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Polymer-ceramic nanocomposites play an essential role in the application of pulsed power system, due to
their ultrahigh power density and fast charging—discharging capability. It is very promising for them to
be applied in energy storage capacitors and hybrid electric vehicles for the recent progressing in the
improving energy density. The volume fraction, morphology, size, aspect ratio and distribution of
ceramic particles have been reported to have significant effect on the dielectric response and breakdown
strength of nanocomposites, which are two main factors that determine the energy density of nano-
composites. In this study, we introduce a quantified method to describe the distribution of ceramic
nanoparticles in polymer matrix, then focus on the effect of nanoparticles distribution on dielectric
response and breakdown strength of nanocomposites through finite element method and phase field
method. Results indicate that the non-uniform distribution of ceramic nanoparticles will aggravate the
concentration of local electric field, thus slightly enhance the dielectric response but seriously decrease
the breakdown strength of nanocomposites. To verify the size effect of ceramic particles on breakdown
strength of nanocomposites, three types of well distributed nanoparticles with different diameter of
particles have also been calculated using the same method.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer-ceramic nanoparticles are critical for the application in
pulsed power system, due to their fast charging-discharging
capability and high power density [1—3]. Recently, growing envi-
ronmental problem requires a large amount of cleaner energy
together with a new, environmentally friendly and low-cost energy
storage devices. In principle, dielectric permittivity and breakdown
voltage are two major factors that determine the energy storage
density of these devices, which can be written as

Dmax
J= [ EdD, (1)
/

where J is energy storage density, E is electric field strength, D is
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dielectric displacement, and Dp,x is the dielectric displacement
under saturated electric field strength. Polymer-ceramic nano-
particles show superior advantages to all other candidates, since
that polymers are known for their high breakdown strength,
meanwhile ceramic can obtain high polarization [4—9]. A great deal
of attention has been paid to fabricate such high energy density
nanocomposites featured with high permittivity, high dielectric
breakdown strength, low dielectric loss and long cycle life [10—19].
These nanocomposites are typically filled with ferroelectric ce-
ramics such as BaTiOs, BaSrTiO3 [20—24] or nonferroelectric fillers
like boron nitride, graphene oxide [25—27]. A maximum energy
density of >30 J/cm> has been achieved in P(VDF-HFP)/BTO@TO_nfs
nanocomposites [28]. The volume fraction, morphology, size,
aspect ratio and distribution of ceramic particles have been re-
ported to have significant effect on the dielectric response and
breakdown strength of nanocomposites. Among all these
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characters, the effect of volume fraction, morphology, size, aspect
ratio and qualitative distribution of ceramic particles on dielectric
response and breakdown strength of polymer-ceramic nano-
particles has been widely studied both experimentally and
numerically [29—36]. However, the study on quantified description
of ceramic particles in polymer matrix is quite rare [37].

In this study, we introduce a quantified method to describe the
distribution of ceramic nanoparticles in polymer matrix based on
complete spatial randomness (CSR) test [38]. CSR test is a pretty
mature theory in the field of statistics, which can be achieved by
different approaches, namely goodness-of-fit test [39], means of
angles [40], Bivariate Cramer-von Mises type of test [41], minimal
spanning tree [42], simple Monte Carlo test and Clark-Evans test
[43]. Here, we choose a straightforward method called Clark-Evans
test based on measurement of neatest neighbor distance of each
nanoparticles [44]. Five different distribution of ceramic nano-
particles has been generated through MATLAB R2016a and then,
the Clark-Evans test was used to quantify each distribution. After
that, the effect of these five quantified distribution of ceramic
particles on dielectric response and breakdown strength of nano-
composites are respectively calculated through finite element
method and phase field method both in COMSOL Multiphysics 5.2a.
To verify the size effect of ceramic particles on breakdown strength
of nanocomposites, three types of well distributed nanoparticles
with different diameter of particles have also been calculated using
the same method above.

