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Abstract

Finite element methods can be used to study the effect of microstructure on the electrical properties of dielectric materials. These
tools are utilized here to study particle interaction in composite dielectrics. The orientation and alignment of particles with each
other and the applied potential difference are shown to have varying effects on the electrical breakdown strength of the composite
and consequently the energy storage density. Due to an increased electrical field magnitude in the polymer matrix between particles.
This increased electric field may initiate electrical breakdown in the polymer at a lower applied potential difference than would be
expected for the pure polymer adversely affecting the energy storage density of dielectric composites.

Copyright © 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

With the increased demand for technologies such as electric vehicles, there is a need to develop high energy density
dielectrics for capacitors which can deliver high power for a short period of time [1-3]. The maximum energy storage
density, Up,qy, of dielectrics can be calculated using Uy,q = 1/2 €y&,.EZ; Where &, is the permittivity of free space,
& and Ej; are the relative permittivity and electrical breakdown strength of the dielectric, respectively. A common
way to develop these dielectric materials is by introducing high permittivity particles, such as BaTiOs3, into a high
breakdown strength polymer [4-6]. One such polymer is polymethylmethacrylate (PMMA) with &, = 3 and E,; =
8 MV.cm™! [7], above this threshold field the dielectric is statistically likely to lose its insulating ability and incur
irreversible damage. Due to its moderate intrinsic permittivity (e; = 62) and room temperature fabrication [8],
methylammonium lead iodide (MALI) (E,; = 20 kV.cm™1 [9] ) is a promising candidate as a distributed particulate
in polymer composites.
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Nomenclature

& relative permittivity PMMA polymethylmethacrylate

Epq electrical breakdown strength MALI methylammonium lead iodide
E, normalised electric field FEM finite element methods

However, the introduction of particles into the polymer matrix usually causes the breakdown strength of the composite
to be reduced relative to that of the pure polymer [2, 10]. As the maximum energy storage density is quadratically
dependent on Ej, it is important to understand how particle interaction acts to reduce Ep;. Hence informing better
design strategies for composite dielectrics. To study the effect of particle interaction on the E,; of PMMA / MALI
composite dielectrics finite element methods (FEM) are utilised.

The effect of microstructural changes on the electric field and permittivity in functional oxides and composite materials
have previously been studied using FEM [10-16]. A finite element package has been developed in-house, which for a
known geometry solves Maxwell’s equations in 3D space and time [13-15]. To better represent the geometry of
composites, a full 3D is required, as it results in a more accurate prediction of the electrical response compared to two-
dimensional simulations [17, 18]. In this work simple two-particle MALI / PMMA composites are simulated to study
the effect of interacting particles and provide design criteria for increased performance.

2. Particle interaction response

To study the effect of the relative orientation of particles within the polymer, we generate a simple model containing
two particles with radius 10 pm surrounded by a polymer matrix, a cube with side length of 100 um, as shown in Fig.
1(a). The particles are aligned with their centres either parallel (Fig. 1b) or perpendicular (Fig. 1b (inset)) to the applied
potential difference of 1V. The distance between the particles is then varied from the centre of the cube, as depicted
in Fig. 1 (b).

(b)

Fig. 1 (a) showing 3D geometry and electric field plot of two particles in a cube (side=100um), red and blue indicating high and low electric
fields respectively. (b) illustration of a 2D slice through the centre of two particles equidistant from the centre of the cube. Shown are particles
parallel and perpendicular (inset) to the applied electric field. Double headed arrow showing distances of equal length. Blue lines intersect the
cube into quadrants.

The models are then meshed with tetrahedra using the software GMSH [19] with a finer mesh size produced around
the particles to account for the complexity of the electric field at that point. A convergence test was then performed to
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find the most suitable mesh size to ensure confidence in the solution as well as to reduce simulation time, resulting in
models possessing approximately 40k elements.

Each material volume is then assigned its own value of conductivity o and permittivity ;. The material properties of
MALI (& = 62, 5 =3x107 S.cm™") and PMMA (&, = 3.07, 6 = 1x107' S.cm™") were then assigned to each of the desired
regions [20]. This was then solved using ELCer to extract the effective capacitance and hence permittivity of the
system since C = &,&,A/d where A and d are the cross-sectional area and thickness of the dielectric material,
respectively. More details of this approach can be found in [13]. Verification of the model was carried out by
simulating both pure MALI and PMMA with the resulting effective permittivity and conductivity agreeing with the
input parameters. For a comparison, a cube of pure PMMA generates a uniform electric field of 100 MVm™! with the
application of 1 V of potential difference across the contacts. This is then used to normalise the electric field (E,) of
the resulting simulations in order to highlight the increase in electric field due to the interacting particles of MALI.

