N
N

N

HAL

open science

Graphite nanoplatelets filled silicone composites with
novel electrical and dielectric properties

Renaud Metz, Christophe Blanc, Guillaume Prevot, Mehrdad Hassanzadeh

» To cite this version:

Renaud Metz, Christophe Blanc, Guillaume Prevot, Mehrdad Hassanzadeh. Graphite nanoplatelets
filled silicone composites with novel electrical and dielectric properties. Journal of Materials Science:
Materials in Electronics, 2021, 32 (22), pp.26608-26619. 10.1007/s10854-021-07037-4 . hal-03419440

HAL Id: hal-03419440
https://hal.science/hal-03419440

Submitted on 18 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03419440
https://hal.archives-ouvertes.fr

OoOo~NO O WN -

18

19

20

21

22

23

24

25

26

27

28

29

30
31
32
33
34

Graphite Nanoplatelets Filled Silicone Composites with Novel Electrical and Dielectric
Properties

Renaud Metz!?, Christophe Blanc?, Guillaume Prévost!, Mehrdad Hassanzadeh®

!Laboratoire Charles Coulomb UMR 5221 CNRS-Université de Montpellier, Place Eugéne
Bataillon, Batiment 11, Montpellier, France

2Université Claude Bernard - Lyon 1, Villeurbanne, France

3Schneider Electric, 37 Quai Merlin, 38000 Grenoble, France

Keywords: graphite nanoplatelets, nonlinear composite material, field grading material

Address correspondence to E-mail: Renaud.metz@gmail.com

Abstract

In the design of medium and low voltage equipment such as cable accessories, generator, motor
end windings or bushings, issues with electrical field enhancement occur at interfaces between
insulators and conductors, resulting in accelerated material ageing. The purpose of this paper is
to present a novel dielectric composite material which has the properties to mitigate this local
amplification. It is a functional dielectric which resistivity decreases by several orders with
electric field from 10 to 10° Qm up to 1 kVmm™ while the dielectric constant decreases from
15 to 12 in the 102 — 10® Hz range. This novel material is made with graphite nanoplatelets.

It may be used as a resistive or capacitive field grading material in electrical applications.

1 Introduction

The increasing energy demand with the concomitant decrease of the size of the electric devices
and the penetration of renewable energy sources such as wind farms and solar power systems
in the distribution network, imply additional electric stress on voltage insulating materials [1—
10]. Providing an efficient and safe insulation is therefore a challenge. As a matter of fact,

intense electric fields can generate localized partial discharges, resulting in accelerated aging
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or even dielectric breakdown. Electrical system design is therefore optimized to prevent or limit
any intensification of the electric field at “triple points” or “triple junctions” (where three
materials with different permittivity meet) [1-2]. A classical way to highlight the triple points
problem consists to consider the essential components of a cable: a conductor, an insulator and
a ground shield. At cable termination where the shield has been removed, the electric field
concentrated in the insulation is spread out (Fig. 1. A). A concentration of voltage equipotential
lines is observed at the triple point where the interfaces between the shield, the insulator and
the air meet. In Fig. 1. B, the triple point has been coated with a material that has a high enough
dielectric constant to redistribute AC fields, i.e. make the voltage equipotential lines scatter.
The optimized length and thickness of the coating depend on the specific design as such as the
geometry and the detailed dielectric properties of the layers. Such a solution does grade the
distribution of the potential as depicted in Fig.1.B. There also exist capacitive field grading
materials that have nonlinear dielectric constant that increases with the field. These solutions
do not work in DC. In order to get a coating which works under DC as well as AC and imSurge
conditions, it is advantageous to use a material that possesses a nonlinear resistivity which
decreases with the field. In Fig. 2, an overview of the different methods that are used or
proposed to control the field in practice is depicted. At first and for most electrical or electronic
equipment, geometric field grading (Fig. 2.1.) is used. It means that the design of the equipment
is optimized in order to decrease the local field enhancement. The metal parts are usually bent
and/or the thickness of the insulator is locally increased. This is the first choice of treatment.
To decrease further the field, processing of field grading materials is carried out (Fig.2.2.).
Those composites are made by adding to polymers inorganic filler with a specific permittivity
(Fig.2.3.) or resistivity (Fig.2.4.). There is also an approach in which the insulating body is
made up of a staggered arrangement of one or several concentric cylindrical layers of insulating
material and layers of conducting materials. The conducting layers are insulated, with floating
potential (Fig.2 5). For each method, the preferential AC/DC or overvoltage conditions of
operation are reported. It appears that only the linear resistive field grading solution works
under DC conditions but not against overvoltage (surge) that are likely to occur in the mains
supply. For this, nonlinear field grading materials are necessary (Fig.2 6). Contrary to nonlinear
capacitive field grading materials (Fig.2 7). The unique solution which might be used under
AC, DC and surge conditions is nonlinear resistive field grading (Fig.2. 8). This work aims at
presenting the interest of such a new nonlinear resistive field grading composite material made
of graphite nanoplatelets randomly dispersed in a polymer and at evaluating its performances
for medium voltage applications.
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Fillers known to transfer their non-linear electric properties to the matrix of a composite mainly
consist of ZnO microvaristors and/or other metallic oxides, [12-20] doped silicon carbide [21-
26] or carbonaceous particles [27-32]. Among carbon fillers, nano-sheets have driven attention
because nonlinear composites may be obtained at a low filling ratio (< 5 vol.%). A pioneering
work was based on the study of nanocomposites made of monolayers of graphene oxide (GO)
previously slightly thermally reduced [33-34]. The switching field Eg, above which there is a
departure from Ohmic behavior (p o« E™, o > 1, for E > E;) was modulated not only by the
nanosheet volume fraction used but also by the GO reduction rate [35,37]. The non-linear
effects were then attributed to the numerous surface oxide groups of the nanosheets at the origin
of barrier voltages.