2. Fundamental theories
2.1. Clark-Evans test [45]

Consider a square region of nanoparticles marked as R. Assume
that the ceramic particles occupy 2D circular domains of approxi-
mately the same size. As sketched in Fig. 1, for any pair of circular
particles centered as s = (51, S2) and v = (v, v3) in R, we denote the
distance between s and v by

d(s,v) = /51— 11)2 + (52— 12)?, 2)

If there are n particles in R, we can obtain n-1 distances for each
circle.

The minimum distance is then defined as the nearest neighbor
distance (nn-distance) for each particle. Finally, we obtain n nn-
distances, denoted as d; (i = 1,..,n). According to the Skellam's sta-
tistic, independent sums of identically distribute random variables

Fig. 1. Schematic diagram of nano-ceramic particles in polymer matrix
nanocomposite.

are approximately normally distributed. Hence following the Cen-
tral Limit Theorem, the most common CSR test Hypothesis base on
nn-distances involves a normal approximation to the sample mean
of D, as defined by

- 1
Dn :_2?=1Di7 (3)
n
We can eventually achieve the normal distribution of D, based
on statistic theories.

where A is the particle density, defined as n/a(R), where n is the
number of particles and a(R) represent the area of R. Note that, X ~
N(u,0?) represents that a random variable X obeys the normal
distribution with u as mean value and ¢? as variance. Thus, the
standardized sample mean under the CSR Hypothesis by

D= [1/(27) -

then it follows at once from (4) that under CSR,

Zn ~ N(0,1). (6)

Unfortunately, if we use all these n nn-distance to construct the
CSR Hypothesis test based on this distribution, a trouble would be
encountered since there could be two same nn-distance (d; = d;),
which violates the independence assumption. The solution is that
we choose a subset of nn-distance values that contain no common
circles. The way to select such an independent subset is compli-
cated but practicable. Here, we simply assume that some inde-
pendent subset (dj,...dy) of these nn-distance has been selected
with m < n. At last, given this sample, we can construct a sample
mean value,

= 1

and use this to construct the test of CSR.

2.2. Landau theory on ferroelectric ceramic particles

In this work, the side length (L) of selected square region (R) of
nanocomposites is set to 1 um. The most widely used ferroelectric
ceramic particles barium titanate (BT) was taken as the example of
nanoparticle fillers in our following calculation. The polymer ma-
trix nanocomposites can be taken as a ferroelectric-dielectric sys-
tem, for which the polymer matrix can be seen as linear dielectric,
while the ceramic nanofillers are considered non-linear ferroelec-
tric, of which behavior can be described through Landau's theory of
phase transformation. A Landau expansion up to the sixth order
was chosen to demonstrate the nonlinear dielectric response of BT
with the Landau potential (AG) [46], which reads

AG:%aP2+}lﬁP4 +%7P6—EP, (8)
where P is the polarization, E is the applied electric field, and «,
and vy are the dielectric stiffness coefficients [46]. In stress-free
polymer matrix, the equation of state of the electric field depen-
dence of polarization and the dielectric response and its stability
parallel to the applied electric field are given by Ref. [47].
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(E) = L (10)
T o (o + 38P2 + 5yP)”

W(E):M- (11)

er(E = 0)

At room temperature, the dielectric response of BT can be
calculated numerically, as shown in Fig. 2, which exhibits the well-
known butterfly-like ferroelectric response and the hysteresis is
ignored for simplicity [48].

The dielectric response of nanocomposites is simulated using
COMSOL Multiphysics. The dielectric permittivity of linear polymer
matrix is separately set as 12, 50 and 100 to verify the influence of
matrix on the dielectric response of nanocomposites. The effective
dielectric permittivity can be calculated from Ref. [48].

