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C.D. Kennedy 2, D.C. Sinclair, I.M. Reaney and J.S. Dean

Department of Materials Science and Engineering, University of Sheffield, Sheffield, SI 3JD, United Kingdom

In high energy density pulsed power capacitors high permittivity particles are dispers?/within a high breakdown strength
polymer matrix. In theory such composites should be able to achieve higher volumetric energy,densities than is possible with

either of the individual constituents. CH;NH3Pbl; (MALI) has a perovskite structure and ntal be fabricated at room temperature
1rst

using a mechano-synthesis route in ethanol. In this study, MALI is used for th e to form a dielectric composite.

Poly(methyl methacrylate) (PMMA) is used as the matrix. Theoretical models@reused topredict composite permittivity values

to stmulate their effective permittivity, and

that are compared to experimental values. Finite Element modelling (FEM) is
—

beyond what the theoretical models can achieve, predicts their energy storxgle apabilities by analyzing electric field
with penetration of MALI but this is limited

intensification. The simulations show increasing energy storage eapabili
experimentally by their mixing capability. C

»
N

There is an increasing demand for high ener@wapacitors to meet the larger power delivery required by

applications such as electric vehicles 2. The introduc 0.0 igh permittivity inorganic particles, such as BaTiOs, into a

I. INTRODUCTION

polymer matrix is a common way to increase\the relative permittivity (&) of the resulting composite +°. However, the
homogenous distribution of particles due tom surface energy and mechanical instability, brought about by the weak
adhesion between inorganic partic a‘ﬂﬁﬁpolymer matrix, are challenging issues to overcome 78. Surface modifications of

these materials can help overcofne sonleof these problems but ultimately results in lower &, *!°.

4

Due to its unique optoeétr ic properties, such as narrow bandgap and high density of moderately high mobility charge
carriers, CH;NH;Pb J\DLI) has caused a disruptive change in the development of solar cells '!? but its high intrinsic
permittivity (&, £,62) ahd simple fabrication at room temperature '3 suggest that it is also a promising candidate as a distributed

particulate Qancg f polymer composites and has not been explored before.

—,
Finite tlement lsxethods (FEM) have previously been used to study the effect of microstructural changes on the &, and electric

fieldinfunctional oxides and composite materials '*'°, An in-house finite element package, Elcer, has been developed which
T,

3 Author to whom correspondence should be addressed. Electronic mail: cdkennel978@gmail.com.
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Maxwell’s equations in 3D and time for a known geometry and has been used to study composite materials as well

kR | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |
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Publ L%hﬂ[' g“l‘ect of porosity in ceramics?. In the latter it was found that while two-dimensional simulations can provide insight, a

full 3D model is required to represent the geometry of composites -2

, resulting in a better prediction of the electrical response.

In this work MALI/PMMA composites are simulated using experimentally derived properties and fully 3D microstructures.

Simulated electrical responses are compared to predictions from theoretical models and experimental data to guide the design
.

and optimisation of composites, thereby providing a cheaper and faster route to optimis N{material intensive trial and

error by experimentation.

A. Theoretical models ‘)
‘\\

—
olymey)co posites, mainly derived from effective

Many theoretical models have been developed to study dielectri
medium theory 2, which predicts the dielectric permittivity of cofnposite ials. A limitation of this approach is that the
underlying microstructure is not considered. The simplest o se m @ only considers ¢&; of the constituent materials,
whereas others include the morphology and dispersion of art{%the interaction between the two materials. A summary

of these models can be found in refs 24, These predic‘%fail for higher loadings of filler where the interaction between

particles is important 2!, 3
~

FIG. 1. Schematic of seri€s, parallel anybomposite geometries, (a), (b), and (c) respectively, with red indicating the electrical contacts.

One commonly Qpioac}l s the Lichtenecker mixing rule %, developed from the theoretical Wiener boundary

values 2° of a series ayl parallel model, as shown in equations (1) and (2) (see FIG. 1):
_
series model,(lower ’j‘ait ,

_-—

T

parallel model (upper limit),
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where €., & and g, are the relative permittivities of the composite, filler and matrix, respectively and v¢ is the volume
fraction of filler. These series and parallel formulations are representative of the lower and upper limits of the composite

permittivity of Lichtenecker’s formulae which has been shown to have theoretical foundations in the effective medium theory

3N\
ef = (1—vp)eg + veef & 3)
)

where a is defined as a topological factor which can vary from -1 tofl-“When'e, = 1 and — 1 , equation (3) reduces to a

26.