Recently, Gaska et al. prepared nanocomposites from graphite nanoplatelets (GnP) dispersed
and oriented by extrusion in low-density polyethylene [36,37]. A nonlinear behavior was
observed at very high fields ~ 20MVm (20kVmm™). This result was not expected since these
fillers do not exhibit surface oxide groups comparable to the ones which decorate the surface
of GO, neither in quality nor in density. Recently we retrieved this result with graphite
nanoplatelets dispersed in a silicone matrix [38].

In this paper, after briefly recalling the electrical behavior of these new composites, we report
a detailed characterization of their properties. In particular, we show that they reveal a fair
dielectric constant increase at small filler loadings concomitant to a decrease of the resistivity
with the electric field. We report the detailed electrical characteristics of the composites and
consider their use for resistive and capacitive field grading. We then discuss the possible origins

of the global non-linear electrical behavior.

2 Materials and method
Raw materials: The silicone matrix used in this study is the Bluestar RTV141 resin. It is a room
temperature vulcanizing silicone, reticulated by poly-addition. The graphite nanoplatelets

(GnP) fillers were purchased from XG Sciences in powder form. The grade M25 was carried
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out in this work. According to the supplier, the mean diameter of these platelets as primary
particles is around 25um and their mean thickness around 6nm, corresponding to about 20
layers of graphene monolayers stacked on top of each other’s. Our analysis by optical
microscopy and secondary electron microscopy show that the nanoplatelets are not isolated
from one another. They tend to gather together into disordered clusters made of entangled
platelets, some dimensions of which are significantly larger than several microns. Furthermore,
primary nanoplatelets form strongly bonded aggregates. Large shear forces are required to
break the latter and to obtain individual nanoplatelets. Such shear forces were not carried out
during the processing of our composites despite the use of a speed mixer, i.e. a bladeless mixer
which combines dual asymmetric centrifugal mixing technology. Large micronic aggregates up
to 100 um are still observed in the final materials.

Composite Fabrication: To prepare the composites, a master batch filled with 5 wt.% of GnP
was first prepared by inserting the fillers progressively in the silicone resin and manually mixing
for homogenizing. The GnP fillers were then dispersed in the matrix by dual asymmetric
centrifugal mixing using a Flacteck Speedmixer from Hauschild. The composites were prepared
by inserting this master batch into the right amount of neat resin, and by mixing it with the help
of the speed mixer. The dispersion was performed under primary vacuum (~ 400 Pa) to
simultaneously degas the composite. The hardener was then added to the mixture and dispersed
by the same technique. The final blend was poured in a steel open mold of 1 mm thick
previously heated at T = 150°C. To ensure a full polymerization, the samples are heated during
1 hour at 150°C under 150 bars and 2 hours at 90°C during 30 minutes under 150 bars.
Specimens of 110mm x 77mm x 1mm dimensions were prepared for electrical characterization
by compression molding at 15MPa and then curing at 150°C during lhour (Fig. 3).