D-EdV

&r = dm

(12)

2.3. Phase field method on dielectric breakdown

The study of the dielectric breakdown process of nano-
composites follows closely the phase field model developed in
Refs. [49,50], by drawing an analogy between dielectric breakdown
and mechanical fracture. A scalar phase field s (x, t) is introduced to
characterize the breakdown process of a dielectric medium. The
value of s varies from 1 to 0, which respectively represent the intact
state and the fully damaged state. The fully damaged material be-
comes conductive. Numerically, a large but finite permittivity /7
is taken for such material part, where ¢ is the initial permittivity
and 7 is a small enough number. For any other intermediate state of
nanocomposites, the permittivity is interpolated by

€0
SN GETY (3

where f(s) = 4s3 — 3s%. Breakdown happens if the process de-
creases the total potential energy of the system

I@@=ﬂ%ﬁw+%@+mmmw (14)
Q

where Wes(E,s) = —5E-E is the complementary electrostatic
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Fig. 2. Dielectric response of BT ceramic as a function of applied electric field.

energy per unit volume, Wy(s) = W¢[1 — f(s)] is the breakdown
energy function with W, representing the critical density of elec-
trostatic energy, W;j(Vs) = %V&VS is the gradient energy term to
regulate sharp phase boundaries. It is worth noting that the ma-
terial parameter I' is approximately the breakdown energy [41].
According to linear kinetic law: ds/dt = —mdlI/ds, the evolution
equation for breakdown variable s can be achieved after
substituting in detailed forms of the energy functions:

1)
mot 2

v¢-v¢+—Mﬂf%g-+§v2s (15)

Here, mobility m is a material parameter that features the speed
of breakdown propagation in nanocomposites. Finally, the
normalized governing equations of dimensionless form can be
written as:

— 1 —

"7 -0 o
3 _ ) gaer. e g2

ot 2W9+nﬁv¢v¢+f@+jva )

in which the corresponding quantities are symbolized with over-
bars. While the above described model considers only linear di-
electrics, here in this study we add the nonlinear performance of
nanoceramic by normalizing Eqs. (9) and (10) into:

aP+ P> +yP° —E—=0, (18)

— 1
e (E) = — .
fl £ (a + 36P2 + 57?4)

(19)

With the focus mainly on the mechanism study of dielectric
response and breakdown process, all simulations are carried out in
two-dimensional (2D) domains.

3. Results and discussion

3.1. Quantified distribution description of ceramic nanoparticles
based on Clark-Evans test

Five different random distributions have been generated
through MATLAB. Each case contains 100 BT nanoparticlesina 1 um
x 1 um square region of nanocomposites. The five cases marked as |
to V correspond to Fig. 3(a)—(e). The diameter of the BT particles
used is 40 nm. Afterward, the Clark-Evans test was used to quantify
each distribution. At first, we can obtain 100 nn-distance corre-
sponding to each circle of every different distribution. A random
sub set of 50 nn-distance is chosen from 100 nn-distance in each
case to avoid the dependence among circles through MATLAB. The
mean value of these 50 nn-distance (dj;) and the standardized
sample mean of nn-distance (zp) are calculated based on Clark-
Evans test as shown in Table 1. Here, zy, is the quantified criterion
to evaluate the distribution. The larger the z,, the more uniform the
distribution. Furthermore, we can define that if the value of z, is
larger than 10, then such case can be seen as a pretty uniform
distribution. Compared Table 1 with Fig. 3(a)—(e), the results of
Clark-Evans test show a good consistent with our visual perception.

3.2. Dielectric response and stability against five different random
distribution cases

Consider the nonlinear ferroelectric behavior of BT, we
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Fig. 3. Five different random distributions of ceramic particles in polymer matrix from (a) to (e); (f) to (j) The distribution of electric field strength (in the unit V/m) corresponding to
each random distribution under the applied electric field of 200 MV/m.
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Table 1
The mean value of 50 nn-distance (dy;) and the standardized sample mean
of nn-distance (zp) of each case.

case am Zm

I 0.44 -1.51
Il 0.65 3.99
111 0.68 4.93
v 0.88 10.32
\% 1 13.51

implement equations (9) and (10) into COMSOL Multiphysics.
Combining equations (11) and (12), the effective dielectric response
and stability of nanocomposites can be calculated. As mentioned in
2.2, The dielectric permittivity of linear polymer matrix of 12, 50
and 100 is separately calculated to verify the influence of matrix on
the dielectric response of nanocomposites, and results are shown in
Fig. 4.