[

series layer (1) and purely parallel (2) formulation, respectively, bui it is unglear h)w to determine the topological factor for

prediction of €. Thus, « is used to understand the topology of

also been shown to fit well for low v¢ if &, of the materials %
theory, \

\

(1-v) vt Vs (;f_,__;;) = S ~ (4)

(em+2&r) \

in which the composite is treated as repeated unit cells with each unit consisting of a matrix phase with a spherical inclusion at

the centre. Q

B. Dielectric breakdoy

(S

im’e?’al set of samples. The Lichtenecker formula has

_
magnitude ®. Bruggeman developed a mean field

The dielectric b akwth is a statistical representation of the maximum electric field which a dielectric material

can withstand before 1))sin its insulating capability. For linear dielectric materials, the energy storage density is quadratically

itut(e of the applied electric field:

dependent ofl the ma

)

©)

T,
whereU is the energy storage density, g, is the permittivity of free space, and E is the magnitude of the applied electric field.

The maximum energy which can be stored in a dielectric material then is determined by both &, and breakdown strength which
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s the maximum limit of the electric field that can be generated in the material. Thus, the electrical breakdown strength is
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Publ Iélmlﬂ)gl -ant parameter to consider when choosing a suitable dielectric material.

Various approaches have been adopted to model the breakdown strength of composite materials such as the phase field

method which is analogous to studying the fracture of solids 2’2°. A semi-empirical approach has also been taken '° to correlate

probability density functions of the electric field vector magnitudes in simulations with e>@/ mental electrical breakdown data.
x

A critical intensification factor that is inversely proportional to the electrical breakdg nﬁv gth was introduced to indicate its

reduction relative to the pure polymer such that: \
e
—

Em
Efq =4 ()

I¢

m a

where I, is the critical intensification factor, and Ef; and E} rgd.h,e c@osite and polymer matrix electrical breakdown
L
per b

strengths, respectively. Wang et. al. reported that using an dary of 30% of electric field vector magnitudes from

finite element analysis fit well with their experimental breakdow ength also verified with data found in the literature '5.

—~

This approach is analogous to that taken in the Frohlich high<gnergy criterion 3° where it is the high tail end of electron energies

that propagates breakdown instead of the highﬁn the magnitudes of the electric field vector here. An increased electric

field therefore could result in a greater nu bero\\g&qe gy electrons which can lead to impact ionization, possibly initiating

electrical breakdown.

ll. EXPERIMENTAL METHODS \
y
To provide experirrf{ | data r‘{se as direct input into the FEM simulations (electrical properties, microstructural
A

features), MALI (99¢ —?yIM erage Mw~15,000 by GPC) composites were fabricated.

ixture was dried overnight in an oven at 90 °C and X-ray Diffraction (XRD) of the powder at room

sh(}ved the presence of the perovskite phase MALI with no traces of any secondary phase.

To%fabricate PMMA-MALI composites, PMMA was dissolved in a mixture of toluene and ethanol (molar 52:48
respectively), MALI powder was added and the solution mixed with an overhead stirrer (300 rpm) for 2-3 hours until the

composite:solvent ratio reached ~ 2:3. The viscous solution was then sonicated for 30 minutes and poured into a 10 mm disc

T
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A s ITQ tc dry in air. The composite disc was then uniaxially hot pressed with 0.5 ton pressure at 100 °C and allowed to cool to
Publ 'I%U&ﬂg] perature in the press. Filler was limited to 35% due to mixing limitations with the polymer. As particle size decreases
the surface area onto which the polymer matrix adsorbs increases. As a result, there is a limit on maximum v¢ which can be

achieved whilst maintaining mechanical stability and minimal porosity. Beyond this critical v¢ the dispersion of filler is poor

due to agglomeration. /

X-ray diffraction was performed on the constituent materials and the resultin, con%ng a D2-phaser over a 260
range of 10° - 60° with a scanning speed of 6°/min and step size 0.02° using o radiation (\=1.5418 A). Particle size
(Malvern Mastersizer 3000) analysis was performed on MALI using the d (@g{ii‘s rsion method by laser diffraction.

