length extension of 50
mm and change of diameter up to 3 mm.

Thin films with a thickness of around 200 + 10 ym were used for
measurements of hysteresis loops of electrical displacement versus
electric field (D—E), current density (strain) versus electric field, and
current versus electric field (I-E) were obtained by using a bespoke
setup built using a 33120A Agilent wave generator and TREK 610E
amplifier. This is an advanced electrical test system having a piezo
sample holder unit connected with a high voltage range of 0 to +10
kV amplifier and an output current range of 0 to #2000 uA. The
direction of application of the electric field and the direction of
displacement (measurement) are maintained the same.

Simulated Model Generation. The TEM images of the PNC
samples were processed (details in Section S3 of Supporting
Information) and used for the size inputs for the simulated three-
dimensional (3D) model using a MATLAB platform. This size data
and the percentage weight of the BT NPs loading were then added as
the input to the designed MATLAB code to be used as a basis for
generating the random NPs/agglomerates in the simulated 3D model
of the polymer—NP composites. The code was able to generate the
simulated PNC model with the appropriate NP content and diameter
sizes passed as the inputs. The black colored spheres in the simulated
model represent BaTiO; NPs/agglomerates, and their interaction
region is represented by the grey region around them.

Bl RESULTS AND DISCUSSION

Characterization Results. The effect that the NP
inclusion have on the LDPE matrix is seen in the FTIR
spectra, as shown in Figure 3. The polyethylene backbone
—CH, stretching peaks are seen between 2911 and 2916 cm™'
with the stretching of the —CHj; band around 2839—2849
cm™' (labeled A in Figure 4)."> Though, these peaks were
somewhat suppressed because of the presence of silica
functionalization. Additional symbolic peaks of v(C=0),
6(C—H), y(=C—H), and y(C—H) are seen at 1450 cm™!
(), 1460 cm™ (I'), 1030 cm™ (&), and 710 cm™ (o),
respectively."?

The NP bulk absorption (seen at 709—725 cm™)' and
minor peaks around 1030—1060 cm™" (x) are because of the
Si—O stretching of SiOH,'” whereas the peak at 862 cm™ is
because of the hydroxyl (OH) group of the adsorbed H,0.**

https://dx.doi.org/10.1021/acsanm.0c02719
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The BaCO, (®) and TiO (¢) bonds from the BaTiO; NPs are
observed around 2260 and 530 cm ™, respectively.'’

The suitability of the synthesized material for flexible sensing
applications can only be realized by the feasibility of their film-
forming capability. The degree of crystallinity dictates the
suitability of the polymer—NP composite material for film
formability or its use in structural applications.”** From Figure
4a, it is observed that the melting temperature (T,,) decreases
with the increased NP loading, as expected with the
introduction of dielectric filler impurities that have higher
thermal and electrical affinity."” Though the higher loading of
BT NPs also induce higher heat absorbing capacity within the
polymer—NP composite samples but here the resulting
reduction in the degree of crystallinity brings the subsequent
T,, of 12% sample as almost similar to that of the pure LDPE
sample. Table S1 in Section S2 of the Supporting Information
summarizes the important results from the DSC data with the
percentage crystallinity calculated from the heat of enthalpy of
the melt peak assuming that fully crystallized polyethylene has
a heat of enthalpy of 286.7 J/g."” The degree of crystallinity of
all the samples were calculated using the equation mentioned
in Section S2.

Reduced polymer chain mobility causes slow crystal
formation and hence results in a higher degree of crystallinity.®
Increasing crystallinity leads to induced properties of which the
most significant ones in this study are the charge carrying
capacity and mechanical stability. However, here the
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the prepared 6, 9, 12, and 15% polymer—NP composite samples.

decreasing trend of degree of crystallinity with the increasing
NP loading is because of the impurities introduced by NP
inclusion that correspondingly resulted in the observed T,
reduction. This confirms that the synthesized samples can be
processed into thin films akin to a pure LDPE material. The
melting onset temperature of the 6 and 9% samples were seen
to be higher than that of the pure LDPE because of the oxide
inclusions of BT NPs, which can withstand higher temper-
atures. However, as the content of the NPs is increased further
to 12 and 15 wt %, the heat absorbing capacity is no doubt
increased further, but the reduced polymer weight tends to
melt more easily. In addition, the BT NPs in 12 and 15%
samples are more agglomerated (as seen from the TEM
analysis and 3D modeling), leading to local energy absorption.