From Fig. 4(a)—(c), we can summarize that along the distribu-
tion of BT getting more non-uniform, the dielectric response of
nanocomposite on the contrary increase slightly. It is easy to un-
derstand that as the distribution of BT becomes worse, the con-
centration of local electric field aggravates a lot, result in a larger
electric displacement as shown in Fig. 3(f)—(j). According to the

109

origin equation (1), one can figure out that for an undamaged
dielectric material, a larger D and E will enhance the total energy of
material, thus shows a higher dielectric response [51]. However,
this local electric field concentration induced higher dielectric
response in turn will seriously reduce the breakdown resistance,
since the dielectric breakdown will start at the certain point where
the local electric field concentrates most. A further study on
breakdown process will be discussed in section 3.3. If we just take
two ceramic particles into consideration, the specific electrostatic
interaction between these two particles can be simulated. We
change the distance of two particles only with other geometry,
material properties and applied electric field remained unchanged.
The change of electric field and electric displacement against dis-
tance of particles can be clearly seen in Fig. 5. It is clear that as the
distance between ceramic particles reduces, the local electric field
and electric displacement will be amplified, which is the more
detailed supplement for the results shown in Fig. 4 (a) to (c).

The effective dielectric response is affected more seriously when
the distribution of BT is worse, which is indicated in Fig. 4 (d) to (f).
The worse distribution of BT aggravates the local electric field,
which leads that the nanocomposites perform more similar to the
filled BT particles. However, the nanocomposites with well
distributed BT particles can hold the dielectric stability up to a
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Fig. 4. (a) to (c) The effective dielectric response of nanocomposites. (d) to (f) The dielectric stability of nanocomposites with the matrix permittivity: (a) and (d) 12, (b) and (e) 50,

(c) and (f) 100.
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Fig. 5. The distribution of electric field (upper four pictures, unit: V/m) and electric displacement field (under four pictures, unit: C/m?) against distance change between ceramic

particles.

higher level of applied electric field and then drop sharply at a
critical applied electric field as seen in Fig. 4 (d) to (f).

3.3. Dielectric breakdown resistance against five different random
distribution cases

The normalized governing equations (16) and (17) of phase field
together with normalized dielectric equations (18) and (19) based
on Landau theory are implemented into COMSOL Multiphysics to
simulate the dielectric breakdown process. All results are normal-
ized by the material constants of the matrix.

For distribution case I, of which z;, equals —1.51, the detailed
damage evolution process of the nanocomposite with a short field
concentrator is shown by the three snapshots in Fig. 6(a)—(c).
Inspired by the standard fracture mechanics testing procedures, a
conductive field concentrator is introduced to overcome the effect
of random defects. The conductive channel is shown by the blue
region in Fig. 6(a)—(c). It could be seen that the breakdown initiates
at the closest points between neighboring BT particles, where the
electric field is the most concentrated. The breakdown energy of BT
particles is smaller than that of polymer matrix, the propagation of
conductive channel will then pass through BT particles. When the
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Fig. 6. (a) to (c) Snapshots of the breakdown process of nanocomposite of case I with a short field concentrator, indicating the evolution of the breakdown channel. (a), (b) and (c)
correspond to the three dots a, b and ¢ on (d). (d) The nominal field-charge-density relation of case I. The contour lines are the equipotential lines of the then-current electric field.
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Fig. 7. The breakdown path featured by different standardized sample mean (zi): (3) zm = 3.99, (b) zm = 4.93, (¢) zm = 10.32, (d) z;» = 13.51. The contour lines are the equipotential

lines of the then-current electric field.

electric field reaches a critical value, the conductive channel will
percolate and suddenly penetrate throughout nanocomposite. Such
a breakdown process can also be revealed in nominal field-charge-
density relation as shown in Fig. 6(d). After the nominal electric
field reaches point b, it will drop sharply. The maximum value of
nominal electric field is taken to be the nominal breakdown
strength of the nanocomposites.

