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ABSTRACT 

This review highlights the research conducted on polymers, especially on polymer 
nanocomposites for electrical energy storage applications in power capacitors. State-of-
the-art neat polymers are addressed as well as blends of polymers. Special emphasis is 
given to polymers filled with ceramic nanoparticles – polymer nanocomposites. The aim 
of this contribution is to overview the different approaches being made to improve the 
properties of dielectric polymer films for power capacitors. It concludes with an 
outlook on the research topics that should be addressed in the future. 

   Index Terms — dielectric polymer nanocomposites, nanodielectrics, polymers, 
dielectric performance, multi-core model  

 
1   INTRODUCTION 

THE growing demand for environmentally friendly 
technologies requires a rapid development of possibilities to 
gain energy from renewable sources. Above all, offshore wind 
platforms are subjected to unprecedented growth of interest. 
Since being located several hundred kilometers from shore, 
energy transfer for long distances is challenging as well as 
energy storage for long periods. Out of all the different storage 
devices, only capacitors meet the main requirements for the 
application within off-shore platforms, which are high energy 
density due to limited space on platforms and high reliability 
[1]. High power capacitors play an important role in those 
tasks. A comparison of different types of capacitors is given in 
figure 1. Depending on the type of dielectric material, a 
capacitor may be suited for high voltage or high capacity 
applications. Ceramic and electrolyte capacitors are mainly 
used in power electronic applications due to their relatively 
high voltage and high capacitance respectively. Among 
different types of capacitors, the ones with polymer films as 
dielectric materials are preferably used nowadays on off-shore 
platforms. Polymer film based capacitors exhibit excellent 
self-healing behavior and low cost [2]. Different polymer film 
materials used in capacitors are listed in table 1. Tmax describes 
the maximum operating temperature that can result from 
different properties of the polymer. This may be a significant 

drop in BDS due to exceeding crystallization temperatures 
(Tcr) in the case of semi-crystalline polymers or the glass 
transition temperature (Tg) for amorphous polymers. State-of-
the-art capacitors are based on polypropylene (PP) films [2]. 

 
Figure 1.  Comparison of different capacitor types with regard to voltage and 
capacitance. Data collected from [1–4]. 

Although it has a low permittivity, the high breakdown field 
strength (BDS) and low dielectric loss make BOPP (Biaxially 
Oriented Polypropylene) the ideal material for high energy 
density applications. Even though polyesters, like PET, can 
store more energy per volume, their higher dissipation factors 
lead to extended heat production that prohibits the use in off-
shore platforms [2]. Increasing both permittivity and 
breakdown field strength, i.e., increasing energy density 
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without increasing power losses, are the key to improve 
capacitors further. Polymer blends and composite materials 
offer a good possibility to achieve this target. Especially, the 
group of nanocomposites has attracted recent attention in that 
respect [5]. An unusual electrical behavior is due to interfacial 
effects between filler nanoparticles and the polymer matrix. 
Such an interface has a large surface area and dominates the 
properties of the composite materials on the macroscale [5]. 
The following review sketches the development of polymer 
films from neat polymers over polymer blends to polymer 
nanocomposites with respect to their application in the field of 
power capacitors. Special attention is paid to nanocomposite 
materials. The different theories of functionality of 
nanocomposites will be explained and experimental work that 
has been conducted over the past 10 years will be summarized 
and compared with theoretical approaches. A path for the 
further development of power capacitors based on 
nanocomposites will be evaluated as well.  
 
Table 1. Properties of different polymer films for capacitors [2, 3, 6–14]. For 
the abbreviations, see caption of Figure 2. εr: permittivity, Tmax: maximum 
operating temperature, BDS: dc breakdown strength (at RT (room 
temperature)), tan(δ): dielectric loss factor (at room temperature, 1 kHz), wel: 
electrical energy density of the capacitor, * @ 1 kHz & RT, + 100 Hz & RT, 
a ball-plane electrode, b metalized Al-electrodes on both sample sides with 
35 mm electrode diameter, c metalized electrode with 2.5 mm diameter, 
d plate-plate electrodes with 2 cm² electrodes, e plate-plate electrodes with 
1.26 cm² electrodes, f metalized electrodes with 0.25 mm² electrodes, g 
cylinder-plate-electrodes, n/a no data available. 
Polymer film r Tmax / 

°C 
BDS / 
V/µm 

tan(δ) / 
10-2 

wel / 
J/cm3 

BOPP 2.2* 105 820a <0.02 1-1.2 

PE 2.2* <80 290b <0.02 - 

PET 3.3n/a 125 570n/a <0.5 1-1.5 

Solvent cast PC 3.1* 125 <820a <0.15 0.5-1 

PVDF 12n/a 125 590n/a <1.8 2.4 

PEN 3.2n/a 125 550n/a <0.15 1-1.5 

PPS 3.0n/a 200 550n/a <0.03 1-1.5 

PVDF-CTFE 11.* 125 750c 5 27 

P(TFE-co-VDF) 10.2* 270 >225c 3 2 

PI 3-7+ 200 >600n/a 1-4 1.8-2.8 

PEEK 3.2n/a 150 400d 0.4 - 

Siloxane 8.6n/a 150 - 6 - 

PEI 3.2+ 200 >550a 0.2 - 

PTFE 2.1n/a 260 650e 0.05 - 

FPE 3.3n/a 270 - 0.26 - 

PMMA 4.0n/a - 245 5 - 

Epoxy 3.5* <90 120 5  

2  POLYMERS AND POLYMER BLENDS 
FOR POWER CAPACITORS 

Although biaxially oriented polypropylene (BOPP) remains 
state-of-the-art for application in power capacitors, its 
temperature limitations speed up the development of high-
temperature dielectric polymer films. Alternative polymers 
and polymer blends, their dielectric properties and application 
possibilities in power capacitors are discussed in this section. 