Composite characterization: The chemical bonding of the composite surfaces was examined
by an Attenuated Total Reflection (ATR) Fourier-transformed infrared (FT-IR) spectroscopy

(Perkin Elmer, USA) in the wavelength range of 400-4000 cm™.
4
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In the range 0-1kV, the procedure for determining the volume resistivity is based on the current
absorption-resorption method according to ASTM D 257-14 [39]. A guarded cell linked to a
high voltage DC power supply and picoammeter (Keithley electrometer 6517B) is used. A
guard ring configuration was used for the measurements in order to exclusively evaluate volume
conductivity. In this configuration, surface currents are diverted directly to ground and are thus
not measured. Polarization and depolarization of a duration of 1 hour are carried out for the neat

polymer matrix and of 30 minutes for the GnP-based composites (after a first polarization at
1kvmm™). Volume resistivity is calculated with the following relation: p = % where p is the

volume resistivity in Qm, R the measured volume resistance, in Q, A the effective area of the
guarded electrode, in m? and h the average thickness of the specimen. In the case of the

measuring cell, the diameter of the electrode was 54 mm.

We have also measured the behavior of the sample at high field in AC (50Hz). A % phase shift

between current and voltage was observed, indicating a mainly capacitive behavior at this
frequency. The dielectric permittivity &, (real part) was extracted from the data.

The dielectric measurements were performed on a Broadband Dielectric Spectrometer,
Novocontrol alpha analyzer, using an applied ac voltage of 1V, over a frequency range from
102 Hz to 1MHz Gold electrodes on both sides of the samples were previously deposited by

sputtering with a thickness of ~ 20 nm).

3 Results
3.1  FT-IR Spectroscopy

Fig. 4 shows the attenuated total reflection Fourier-transformed infrared spectra of the
neat silicone rubber and the 4 wt.% filled silicone after full reticulation at 150°C. The mean
peaks are Si-CHs at 1260 cm™ and 1400 cm:, together with CH3 peaks near 2900 cm™ for side
chains of silicone [40]. Both peaks around 1000-1100 cm™* have been attributed to Si-O-Si and
the peaks near 800 cm™ to (CHs)2-Si-O groups. The spectra are very similar and suggest that

5
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the silicone rubber was not modified by the presence of the graphite nanoplatelets. This suggests
that the nanoplatelets do not take part to the chemical covalent chains of the silicone network.
3.2  Resistivity versus DC electric field

Fig. 5 shows the change of resistivity of the GnP based composite as a function of the
electrical field for an increasing volume fraction of fillers. It is interesting to note that the
resistivity extends over a large range of values (10°-10% Qm). The pristine silicone resin and
low filled composites (1-3 wt. %) are insulators with a resistivity in the 10%- 10* Qm range
and a slight rise of resistivity is observed at high electric fields. Surprisingly, these composite
materials exhibit a higher resistivity than that of the pristine silicone matrix. This is not intuitive
since the graphite nanoplatelets are conductive (through and in-plane resistivities: 10 and 10°
" Qm, respectively) [36]. Adding such fillers in an insulating matrix should a priori lead to an
increase of the conductivity of the composites. However, such a macroscopic behavior has
already been reported [33,42] and attributed to ionic transport disturbed by the nanoplatelets
network [33], trapping of charge carriers in deep traps [41] or thought as an electronic Coulomb
blockade phenomenon [42]. In contrast, the electrical behavior significantly changes for filler
concentrations above 4 wt. % and is typical of that of percolated composites with p =
pr (f = fo)t, where py is the resistivity of the conductive filler, f and fc are the actual and

critical filler volume fraction respectively and t is the critical exponent of resistivity.