We first look at the orientation of the MALI particles perpendicular to the applied field. Fig. 2 (a)-(d) show a plane
cut through the centre of two MALI particles inside the PMMA, with separations of 1, 5, 10 and 15 um respectively.
A stream line analysis is overlaid on the geometrical outline of the model, highlighting the vector path of the electric
field. As MALI is more conducting it behaves conversely from a pore or void. This means that instead of the current
flowing around it, the current wants to flow through this least resistive region. As such there is a constriction above
and below the particles. This generates an increased electric field in the PMMA close to the surface of the particles of
approximately 2.4 times when compared to the system with no particles present. In Fig. 2 (a) and (e) two particles are
not interacting and two separate responses can be seen along the central ‘x’ axis. As the two particles are moved closer
together we can see they act to reduce the field between them, essentially behaving like a single particle when the
separation is less than 1 pm.
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Fig. 2 The effect of separation on E, for two particles aligned perpendicular to the electric field applied across top to bottom. 2D slices showing
electric field strengths through the centre of the particles. The colour maps from weakest (blue) to strongest (red) electric field. The profiles are
for particles with radius 5 um, with separations of 1 (a), 5 (b), 10 (c) and 15 pm (d). (e)-(h) show the fields corresponding to the respective
profiles in (a)-(d) along both the central x-axis and z-axis (black and red arrows, respectively, shown in (a), parallel and perpendicular,
respectively, to the applied field.

Similarly, we look at the case of the two MALI particles aligned parallel to the applied field, Fig. 3 (a) — (d). However,
in this case as the two particles are brought closer together the electric field in-between is concentrated, and as their
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separation approaches the diameter of the particles (Fig. 3) the electric field in between the particles increases to near
twice that of the pure PMMA. At 1um apart (Fig. 3), it can be seen that the electric field is now over 3.3 times that of
the PMMA.
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Fig. 3 The effect of separation on E, for two particles aligned parallel to the electric field applied across top to bottom. 2D slices showing electric
field strengths through the centre of the particles. The colour maps from weakest (blue) to strongest (red) electric field. The profiles are for
particles with radius 5 pm, with separations of 15 (a), 10 (b), 5 (c) and 1 um (d). (e)-(h) show the fields corresponding to the respective profiles in
(a)-(d) along both the central x-axis and z-axis (black and red arrows, respectively, shown in (a), parallel and perpendicular, respectively, to the
applied field

Thus, the orientation of particles relative to one another has an important effect, either intensifying (parallel particle
alignment) or reducing (perpendicular particle alignment) the electric field in the polymer matrix between particles.
It is therefore probable that the polymer matrix breakdown strength is the determining factor when calculating the E; 4
of the composites. Fig. 4 shows the E,; of the composites relative to that of the pure polymer for various geometrical
configurations of two MALI particles in PMMA. It is assumed that an increase in maximum electric field within the
polymer matrix will initiate breakdown so that the breakdown strength of the composite is inversely proportional to
the normalised maximum electric field magnitude. In the case of parallel alignment as the separation of particles
decreases their interaction increases leading to much higher electric fields, having the effect of reducing the breakdown
strength of the composite by more than 90% at 1 pm separation, see Fig. 4.
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Fig. 4 shows the effect of particle separation, for both perpendicular and parallel cases, on the simulated maximum electric field magnitude and
consequently E,; of PMMA/MALI composites.

Particle interaction effects on the E}; of composites have been studied using FEM and showed an increased electric
field in the polymer matrix at the upper and lower surfaces of the particles. Consequently, the largest increase of the
field was found between closer particles orientated parallel to the applied field. This suggests a way to guide the design
of high energy density composite dielectrics. For example, it may be possible to increase breakdown strength by
layering one particle thick layers with polymer only layers. It is also obvious that a uniform distribution of particles
would lead to a better E;, highlighting the importance of a good dispersion of particles within the polymer matrix if
high energy densities are to be achieved.
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