The composite samples were mounted on Al stubs with Ag paste and s utter coatedaith Au to enable back scattered images

of the polished surfaces to be obtained using SEM (FEI Inspect F, JEQL). T enable dielectric measurements, gold electrodes

were sputter coated onto both sides of the sample. The dielectricfproperties ofithe samples were obtained using a precision LCR

o
meter (Agilent E4980A) at room temperature with measurements taken with frequency going from 20 Hz to IMHz.

lll. EXPERIMENTAL RESULTS \?\
v

A. Scanning electron microscopy

/
)

FIG. 2y Back scattered electron image of a 20% v PMMA/MALI composite. The denser MALI particles (white) are easily distinguishable

and well dispersed.
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l s I PEI\ was carried out on a 20% vy MALI in PMMA composite. Due to the higher atomic weight of Pbl, the signal from

Pu bl'ﬁﬂt’l& much stronger than that from PMMA so that it is easy to distinguish between them. A good dispersion of particles

and minimal agglomeration can be observed in FIG. 2

B. Particle size analysis

A

Particle size distribution analysis of the MALI powder revealed a peak volume ity foraa particle size 7.2 um, FIG. 2.

Approximately 64% of particles are in the range of ~ 1-11 um and over 98% age between ~ 0.6-12 um. Also shown is the
particle size distribution found by analysing SEM images of MALI in PMMA m'pjsite his was carried out using MATLAB
image processing function regionprops and making corrections to acc unt th projection of a slice through a 3D
geometry, with the assumption of spherical particles with a log normal d1 ibutio§ of sizes 312, The deviation of the right side

tail is due to the difficulty of properly characterizing it from a r%ely.ﬁnall sample set of values from what is a widely

dispersed population3 2, \ o

lume density (%)

/ Ao
1 10 100 1000
3 Particle size (um)

a/lysis MALI powder using a Malvern Mastersizer 3000 (black solid line). A volume density peak of 7.2 um was

FIG. 3. Particle siz
-
established when considering the number of particles in each size class. Also shown is particle size distribution calculated analyzing SEM

imagesfof MAL MA composite (red dashed line).
diffraction
T,

XRD patterns of MALI, PMMA and PMMA-MALI composites are shown FIG. 3. As PMMA is amorphous it shows a

broad background trace with no sharp peaks whereas all peaks in the MALI trace are attributed to a tetragonal perovskite cell.

6
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A s ITPMMA—MALI composite shows no additional features, suggesting the MALI has not reacted with the PMMA or solvents

Publ It%'MU(gce any additional crystalline phases. This allows us to replicate the microstructure of the composite as distinct regions

of the individual materials.

L —— Composite _/
JL« 1 Ao .

0 MALI é\
5 r k - N
:_-:i J; ol 1>
z N
= |
]Pblzpsrm H i
[rorese [[ | || ] [
10 20 30 040 \5;1 60

\ <
FIG. 4. (top three traces) XRD patterns for PMMA, MALI and‘@— composites at room temperature. The patterns show MALI

has not decomposed during processing with PMMA hence ntamination is not present in the composites. (bottom three traces)

Theoretical XRD peak positions for MALI and two fo O&Egz at reom temperature. Comparison of these traces with the observed pattern

~
for MALI powder (green trace) shows the powder b% hase and free from Pbl.

D. Dielectric properties \

Q
= 00% ~
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FIG. 5."Erequency dependence of the relative permittivity of PMMA-MALI composites with varying v¢ of MALI. Inset shows frequency

dependence of the permittivity of MALI.
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l s I Po extract the electrical properties, room temperature complex impedance, Z* plots were fitted with a single RC element
Pumll%h:!&ﬂg: the bulk conductivity (o) and relative permittivity of MALI and gave values of ¢ = 0.3 pS.cm™! and &, = 62,

respectively. The room temperature &, of the composites with measurements taken with frequency going from 20 Hz to 1 MHz

for various vy of MALI (see FIG. 4). PMMA shows an almost flat frequency dependence with ¢, ~ 3.

As the v of MALI increases the low frequency permittivity shows a further enhargmgwh:n compared to the higher

frequency data. MALI shows a flat profile in €, (62) over the high frequency range 1 k}%lMHz. s the frequency decreases

more polarization mechanisms become active and the permittivity increases steadilysto ~ at 100 Hz. Below this frequency

the permittivity increases sharply which is attributed to free charge carriers

f r@lg@h sample-electrode interfaces.