The effect due to silane functionalization on the thermal
response of the samples is studied by the TGA analysis, as
presented in Figure 4b, it displays the thermally degrading
performance of all the prepared polymer—NP composite
samples and in comparison with the pure LDPE sample. The
pure LDPE sample revealed the degrading commencement at
around 170 °C, as observed in Figure 6. On the contrary, the
polymer—NP composite sample having the lowest content of
BT NPs (viz. 6% sample) revealed the onset degradation
behavior almost 70 °C greater than that for the pure LDPE
sample. This is apparent because of the oxide additions by the
BT NPs, which exhibit ceramic qualities and can withstand
higher temperatures themselves. Additionally, as the wt % of
the BT NPs was increased there was a gradual improvement in
the onset of degradation temperature of the polymer—NP
composite samples; however, the 15% sample showed the
highest temperature for the degradation onset. Which can be
attributed solely because of the highest BT NP concentration.
BT NPs are well known for their ceramic behavior, though the
heat-steadying response herein is linked to the limited oxygen
availability and because of the potential volatile species
adsorption after the degradation commenced.”” As observed
from the DSC study, there was a decrease in the degree of
crystallinity with the increase in the wt % of BT NPs for all the
polymer—NP composite samples prepared, but the superior
dispersion because of the result of silane functionalization
additionally enhanced the stable thermal response of the
polymer—NP composite samples.

The mechanical properties in terms of the film processing
capability of the polymer—NP composite samples were studied
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as response of their flexibility through tensile testing. As
observed from Figure 4c, all the samples showed an initial
linear region of elastic deformation but not all samples showed
a plastic deformation region. This was most obvious in the 15%
sample. It is pertinent that the plastic behavior of LDPE is
gradually decreased with the increase of the nanoinclusion
loading in the polymer—NP composite sample.”® Hence, it is
important to determine an optimum limit of the NP loading wt
% to get the bespoke polymer—NP composite, beyond which
the plastic behavior will eventually be lost.”” In this study, it is
seen that as the wt % of NP loading is increased there is a
gradual loss in the plastic deformation region of the polymer—
NP composite samples. It is observed that the 6 and 9%
samples showed quite a comparable response in terms of the
plastic deformation region as with the pure LDPE sample,
though the 12% sample showed a reduced amount of plastic
deformation. However, the maximum loss is observed in the
15% sample, this can be attributed partly because of the higher
content of NPs and the resulting possibilities of agglomeration
sites because of the increased interaction among the NPs at
such higher loadings."” The 12% sample shows a sufficient
degree of plastic deformation, but the response of the 15%
sample is almost like a brittle failure. Therefore, among all the
prepared samples, the 12% loading of NPs is the practical limit
for flexible film samples for the sensing applications as studied
herein.

Figure Sa shows the D—E hysteresis loops for pure LDPE
and the prepared polymer—NP composite samples (6, 9, 12,
and 15% samples). The maximum electrical displacement
shown by the polymer—NP composite sample of 6, 9, 12, and
15% BT NP variations was 2.727 X 107%, 3.424 x 107*, 4.098
X 107 and 4.802 X 107* C/cm?, respectively. These are all
larger than that for the pure LDPE of 6.875 X 10™° C/cm?.
The drastic increase in conduction with the higher dielectric
content of the BT NPs proves the improvements with the
loading of the NP inclusion. The increase in the maximum
displacement (D,,,,) is primarily because of the inclusion of BT
NPs, which possibly caused the decrease in volume of the
doped conductive composites. Also, as the wt % of the NPs
increases there is a possibility of some reduction in the
electrical displacement or polarization per unit volume because
of the random orientations of the local polar domains in NPs
as reported in the literature.”® This is also a possible reason
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why there is not much of a difference observed in the response
ratio of 12 and 15% samples.

