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Polymer-ceramic nanocomposites play an essential role in pulsed power system, due to their ultrahigh
power density and fast charging—discharging capability. They also hold strong potential for improving
the performance in energy storage capacitors, hybrid electric vehicles and kinetic energy weapons, since
they contain a high-breakdown-strength polymer matrix and high-dielectric-permittivity ceramic
nanofillers and thus can reach a high level of energy-storage density. In this work, through a finite
element method and a phase field model, we theoretically analyze the nanocomposites with enhanced
dielectric permittivity and dielectric breakdown strength by microstructure design of ceramic nano-
fillers, which covers the orientation, morphology and arrangement of nanofillers. Results indicate that
the orientation of ceramic nanofibers has significant influence on the dielectric permittivity and
breakdown strength of nanocomposites. The comparison of nanoparticles and nanofibers reveals the
increase extent of interactions between polymer matrix and ceramic nanofillers can enhance the
dielectric breakdown strength of the nanocomposites. Based on the results above, two sandwich
structures consisting of both nanoparticles and nanofibers have been constructed to pursue a higher
energy storage density.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Dmax is the dielectric displacement under saturated electric field
strength. If we take dielectric permittivity  as constant, the formula

Dielectric materials possess fast charging-discharging capability
and high power density, which are critical for the application in
pulsed power system [1,2]. However, the low energy density limits
their application in energy storage capacitors, hybrid electric ve-
hicles and kinetic energy weapons [3—5]. In principle, the energy-
storage density (J) of these devices can be written as

Dmax
J= [ EdD (1)
/

where E is electric field strength, D is dielectric displacement, and
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can be convert to

J = ek’ )

We can summarize that the dielectric permittivity (¢) and
breakdown electric field (Eg) are two major factors that determine
the energy storage density of dielectric materials. Polymer-ceramic
nanocomposites show superior advantages to all other candidates,
since that polymers are known for their high breakdown strength,
meanwhile ceramic hold high dielectric permittivity [6—11]. Recent
developments in polymer composites with nanosized ceramic
fillers have reached high permittivity, high dielectric breakdown
strength, low dielectric loss and long cycle life [12—21]. A
maximum energy density of > 30 J/cm? has been achieved in P(VDF-
HFP)/BTO@TO_nfs nanocomposites [22]. The volume fraction,
morphology, size, aspect ratio and orientation of ceramic nano-
fillers have been reported to have significant effect on the dielectric
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permittivity and breakdown strength of nanocomposites [23—28],
thus a property microstructure design of ceramic naonofillers is
necessary for nanocomposites to obtain higher energy density.

In this work, we theoretically analyze the nanocomposite with
enhanced dielectric permittivity and dielectric breakdown strength
by microstructure design of ceramic nanofillers based on a finite
element method and a phase field model, both implemented in
COMSOL Multiphysics 5.2a. The structural design of the composite
covers the orientation, morphology and arrangement of nanofillers
[27—30]. The morphology of nanofillers used in our numerical
model are nanofibers and nanoparticles, which are the most com-
mon nanofillers in previously reported works [31—34]. Firstly, four
nanocomposites with different oriented nanofibers are simulated
and compared. The effect of nanoparticles distribution in polymer
matrix on the dielectric permittivity and breakdown strength on
nanocomposites was studied in our previous work [35]. After that,
the dielectric permittivity and breakdown strength of nano-
composites with preferred oriented nanofibers and with well
distributed nanoparticles are separately calculated. It is found that
under the same content of nanofillers, nanocomposite filled with
well distributed nanoparticles (NNP) displays a higher dielectric
permittivity, while nanocomposite filled with preferred oriented
nanofibers (NNF) indicates a higher breakdown strength. Based on
this conclusion and other related work [36—39], two sandwich-
structured nanocomposite including both polymer/nanofibers
layer and polymer/nanoparticles layer have been constructed to
obtain both high dielectric permittivity and high breakdown
strength, thus achieve high energy storage density.