_—

IV. THEORETICAL MODEL PREDICTIONS ‘)

-

Using our experimental data, we now look to compare FE &nalyﬁ')al and semi-analytical approaches for predicting
this systems permittivity. The extracted permittivities of PMMA mLI and their v were used as input parameters in
commonly used theoretical models '*24, Least squares ﬁt‘?ih\@n ith the coefficient of determination (goodness of fit), R?,

—~

-MABL composites. Some theoretical models have been discounted (e.g.

values were obtained for each model for the PM

Rayleigh ¥, Maxwell-Garnet **, Maxwell-Wagner 3 hh@\ gave very poor fits to the data with R? approximating zero. To

simulate the effect of the physical microst cture\fth

FEM package, ELCer, is used to predict the %response of the system !¢13,

A. Optimization of energy/stor )
v,
In the PMMA/MALK ositesythere are many interacting particles. To represent this, we generated a 3D geometry for

28 different v¢. Each s@ contained an agglomeration-free distribution of spherical particles with diameter 7.2 pm and v¢ of
filler between 082 an}i 37.6%, see example in FIG. 7 (a) and (b). To mimic a random dispersion, a sequential addition method
was used °£° “This é added particles one at a time but is limited in v¢ due to large voids generated between particles

within which othebpanicle cannot fit. To overcome this limitation, we coupled this approach with an underlying structure of

0 materials on the electrical properties of the composite an in-house

a hexaggnal clc%e packed (HCP) lattice.

\

st, a series of HCP sites are generated as placement points. The sequential method is then used to place a particle around
each point constrained by a distance (7.2 pm) in each direction (see FIG. 6). This distance was chosen to ensure a good

dispersion of particles but also allowed a higher packing fraction to be achieved as compared to just a random placement. No

8
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es were permitted to touch or overlap with each other or the external surfaces of the model. This method allowed much

Publ 'ﬁgﬂé‘rgi to be generated whilst still maintaining an effective randomised structure.

1\

FIG. 6. Simplified 2D illustration of using an HCP structure as the basis for ran m_Pla emf’paﬂicles. (a) HCP co-ordinates (yellow),

(b) placement of particles (black) around each co-ordinate, and (c) resultant ran place&ent of particles.

_—

FIG. 7. Represent ons of % V¢ MALL, particle radius = 3.6 um, dispersed in polymer with (a) and (b) showing 3D and 2D geometry,
respectively. nd 3D ﬁd 2D electric field plots, respectively, with inset showing intensified electric field (scale bar shows relative
field magnit from b e (low) to high (red)). A potential difference of 1V is applied across the sample, parallel to the z axis.

imental it was also found that at high volume fractions, effects such as agglomeration also was present. To observe

the teant of this on the energy storage we incorporate a simple addition to these models. Using the random sequential
addition'method !¢ we now allow particles to merge. This is determined by the following process. We randomly allocate a

particle into space. If no particle is present, this placement is allowed. If the placement overlaps with a current particle, the
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l s llple present is increased to combine their volumes, with the larger spherical particle located at their centre of mass. To
Publ 'é'&!&‘& rlomerations preferentially forming towards those first formed a maximum particle radius is imposed of 9.7um. This

is chosen from experimental observations that during mixing larger agglomerations will break up. We find that the fraction of

particles agglomerating increased linearly up to ~70% at 15% v and then increased slowly to 85% at 40% vy.

The electrical (impedance) response was then simulated using FEM for an alternatin ps%\difference of 1V across the

sample. The resulting effective permittivity of the composite was extracted by fitting ghe %)ye peak observed in spectroscopic
pert

plots of the imaginary component of the electric modulus, M¢* %37, consistent wit ntal methods.

N

To simulate the electric field, and ultimately the breakdown, the voltage was‘applied as a fixed value and allowed to reach

steady state, as shown in FIG. 1 (c) and (d). To account for statistical vati tionsbm particle placement, each v¢ was simulated

10 times, and the results averaged. ( -)
| -

B. Comparison of theoretical models. \\\

—~

The resulting fits and parameters used are plottedn FIG. 8and listed in TABLE 1. A simple series or parallel model poorly
XWQ

describes the resulting permittivity. Mixing uging
to

that the composite behaves closer in topo g\\t?i\a series rather than a parallel model. The fitting parameter o, depends
cles a

ctive medium theory, equ. (3) with @ = —0.12, however suggests

on the distribution and shape of the parti can’t be predicted. This use of a fitting parameter was also required in the
Lichtenecker fit and although theyiprovided very good fits, they did not permit reliable prediction of properties. Analytical
solutions for Bruggeman, Fur@kawasand Maxwell also achieve a relatively good fit to the effective permittivity but without the

need for a fitting factor. N@ eéods would be good for prediction.