Fig. 6 compares the conductivity of the most loaded sample (5 wt.%) with the data from
References [33-35]. The graphite nanoplatelets composite materials exhibit a switching field
~3 x 10*Vm~! which is two orders of magnitude lower than slightly thermally reduced
graphene oxide (GO)-based nanocomposites for which Eg~10°Vm-1 (1kVmm™). The GO was
thermally reduced at 120°C for 12 h in dry air to obtain nonlinear properties. (As received GO-

Silicone at 3 wt. is reported: such nanocomposite remains insulating even at the highest electric
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field : 6.3 10> Q.m at 6 kV/mm [35]). Above this breakdown field, the resistivity behaves

nonlinearly with a nonlinear coefficient a = log (%) /log (%) ~ 3, lower than a~10 for
2 2

slightly reduced GO-based nanocomposites. Fig. 6 also reports the conductivity of the GnP-
based extruded composite studied in the References [36-37]. The extrusion of the loaded low-
density polyethylene results in the alignment of the GnP fillers. The electric conductivity has
been measured perpendicularly to this direction. It is about 6 orders of magnitude lower than
the parallel one. The nonlinear coefficient « ~ 4 suggests that the orientation of the GnP does
not influence the nonlinearity; only the switching field (~ 2 x 107 Vm?) is affected. A
correlation between the nanoplatelets and the nonlinear property is however tricky since the
matrix is a low-density polyethylene thermoplastic instead of the polydimethylsiloxane

thermoset used in the present work.

3.3  Permittivity versus frequency

Beyond the nonlinear dependency of the conductivity with high electric fields, the
effective use of a GnP-based composite as field grading material depends also on its losses.
Indeed, if ohmic heating or dielectric losses become large, thermal runaway and subsequent
breakdown may occur, limiting the use of this field grading material.

In the linear regime, the macroscopic Maxwell’s curl equation for the magnetic vector
field, H(r, t), in a non-magnetic material is:

dD(r,t)

VXH(I‘,t) = ot +]F

where Ji is the free current density (Jg = o E(r,t)) and D is the electric displacement
field D = ¢, € E(1,t) where g, is the vacuum permittivity, € is the relative permittivity of the
medium and o its conductivity.

This gives:
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de E(r, t)

V X H(l‘, t) = 80 at

+ oE(1,t)

With time-harmonic vector fields of angular frequency w (H(r,t) = H(r)e/*t and

E(r,t) = E(r)e/®!), one gets:
V X H(r) = jweyerE(r) + (gog, + o(w))E(T)

where ¢, and &'1. are, respectively, the relative real and imaginary part of the permittivity (H(r)
et E(r) are complex fields which may include a phase between them). The latter is the linear
answer of the material to the applied electric field, meaning that it depends only on the
frequency. Finally, the conductivity o(w) = opc is assumed to be constant for the frequency
range of interest.
Assuming that there are neither other loss mechanisms, nor mutual influence of the loss

mechanisms, the complex relative dielectric permittivity can then be redefined as:
*_ o ey 9DC
€. =& -] (Sr +w_so)

The dissipation or loss tangent:

el + 2DC
tan Ototal = tan dconductive + taN ddielectric = ,mgo

er

therefore, characterizes the total electrical dissipation.

A dielectric spectrum of a composite (45 wt.% GnP) is shown in Fig. 7. The dielectric constant
decreases from 15 to 12 in the 10 — 10° Hz range but is much higher than the neat polymer.
This is significant considering the relative low filler fraction and the fact that GO-based
nanocomposites have a typical permittivity of ~ 8 [33]. This high permittivity was already noted
in GNPs nanocomposites aimed for electromagnetic interference (EMI) shielding applications
(see [43]). It allows GnP-based composites to be used as capacitive field grading material.
Meanwhile, the loss factor increases only moderately from 210 to 510 (Fig. 7) which
indicates a low DC conductivity, though an order of magnitude higher than for GO-based
nanocomposites.

For AC stress grading applications, the relevant function is the dependence of the permittivity
&, with the field. The permittivity (AC, f =50Hz) of the specimens as a function of the electric

field has been extracted from the electrical characteristics. Fig.8 shows a rise of the permittivity
8
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above 3 wt.% which suggests a percolation threshold. It is also worth noting that the percolation

is perceptible as it is for DC-resistivity.