2. Modeling process

2.1. Landau theory on ferroelectric ceramic nanofillers and phase
field method on dielectric breakdown

The side length (L) of selected square region (R) of nano-
composites is set to 10 um. As examples, two widely used filler and
matrix materials, a ferroelectric ceramic barium titanate (BT) and a
dielectric polymer poly(vinylidene fluoride) (PVDF) are adopted in
our following calculations. The nanocomposites can be taken as a
ferroelectric-dielectric system, for which the polymer matrix can be
seen as linear dielectric, while the ceramic nanofillers are consid-
ered non-linear ferroelectric. The dielectric behavior of BT can be
described through Landau's theory of phase transformation [40],
which reads

AG:%aPZJr%[)’P“Jr%yPstP, (3)
where P is the polarization, E is the applied electric field, and «,
and vy are the dielectric stiffness coefficients [40]. 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. [41].

aaA—PG:O:aP+ﬁP3+7P5—E, (4)
F) = ! (5)
erlE) = eo(a+ 36P2 + 5yPAY’
o Er(E) - €r(E = 0)
n(E) = w (6)

The dielectric response of nanocomposites is simulated using

COMSOL Multiphysics. The effective dielectric permittivity can be
calculated from Ref. [42].

D-EdV

Er = dm

(7)

The study of the dielectric breakdown process of nano-
composites follows closely the phase field model developed in
Refs. [43,44], by drawing an analogy between dielectric breakdown
and mechanical fracture. A huge advantage of this method is that it
can visualize the breakdown pathways and calculate the normal-
ized breakdown strength. Instead of tracking individual breakdown
pathways, a continuous scalar phase field s (x, t) is introduced to
characterize the evolution process of a dielectric medium which
turns into conductive at full damage. The value of s varies from 1 to
0, which respectively represent the intact state and the fully
damaged state. The fully damaged material becomes conductive.
Numerically, a large but finite permittivity ¢y/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 nano-
composites, the permittivity is interpolated by

(s) — 50
RN (CET) ©

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

s, ¢] = /[Wes(E, s) + Wy (s) + Wi(vs)|dV, (9)
Q

where Wes(E,s) = —5E-E is the complementary electrostatic en-
ergy per unit volume, Wy(s) = W¢[1 — f(s)] is the breakdown en-
ergy function with W, representing the critical density of
electrostatic energy, W;(Vs) = LVs- 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 = —mdII/ds, the evolution
equation for breakdown variable s can be achieved after
substituting in detailed forms of the energy functions:

1 os 8’ (S) 7 F 2

Here, mobility m is a material parameter that features the speed
of breakdown propagation in nanocomposites. To facilitate nu-
merical simulation, we will normalize energies by I', time by mI’,
and electric potentials by /I'/eg. The normalized governing
equations of dimensionless form can be written as:

_ 1 _

vl =579 -0 ()
5_ FO grgsefie sl

Tl e AR C RS A (12)

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. (4) and (5) into:

aP+ PP’ +yP —E =0, (13)
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Fig. 1. The nominal field-charge-density relation of nanocomposite with laterally
oriented nanofibers (NLON). The point a to f are corresponding to the Fig. 2 (a) to (f).

— 1
e(E) = .
r(£) €0 (a+3[31_°2 +5~/1_34)

(14)

With the focus mainly on the mechanism study of dielectric
response and breakdown process, all simulations are carried out in
two-dimensional (2D) domains. The detailed simulation informa-
tion can be found in our recent work [35].

3. Results and discussion

3.1. Dielectric permittivity and breakdown behavior of
nanocomposites with different oriented nanofibers

Four nanocomposites with different oriented nanofibers has
been generated through MATLAB and COMSOL and the content of
nanofibers is all set as 10% as seen in the insets in Fig. 3 or Fig. 4. The
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Fig. 2. (a) to (f) Snapshots of the breakdown process of nanocomposite of nanocomposite with laterally oriented nanofibers (NLON), indicating the evolution of the breakdown

channel. (a) to (f) correspond to the six dots a to f on Fig. 1.
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nanofiber length is set as 2 um and the diameter is 0.2 um. The
orientations of nanofibers are along the applied electric field, in the
lateral direction, or randomly distributed (two cases). The break-
down path pattern at different field strength of nanocomposite
with laterally oriented nanofibers (NLON) is given in Fig. 1. Fig. 2. (a)
to (f) are snapshots of the breakdown process of NLON, indicating
the evolution of the breakdown channel. (a) to (f) correspond to the
six dots a to f on Fig. 1. It is a very valid proof that those breakdown
branches only appear at close to breakdown field strength. When
the applied electric field reaches a certain value, the breakdown
channel is formed instantly. Therefore, the assumption of linear
response in energy density calculation is reasonable in these cases.