The current versus electric field behavior, as shown in Figure
Sb, is used for the coercive field measurements (which is also
obtained using the electrical displacement loops). On
application of the electric field, the current signal behaviors
are observed from the polymer—NP composite materials viz.
leakage current.””*" In Figure Sb, the current peaks are visible
for all samples as observed in a similar study.”” The peak
current values observed for the 6, 9, 12, and 15% NP
composite samples are 0.0016, 0.0021, 0.0025, and 0.0029 pA,
respectively. These values are an order of magnitude larger
than the very small response seen for a pure LDPE of 0.00045
uA. The magnitude of the current peaks increases proportion-
ally with the increasing NP loading in the sample, which can be
attributed to the insulating behavior of the nanocomposite.
The nature of variation in maximum values because of the
applied electric field is very low because the applied field was
never increased to above the breakdown value.

It can also be seen from Table 1 that the coercive field I,
(the field which is necessary to turn the remnant displacement

Table 1. Maximum Current I, ,,, Remnant Current I, and
Coercive Field I, for pure LDPE and the Prepared 6, 9, 12,
and 15% Polymer—NP Composite Samples

sample Lo (uA) I (uA) I (kV/mm)  L/I..
pure LDPE 4.5 x 107 3.7 x 107 3.8 0.82
6% sample 16.5 x 107 153 x 107 15.6 0.93
9% sample 21.0 x 107* 19.6 X 107 19.5 0.94
12% sample 249 x 107 23.5 x 107* 233 0.94
15% sample 29.4 x 107* 27.7 X 107* 27.2 0.94

to zero or flipping it) and the remnant current I, increases with
increasing NP concentration. This is in line with the response
observed with I.. This observed behavior demonstrates an
increased strength of electrical displacement with an applied
electric field in the synthesized film samgles, which is a
desirable quality for any sensing application.”

The changes in current density of the prepared polymer—NP
composites thin-film samples as a function of the applied
electric field were also studied (Figure 6) to estimate the extent
to which the BT polymer—NP composite can polarize and
show higher current density response acting as superior
capacitor materials. The results show an enhanced current
density response alongside the changes in the electrical field
with increasing BT NP loading, which clearly hints that pure
LDPE can only perform until ca. 25 kV/mm field and is
unsuitable for higher current density response. This response
trend is similar to energy density variation under the
influencing applied electric field®" and is many times studied
for estimating the energy holding or capacitor-material
suitability of such polymer—NP composites. Figure 6 shows
the trend of the increasing current density with the increase of
the applied electric field as observed in previous studies with
BT crystals.’> The results suggest that the current density
shows a stable linear response to the applied electric field,
which is a key requirement for sensing purposes. This
comparison plot in Figure 6 suggests that the polymer—NP
composite sample having more NPs can transfer the applied
energy to BT NPs more efficiently or vice versa.”

The films show a decrease in strain, and hence, a
corresponding increase in the current density with the increase
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Figure 6. Current density vs electric field measurements for pure
LDPE and the prepared 6, 9, 12, and 15% polymer—NP composite
samples.

in NP loading and applied electric field.” This capability of
variation in current density (strain) limits with the changing
NP wt % loading is suitable to be used for sensing applications.
The sample with 12% (6.7496 x 10* mA/mm?) and 15%
(7.9573 x 10* mA/mm?*) NP loading showed a huge difference
in the current density values as compared to the pure LDPE
sample (1.0525 X 10* mA/mm?); and similar response was
also observed in the previous D—E measurements. Though the
trend was proportional to the NP loading in each polymer—NP
composite samples from 6 to 15% samples. All the samples
showed a response starting just above zero, signifying that
because of their piezoelectric nature the BT NPs only start
responding above a certain threshold of the applied electric
field. The higher loading of NPs involve more energy to be
applied to overcome the threshold, raising the responding limit
barrier;>"** viz. observed as the increment in the starting
position of the response for each polymer—NP composite
samples with increasing NP loading. The application of such
polymer—NP composite materials can be exploited in high
voltage applications, for example, in HVDC cable transmission
lines, the asset integrity becomes a major challenge as various
failure modes often depend upon the structure.” The cyclic
fatigue failure caused by the inversing compressive and tensile
loading on such cables can be detected by implementing such
designed polymer—NP composite materials in key regions of
asset deployment, as part of the successful remote prognostic
effort.