4 Discussion

The origin of the nonlinear resistivity of the GNP composite is not straightforward. First let us
note that a two-phase composite made of a polymer insulating host loaded with conductive
fillers has to be above the percolation threshold to show a strong nonlinear resistivity behavior.
Indeed, at low volume concentration, the conductivity of such a composite is mainly the result
of transport processes occurring within the polymer matrix. It is only above the percolation,
where the fillers are in close contact, that efficient conductive paths might appear. Fig. 9 shows
a transmitted light micrograph of the specimen loaded with 5 wt.% of graphite nanoplatelets. A
multiscale microstructure is observed with the presence of micronic aggregates of nanoplatelets
which may coexist with isolated primary nanoplatelets present in the grey background. Due to
the large aspect ratio of GNP, percolation is therefore achieved at low filling fractions by
aggregates-aggregates junctions involving or not isolated nanoplatelets. The origin of the
electric change of the composites, observed above the critical filler volume fraction of about 3
vol.% (see Fig. 5), is then associated to a percolated microstructure. This might also explain
why the switching field observed in our systems is two decades lower than the switching field
observed in graphite nanoplatelets (GnP) in extruded low-density polyethylene [36,37].
Although the fillers content was similar (~1 and ~5%), the nanoplatelets were more dispersed
in this system and, above all, strongly oriented by the extrusion Fig. 10 illustrates the
microstructures of an extruded and a randomly oriented nanocomposite when the concentration
of the filler-loading increases. When the nanoplatelets are aligned (Fig. 10 a), the electrical
conduction path remains blocked by layers of polymer matrix even at a large filler content.
These layers restrict the rise of current with the increase of applied electric field E. Since the

resistivity of the carbon filler is lower, a great part of applied voltage is transferred to the matrix
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layer according to the voltage division rule. By contrast, a percolated microstructure forms
rather easily with randomly oriented nanoplatelets (Fig. 10 b). The different microstructures
explain the critical change in electrical resistivity with the field for the specimens of our study
and the lack of percolation behavior in the case of extruded nanocomposites.

Percolation is necessary but not sufficient to provide an efficient nonlinear behavior in a two-
phase composite. Two main mechanisms can be at the origin of nonlinear phenomena [44].
When conductive fillers remain separated by a thin layer of insulating polymer, the process of
charge carrier transport can be controlled by tunneling/hopping [21]. This is the case of silicon
carbide fillers for which the non-linearities stem from the contacts between particles [44]. On
the other hand, the nonlinear behavior can be due to an intrinsic property of the particles as
observed for ZnO microvaristors [44] or graphene oxide fillers [33]. The latter case is
interesting since these fillers are also high aspect ratio carbonaceous particles Individual
graphene oxide sheets are close-to-insulating because of the extensive presence of saturated sp®
bonds and a high density of electronegative oxygen atoms bonded to carbon which give rise to
an energy gap in the electron density of states (~ 2-10 Qm [45]). However, chemical or thermal
reduction results in a pronounced increase of conductivity (~3 orders). Partially reduced,
individual graphene oxide sheets are characterized by a nonlinear current-voltage 1(V) behavior
[46] due to their heterogeneous microstructure. The 2D-sheets are made of sp? carbon clusters
separated by amorphous and highly disordered sp® bonded regions This disrupted structure
forms electrostatic barriers between the conductive sp? clusters and limit the charge transport
inside the partially reduced GO individual sheets for an sp?fraction below 0.6, i.e. below 20
at.% oxygen [46 ]. The charge transport in individual partially reduced GO is space-charge-
limited, the injected carriers in the individual sheet altering the local electric field created by
the electrode potentials [47]. The electrons are indeed blocked by the energy barriers at low
electric field and become capable of tunneling through them when the local electric field

exceeds a specific local switching field which depends on the sp? clusters size, itself controlled
10
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by the reduction rate of the GO sheet. The nonlinearity decreases as the reduction of the GO
progresses [45,47] as a consequence of the increase of the sp? cluster size. At a sp?fraction of
about 60% the sheets lose their nonlinearity behavior [46]. When such individual GO sheets
are dispersed in a polymer matrix (at and above percolation) the composite conductivity is
thought to be dictated by the motion of charge carriers within the sheets. The contacts between
sheets do add only weak additional resistance, since conductivity within thin GO films have
been shown to be not limited by junctions between the sheets [45].