The results are marked as parallel, perpendicular, random 1 and
random 2, respectively, as shown in Fig. 3 and Fig. 4. It can be tell
from Fig. 3 that the orientation of nanofibers has tremendous
impact on the dielectric permittivity of nanocomposites. The
dielectric permittivity of nanocomposite with parallelly oriented
nanofibers (NPON) is almost twice larger than nanocomposite with
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Fig. 3. The effective dielectric response of nanocomposites with different oriented
nanofibers at various applied electric field (E). The insets are the electric field distri-
bution of nanocomposites: (a) with parallel oriented nanofibers (marked as parallel),
(b) with vertical oriented nanofibers (marked as vertical), (c¢) with random oriented
nanofibers (marked as random 1), (d) with random oriented nanofibers (marked as
random 2), against applied electric field at 200 MV/m.
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Fig. 4. The nominal field-charge-density relation of nanocomposites with different
oriented nanofibers. The insets are dielectric breakdown paths of nanocomposites: (a)
with parallel oriented nanofibers (marked as parallel), (b) with vertical oriented
nanofibers (marked as vertical), (c) with random oriented nanofibers (marked as
random 1), (d) with random oriented nanofibers (marked as random 2).

laterally oriented nanofibers (NLON) at low electric field, while the
dielectric permittivity of nanocomposite with randomly oriented
nanofibers (NRON) is between them. Along with the increase of
applied electric field, the dielectric permittivity of NPON and NRON
drops sharply due to the dielectric nonlinearity of the ceramic
nanofillers, while the dielectric permittivity of NLON shows a high
stability. Such huge difference in permittivity is resulted from the
difference of the distribution of local electric field as seen in the
insets in Fig. 3. When the orientation of nanofibers is in parallel
with the applied electric field, the local electric field will concen-
trate a lot at the upper and lower ends, which leads to a larger
electric displacement at the same time. It will in turn enhance the
total energy density of the nanocomposites, thus make the nano-
composites showing a higher dielectric permittivity. The more the
proportion of parallel oriented nanofibers, the larger the dielectric
permittivity. The nanofibers share little electric field compared
with the polymer matrix, due to the enormous difference between
ceramic nanofibers and polymer matrix in dielectric permittivity.
That is the reason the dielectric permittivity of nanocomposites can
hold stable at the beginning of applied electric field increase.
However, along the applied electric field increases, the local electric
field concentrated more at the upper and lower ends, the electric
field inside the nanofibers gradually rises. The dielectric permit-
tivity of nanofibers starts to reduce because of its intrinsic
nonlinear effect, which results in the decrease in dielectric
permittivity of nanocomposites at a certain applied electric field.
Yet, the NLON is narrow along the direction of applied electric field,
the electric field inside the nanofibers change slightly, which makes
it quite stable in dielectric permittivity.

The distribution of electric field analyzed above has a close
relationship with the dielectric breakdown of these nano-
composites. The following results of phase field modeling reveal
the details of dielectric breakdown in nanocomposites. The nomi-
nal field-charge-density relation of nanocomposites with different
oriented nanofibers is presented in Fig. 4, where the maximum
value of nominal electric field is taken as the nominal breakdown
strength of the nanocomposites and the insets are the breakdown
paths of different nanocomposites. We can easily figure out that the
NLON shows the highest breakdown strength, and it is almost 2.5
times larger than NPON and 3 times larger than NRON. The reason
why there is a such big difference in breakdown strength of
nanocomposites is that the orientation of nanofibers has a signifi-
cant influence on the distribution of local electric field in nano-
composites as seen in the insets in Fig. 3. In the meanwhile, the
breakdown strength of nanofibers is weaker than the polymer
matrix, so the breakdown path will eventually pass through the
ceramic nanofibers. The breakdown will begin at certain place
where the electric field is the most concentrated, and then the
nanofibers which are approximately parallelly oriented and near
the initial breakdown area will be the fast channel of the entire
breakdown as seen in the insets in Fig. 4. The NLON cannot provide
such fast channel along the direction of applied electric field and it
can extend the breakdown path in the vertical direction of applied
electric field, which both result in its high breakdown strength. The
dielectric breakdown strength of two NRON cases is even lower
than that of NPON, since there is great opportunity for ceramic
nanofibers to get connected with each other in polymer matrix.
Therefore, it is easier to form a breakdown channel inside the
weaker ceramic nanofibers. The initial slope of the field-charge-
density curve is inversely proportional to the permittivity of
nanocomposites, and it performs consistently with the results in
Fig. 3. Base on the above, we can find that the NLON is a good
candidate for the application in energy storage, especially working
in high electric field.
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Fig. 5. The breakdown paths of nanocomposites with (a) Sandwich-1 (S1), (b) Sandwich-2 (S2), (c) Particles-1 (P1), (d) Particles-2 (P2) microstructures. (e) Dielectric permittivity,
nominal breakdown strength and nominal energy density of nanocomposites with different microstructures of nanofillers at the same content of 10%.