The high frequency ¢, calculated by the FEM model as a function of the v of MALI in PMMA is also overlaid in FIG. 8 and

é FE}d is the third best fitting method but the best method that does not rely on a fitting parameter. This

shows that the av

method using just th%experimental properties of MALI and PMMA along with a realistic microstructure not only allows for a

_—
good fit for the restlting electrical properties but also allows the electric field within the model to be calculated: none of the
analytical models can achieve this. It is important to note her that we use a simple approximate of the structure and as
such m:?eatures are not included. One such feature is an interfacial layer’® between the MALI and PMMA. From our

calculations, if we assume a layer of a few nanometres, this would only account for 0.25% of the total volume of the composite,

and as such negligible in our calculations. One additional feature is that of including a dipole-dipole correlation effect 3 which

10
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t been considered here. However, even with our simple FEM approach we have predicted the composite permittivity

Publ |§ll! gsgs 1own in FIG. 8.

65 T T T T
e e e L MAL ]
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¢ Experimental
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FIG. 8. Experimental and modelled high frequency ¢, are i_n?smi\agr:e( ent. Theoretical upper (parallel) and lower (series) limits of
;\).1

mixing &, are indicated. The Lichtenecker model fits well with does Bruggeman but without the use of a fitting factor. Also

shown by the horizonal lines are the values of the constituent mategials.

\I<

TABLE I. Goodness of fit to PMMA-MALI perm& datavfor various theoretical models. Shading indicates the use of a fitting factor

found using a least squares method.
b
Theoretical model R? mtor

w
T

g
Lichtenecker 25 0.999 -0.1232
Effective medium theory 2 967 0.2795
FEM 0. 3 NA

Bruggeman 4 0.991 NA
00835 NA

Furukawa !
Maxwell 40 / 9 NA

Yamada #? 0.84 5.0000
Sillars #? 466 NA

Jaysundere —Smith * 0.3310 NA

C. Maximum e/gy?orage

ﬂ
Using F We)an predict the permittivity and estimate the energy storage capability of the composites. The maximum

energy storage, U, 4 > can be calculated by substituting equation (6) into (5):
.

Unax = %SOET (%) (7

11
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IG. 9 (a) and (b) show representative electric field magnitude histograms with critical intensification factors shown. The

Publish Iﬂ& ve maximum field magnitudes are 4.5 and 5.1 for these 5% and 35% v; simulations, respectively.
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FIG. 9. Histograms for the magnitude of the electric field relatlv@re polymer and corresponding critical intensification factors

for a (a) 5% and (b) 35% vy. \

The resulting simulated energy is plotted in FIG. lo.hlhadditions of MALI particles into the composite results in a lower
energy storage capability. The increase in I’mit\lml to the introduction of the higher permittivity particles is outweighed

by the resulting decrease in electrical breakdomngth. Results indicate that at least 18% v of MALI is needed to improve

the energy storage capability of PMMA. find that when the model includes agglomeration the permittivity of the composite

is unaffected, however the br akd(yvn gth does decrease especially at higher filler content. As such the energy storage
capabilities above 20% v, redu o(mpared to the model without agglomeration as can be seen in FIG. 10. U,,,,, decreases
by up to 19% for a ve0f 37% MALIL, This reduction can be attributed to the higher electric field stress points that are generated
between the lar agﬁlo ated particles. As such, in all cases a processing window between 18% and 35% is apparent that
offers a significant eas{ in performance. Below 18% there is no significant increase in energy storage and above this range
is not possible due t(&mixing capabilities. A similar trend if also found for other composite systems, not shown here, such as

—_—
polystyrene / BSTiO3 system.

<

12
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FIG. 10. Simulated maximum energy density of PMMA/MALI composites with'and withd)u agglomeration relative to pure polymer.
D. CONCLUSIONS (u— )

-
A finite element modelling technique has been used \cl)ict thejelectrical properties of MALI-PMMA composites and
i

estimate the optimised v;. We have also shown that E

l\wer agreement with experimental &, results than any of the
theoretical models that do not contain a fitting fa hose'models which include a fitting factor were marginally better but

T
required the method of least squares with the %tal data present. The simulated data shows increasing energy storage
bove

capabilities of the composite with increasi

ﬁq\ % and is adversely affected by agglomeration, but which is limited by

mixing capabilities, showing a processing windo
Work is in progress with pin%)ﬁ thin MALI-PMMA films to facilitate electrical breakdown strength and energy
EM

density measurements. T?!\
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