In the case of GnP, some surface groups are present but they are mainly localized on the edge
of the nanoplatelets. Moreover, their thickness is one order thicker than the GO sheets (11 nm
[33]), and surface oxide groups such as carbonyl groups [36,45, 47-48] are far less abundant.
The linear resistivity through and in-plane are 102 and 10~ Qm respectively [36], suggesting a
large amount of delocalized « electrons available. The mechanisms invoked for GO sheets are
therefore not relevant here for the GnP/silicone composites. It is therefore very likely that
contacts between GnP aggregates or contact between aggregate and isolated primary of the
multiscale organization possess a distribution of characteristic voltages above which the

electrons can tunnel through.

5 Conclusions

We have examined the electrical behavior of graphite nanoplatelets filled silicone composites.
They are found to possess nonlinear resistive field grading behavior with a resistivity-
concentration dependence typical of percolated composites. For filler concentration below the
percolation threshold, the resistivity of composites is found higher than pristine silicone matrix.
GnP-Polymer interface barriers then hinder the charge movement of impurities ions within the
host matrix. At about 4 wt.% of nanofillers, a field-dependent conductivity variation of 6 orders
of magnitude is observed. GnP composites show similar properties than GO-based

nanocomposites but the transition is less sharp and the switching field 2 orders of magnitude
11
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lower. The nonlinear properties are interpreted as the result of a percolated or density (closed
neighbors) microstructure made of the coexistence of aggregates and single nanoplatelets where
the inter-platelet junction resistances are responsible of the macroscopic nonlinear behavior.
After percolation threshold, further increase in the volume fraction does not result in any
distinct change of the resistivity which agrees well with the behavior of composites filled with
percolated semi-conductive fillers. At low field, composites of graphite nanoplatelets exhibit
one order higher resistivity compared to the pristine polymer matrix, a significant dielectric
constant of about 13 at 50 Hz associated to a loss factor of only 0.01. All these characteristics

render the GnPs/silicone composites quite suitable materials for field grading materials.
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Fig.1. (A) Equipotential lines and electric field intensity near a shielded cable termination.
Electric field may reach critical values near the end of the shield as depicted by grey scale. B.
10 A layer of nonlinear material coats the termination of the cable: the equipotential lines are

11  scattered, leading to a field reduction in the vicinity of the shield/insulator/air.
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Fig.2. Schematic overview of some electric stress grading strategies to overcome flashovers

and breakdown under AC, DC and imSurge conditions.
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Fig. 3. (A) Electric heated platens for polymer composite plates production. (B)
Resulting specimen after 150°C during 1 hour.
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1
2 Fig. 4. ATR FT-IR spectra (Attenuated Total Reflection Fourier-transformed infrared) of the

3 neat silicone (dash line) and 4 wt.% filled graphite nanoplatelets (hatched curve).
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Fig. 5 Plot of resistivity with respect to field strength for GnP_based silicone composites with
different loading of graphite nanoplatelets
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Fig. 6 Typical resistivity-field dependency of a GnP-based composite (5 wt.% GnP in silicone)
compared with two series of samples from the literature: slightly thermally reduced graphene
oxide at 120°C (empty diamonds) [32], GO/silicone composite filled at 3 wt.% [35] and
GnP/polyethylene composite in a direction perpendicular to the extrusion direction at high field

(empty triangles) [35]
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Fig. 7 Relative permittivity and dissipation factor (tan 6) spectrum at room temperature for the
pure PDMS matrix and a 4.5 wt.% GnP /silicone nanocomposite
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1
2  Fig. 8. Plot of the permittivity with respect to field strength for GnP based silicone composites
3 with different loading of graphite nanoplatelets. (50 Hz
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Fig. 9 Optical microscopy of the specimen with 5 wt.% of fillers. A multiscale microstructure
with micronic aggregates is observed in a grey background filled of isolated primary
nanoplatelets
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Fig. 10 Sketch of expected microstructure as a function of the volume concentration of
the fillers for (A) extruded nanocomposites with nanoplatelets aligned in the direction of the
extrusion flow and for (B) randomly oriented nanocomposites. (Electrical measurements are

carried out perpendicular to the parallel filler alignment as depicted by the electric field vector

E)
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