Simulated Model Generation Showing IR. The TEM
images of all the polymer—NP composite samples are shown in
Figure S4 of Section S1 in the Supporting Information. As seen
from these TEM images, the agglomeration of the BT NPs
increases with their increased loading. The TEM image of a
sample containing the uncoated BaTiO; NP sample was also
taken and highlights the improvement that the silica
functionalization makes to the NP dispersion (see Section
S1). The size of agglomerates in 15% sample are much larger
than the other samples. It is clear that at a higher loading the
NPs are in close proximity with each other, and the dipole—
dipole interaction between them causes the issue of
agglomeration. The analysis of the TEM images was done
using image processing package, Image], and the measurement
tool option for ferret diameter was used to approximate the
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Figure 7. Simulated model representation showing the IR region of the individual NP/agglomerate present in the synthesized polymer—NP
composite (1 cubic micrometer size) samples with varying wt % of NP loading, wherein (a) 6% sample, (b) 9% sample, (c) 12% sample, and (d)

15% sample.

designated region of the NP/agglomerate referred as an
ellipsoid unit. The diameter range was calculated for individual
NP and the biggest agglomerate present, based on the relation

of \/(minFeret X maxFeret) (where minFeret and maxFeret
are the minimum and maximum Feret diameters as calculated
by Image]). The calculated diameter range for each sample
from this study are summarized in Table S2 of Section S3 in
Supporting Information. The values from Table S2 of Section
S3 in Supporting Information were utilized for inputting to the
designed MATLAB code that created the simulated 3D model
of the polymer—NP composites with NP/agglomerates
represented as spherical entities. To minimize the intricacy
of the generated 3D model, all the NPs/agglomerate units
were created as spherical entities. It is shown in Figure SS of
Section S3 of the Supporting Information.

The aim of generating the simulated model was to visualize
and infer the NPs/agglomerate dispersion state in the
synthesized composites having different wt % concentrations
of the NPs and to inter-relate it with the electrical
measurements, which otherwise is fairly difficult to do with
the physical characterization methods. The interaction radius
(IR), which is the nearest distance among the generated
spheres (neighbors), was also calculated when the simulated
model was generated. The interaction region or the influencing
region of each sphere representing the NP/agglomerates was
understood by the calculated IR values. The interaction among
the NPs, that is, charged electron transfer among them or their
conductive/insulating nature are defined by two main
constraints viz. the dispersion state and the IR value."
Hence, studying the dispersion state with the help of the
simulated model is an important prospect. The generated IR
values are included in Table S3 in Section S3 of Supporting
Information, using which the interaction region was graphically
represented, as shown in Figure 7.

The interaction region or IR of each NP/agglomerate is first
dependent on its own size and then the arrangement of its
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nearest neighbor NP/agglomerate. In this study, the calculated
IR values were found to increase from ca. 275 to 310 nm with
increase in the concentration of BT NPs in polymer—NP
composite samples of 6 to 12%, but then it drops to 300 nm
for 15% sample. This change in trend can be studied from the
simulated models, as shown in Figure 7, which clarifies that the
12 and 15% samples include more agglomerated regions. This
suggests that higher BT NP content is unsuitable for polymer—
NP composite preparations, as the functionalization of NPs
can also be ineffective in such instances. With the largest sized
agglomerates (see Table S2 in Section S3 of Supporting
Information), the sample with 15% sample NPs showed the
second highest calculated IR value after the 12% sample. The
lowest calculated IR value observed in the 6% sample is the
most desirable. This ensures that the charge transfer/
interaction between the NPs can be easily executed because
of their proximity and homogeneous dispersion. Hence, it can
be concluded that the polymer—NP composite’s performance
is directly related to the NP dispersions, and higher NP loading
may not necessarily produce optimal performance enhance-
ment.