3.2. Dielectric permittivity and breakdown behavior of
nanocomposites with designed microstructure of nanofibers

In contrast, the nanocomposites with same content (10%)
nanoparticles are simulated as shown in Fig. 5(c), (d) and respec-
tively marked as Particles-1 (P1), Particles-2 (P2). The nanoparticles
distribution of these two cases is controlled fairly well according to
our previous work [35]. It is found that under the same content of
nanofillers, nanocomposite filled with well-distributed nano-
particles (NNP) displays a higher dielectric permittivity, while
nanocomposite filled with preferentially oriented nanofibers (NNF)
exhibits a higher breakdown strength, which can be obtained in
Fig. 5(e). Based on this results and other related work, two
sandwich-structured nanocomposite including both polymer/
nanofibers layer and polymer/nanoparticles layer have been
constructed.

Sandwich-1 (S1) contains NNP in the top and bottom layers and
NNF in the middle layer, while Sandwich-2 (S2) contains NNF in the
top and bottom layers and NNP in the middle layer, as shown in
Fig. 5(a) and (b). The volume fraction of nanofillers is kept at 10%.
The nominal energy density can be calculated using equation (2) if
taking the nanocomposites as approximately linear dielectric. At
last, the breakdown paths of NNP and sandwich structures are
shown in Fig. 5(a)—(d) and the dielectric permittivity, nominal
breakdown strength and nominal energy density of nano-
composites with different microstructures of nanofillers are seen in
Fig. 5(e). It is obviously that the nanocomposites with sandwich
microstructure combine the advantage of the high permittivity
NNP and the high breakdown strength NNF. The nominal break-
down strength is even high than any nanocomposites with nano-
fibers or nanoparticles due to this special designed sandwich
structure. Thus the nominal energy density of such nano-
composites is enhanced a lot as seen in Fig. 5(e). It is worth noting
that the trend of nominal energy density is closer to the nominal

breakdown strength, which means the breakdown strength is quite
an important property that determine the energy density of
nanocomposite. It can also be summarized from equation (2),
where energy density is proportional to the square of breakdown
strength.

4. Conclusion

In summary, a phase-field model is developed to simulate the
dielectric permittivity and breakdown behavior of polymer-
ceramic nanocomposites, and solved numerically with the finite
element method. The microstructural design of the composites,
including the orientation, morphology and arrangement of nano-
fillers, has a dramatic influence on the dielectric properties of
nanocomposites. The dielectric permittivity of NPON is almost
twice larger than NLON. However, when it comes to breakdown
strength, NLON is almost 2.5 times larger than NPON. The two ef-
fects combined, NLON is a better candidate for energy storage. It is
found that under the same volume fraction of nanofillers, NNP
displays a higher dielectric permittivity, while NNF shows a higher
breakdown strength. Inspired by these results, two sandwich-
structured nanocomposites including both polymer/nanofibers
layer and polymer/nanoparticles layer have been constructed. Re-
sults indicate that such structures combine the advantages of both
the high permittivity NNP and the high breakdown strength NNF,
thus achieving high energy storage density and are perfect candi-
dates for energy-storage applications.
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