The ultimate breakdown path of other four distribution cases
and the nominal field-charge-density relation of all five cases is
shown in Fig. 7 and Fig. 8(a). The conductive channels start at some
local regions of significant electric field concentration, and then
percolate and eventually become a major breakdown path in
nanocomposite. The breakdown paths appear curved, due to the
process of conductive channel selection except for case V of which
zm = 13.51. It is the most ideal distribution for that the distance
among all particles is same, which results in a straight line break-
down path as shown in Fig. 7(d). Comparing the nominal field-
charge-density relation of all these five cases in Fig. 8(a), it can be
easily figured out that as the value of z; increases, the nano-
composite appears stronger against breakdown. The nominal
breakdown strength of which z;; = 13.51 is more than two times of
which z;; = —1.51. It is noting that the final nominal charge density
of the case of which z; = —1.51 is larger than that of which
zZm = 3.99 and 4.93. It is mainly because that before the establish-
ment of a dominant breakdown path, the choice of local conductive
channels of the aggregated distributed case is much more than that
ordered ones. This will generate a lot of branches of conductive
channel, thus can dissipate the extra energy during breakdown
process. Still, the nominal breakdown resistance of which
zm = —1.51is lower than other cases. The breakdown strength is
plotted against z;; in Fig. 8(b). It clearly shows that as the value of
zZm increases, the breakdown strength can be enhanced
tremendously.

Our quantitative method for describing distribution discussed
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Fig. 8. (a) The nominal field-charge-density relation of all five cases. (b) The relation of
nominal breakdown strength against zy.
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above consider only the center of ceramic particles since we as-
sume all particles are approximate in same size. To verify the size
effect on the distribution of ceramic particles in polymer matrix,
three types of ideally distributed nanoparticles with different
diameter of particles has also been calculated using the same
method above. The BT content of three types should be kept equal,
thus the diameter and the amount of particles are well designed as
shown in Fig. 9(a) to (c). The diameters of three types are set as
60 nm, 100 nm and 120 nm corresponding to the particles amount
of 100, 36 and 25, which guarantees the same ideal distribution of
ceramic particles under the same BT content. All three conditions of
nanocomposites show straight line breakdown path similar to that
in Fig. 7(d). The nominal field-charge-density relation of all these
three types as seen in Fig. 9(d) indicates that the larger the ceramic
particles, the lower the breakdown strength. It is because that
under the same BT content, the local electric field of the larger size
of ceramic particles concentrates more seriously [21].

4. Conclusion

A quantified method has been introduced in this work to
describe the distribution of ceramic nanoparticles in polymer ma-
trix based on Clark-Evans test and the quantified criterion (z;;) is
defined to evaluate the distribution. As the value of z,; increases,
the nanocomposite dielectric response on the contrary reduces
slightly due to the concentration of local electric field. However, the
nanocomposite of which the distribution of BT particles with larger
zm can hold better dielectric stability up to a higher level of applied
electric field and then drop sharply at a critical applied electric field.
The results of phase field simulation of breakdown process indicate
that for the distribution of the same size ceramic particles, as the
value of z; increases, the nanocomposite turn out difficult to
breakdown and the nominal breakdown strength of which

zm = 13.51 is more than two times of which z;; = —1.51. Summa-
rization to the size effect on the distribution of ceramic particles is
that the larger the ceramic particles, the lower the breakdown
strength with the same ideal distribution of ceramic particles under
the same content.
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