Relating the overall studied parameters of all the samples, as
summarized in Table 2 below, it can help concluding the
suitable choice of the polymer—NP composite material for the
sensor application.

Although the LDPE has a tendency for current leakage at
high applied electric fields, because of the BT nanoinclusions,
it also starts exhibiting increased current density response,
which aids in the precision of sensibility. This improvement is
proportional with the BT loading in the sample, but on the
other hand, the highest loading of NPs has shown to reduce
the flexibility and the degree of crystallinity of the sample.
Although it is observed that as the loading of NPs increases the
magnitude of the leakage current at the maximum applied
electric field also increases, the critical loading of NPs is not
the only consideration. The uniform dispersion of NPs can
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Table 2. Comparison Table of the Key Parameters Studied
for All the Samples

degree of current density IR
sample crystallinity (%) L/ (mA/mm?) (nm)
pure 39+1 0.82 1.1 x 10* n/a
LDPE
6% sample 38 +2 0.93 5.6 x 10* 275
9% sample 36+ 1 0.94 6.1 x 10* 290
12% 34+1 0.94 6.7 x 10* 310
sample
15% 3+1 0.94 8.0 x 10* 300
sample
36—38

make a significant difference, which may result in a lower
value of IR, that is, quicker interaction between the NPs in
terms of electron transfer, and hence, the role of involving
effective functionalization technique can be critical in defining
the electro-mechanical response of the polymer—NP compo-
site samples. The capability of the prepared polymer NP
composite samples for the leakage current density increases
from 1.1 X 10* mA/mm” of LDPE to 6.7 X 10* and 8.0 X 10*
mA/mm? for the higher NP loading in 12 and 15% samples,
which is ca. 5 times and 6 times increase, respectively. Another
study involving different vol % loadings of BT nanofillers
showed improvement of 12 times for 3.6 vol % of the BT
nanofillers as compared to pure biaxially oriented polypropy-
lene.”” Though the prepared samples in this study showed a
much higher change in the current density as compared to
other polymer—NP studies, wherein the prepared polyvinyli-
dene fluoride nanocomposite samples with 3 vol % did not
show much difference in the leakage current density response,
mostly because it did not involve dielectric NPs like BT.*" This
also confirms that the suitable choice of NPs is also important
for improving the current density response and for tuning the
designed polymer NP composites. Further, the inter-relation of
electrical measurements with the crystallinity study suggests
that though higher NP loading in the synthesized polymer—NP
composite can provide improved a sensing response with even
slight variations but that itself can limit the formation of thin
films desired for flexible sensing applications because of the
degrading degree of crystallinity. In addition, the dispersion
state of NPs is overall much better in 6% sample but almost
similar for 12 and 15% samples. Hence, the 12% sample is
ideally suited for high current density applications, considering
the overall trade-off between mechanical property, electrical
property, and NP dispersibility.

B CONCLUSIONS

The prepared BaTiO;—polyethylene NP composite samples
have showed an interestingly insulating behavior instead of the
anticipated ferroelectric (pyro/piezoelectric) response. FTIR
results have revealed changes to LDPE backbone conforma-
tions and the effect due to silica coating on BaTiO; NPs. The
melting temperature and the degree of crystallinity of the
polymer NP composite samples decreased with the increased
NP loading. The highest change in the degree of crystallinity
was observed for the samples containing 15% NPs, which also
resulted in the reduction of toughness as observed in the
tensile test measurements. The electrical displacement versus
electric field (D—E) measurements and the maximum
displacement (D,,,) and coercive field (D.) showed the
insulating behavior for the resulting polymer—NP composite
samples. The direct linear relation between the current density
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(uniform strain) values and applied electric field has confirmed
the suitability of the polymer—NP composite for high electric
density sensing. Overall, in terms of the physical properties
(Ty degree of crystallinity, onset degradation temperature, and
tensile test data), electrical properties (electrical displacement,
leakage current, and current density), and the dispersion state
attained, the results suggest that the 12% polymer—NP
composite sample is the most desirable for flexible sensor
applications. Such polymer—NP composite materials could be
exploited as a combined insulator and sensing medium for the
high-tension and high-voltage scenarios.
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