2.1 NEAT POLYMERS 

The dielectric properties of various polymers are reviewed 
and summarized by Tan et al [3]. Results are given in Figure 
2. Obviously, polymers with the highest dielectric strengths 
also exhibit low losses but low permittivities as well. As 
already noted, BOPP is state-of-the-art in the area of power 
capacitors. Films with excellent dielectric properties are 
fabricated by stretching cast PP films in both longitudinal and 
transverse machine directions. Such a stretching increases the 
orientation of PP, thus allowing the breakdown field strength 
of the films to increase about twofold when compared to non-
stretched PP of similar thickness. It was shown that BDS 
increases with higher biaxial stretch ratios due to increased 
orientation – spherulites are converted to fibrillary networks of 
lamellar crystallites oriented in the film plane.  It was also 
found that certain crystalline morphologies (initial β-phase 
content in the cast film above a certain value) may induce 
microvoids and lead to porosity formation after biaxial 
stretching. Since the base resin influences the morphology of 
the film, molecular weight, purity, etc. of the base resin also 
ultimately influence breakdown performance of the finished 
capacitor [15]. 

 
Figure 2. Dielectric strength and permittivity of polymers: With data for 
polypropylene (PP), polycarbonate (PC), cyano-modified polyetherimide 
(PEI), N-phenyl-7-oxanorbornene-5,6-dicarboximide (PhONDI), polyurea 
(PU), polyvinylidene-fluoride-chlorotrifluoroethylene (PVDF-CTFE), and 
poly(tetrafluoroethylene-co-vinylidene fluoride) (P(TFE-co-VDF) collected 
from [3] and data for polyethylene terephthalate (PET), poly(p-phenylene 
sulfide) (PPS), and polyethylene naphtalate (PEN) collected from [2]. 

Laihonen et al [16] evaluated the breakdown field strength 
of different polypropylene films with different electrode areas. 
It was found that the BDS decreases with increased electrode 
areas. This can be explained with the Weibull area scaling 
law. Additionally it was found that there seem to be two 
breakdown populations: some (1 – 15 %) of all breakdowns 
appear at low field below 400 V/µm, the high field failures 
with a different slope in the Weibull plot were found above 
400 V/µm. Electrode effects are assumed as the main 
explanation for the low field breakdowns but weak spots in the 
film are considered to play a significant role, too. This was 
confirmed for a lower quality film prepared from the same 
base resin as other samples in the study that showed relatively 
poor performance due to weak spots. The main parameter 
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besides the base resin quality (e.g. chemical purity, 
isotacticity, etc.) affecting the high field breakdowns is the 
roughness of the film. Increasing the film roughness decreases 
the BDS. However, it was not possible to predict breakdown 
field strength of power capacitors based on Weibull analysis. 
Processing of polymer films to form capacitors affects the 
overall breakdown field strength. The BDS can be improved 
by optimized processing of the film to build capacitors (e.g. 
winding, metallization and impregnation) as less weak spots 
are generated. However, incorrect processing may introduce 
new weak spots into the film, which negatively influence the 
insulation properties of PP, especially at low fields which 
entails lower capacitor performance [16]. 

A high energy density capacitor was introduced by Slenes et 
al. [17]. Kraft paper was impregnated with a dielectric 
polymer, serving as a siloxane backbone with two polar 
groups to increase the permittivity to εr‘ = 9.3. The loss factor 
was 0.03. Impregnated paper was processed in order to be 
compatible with polymer film capacitor processing. Thus, a 
wound roll of paper with evaporated electrode was prepared 
and characterized in oil to improve the insulation of the 
capacitor. The achieved energy density was 2-3 J/cm³ at 
voltages above 3 kV tested on capacitors in the range of 6 to 
12 µF. 

Zhang et al. suggested polymethylpentene (PMP) as an 
appropriate replacement material for BOPP [18]. PMP is a 
lightweight material with the same dielectric constant, 
exhibiting lower losses and better high temperature resistance 
than BOPP. The operation temperature of PMP is as high as 
230°C. High voltage performance of PMP can provide faster 
discharge, higher power density, lower heat generation and 
temperature rise and higher operation temperature than BOPP 
capacitors [18]. 

Generally, the high temperature polymers are in the focus of 
development, since the BOPP has a relatively low maximum 
operating temperature of only about 105 °C [2]. This 
maximum operating temperature can only be achieved with 
high purity base resin that has been optimized over the last 
years. An overview of high temperature polymer capacitor 
films is provided by Tan et al. [3]. The important properties of 
common high temperature polymers are summarized in Figure 
3. A relatively big group of polymer films exists, such as 
polyethyleneterephtalate, polycarbonate, and others, with an 
operating temperature in the range of 100 °C to  200 °C [6].  

Polyvinylidenefluoride-chlorotrifluoroethylene (PVDF-
CTFE) is known for its high permittivity and high BDS of 
over 500V/µm. However, its high losses and its comparably 
low working temperatures render it unsuitable for a wide 
spectrum of electronic applications. Furthermore, the high 
price and processing issues limit the applicability of PVDF-
CTFE as a neat dielectric polymer. Better known are polymer-
ceramic composites with PVDF-CTFE [19]. This polymer is 
mainly applied as a hydrophobic membrane material for 
battery separators [20, 21].  

Polyetheretherketone (PEEK) exhibits a low thermal 
stability of its dielectric properties. Its losses increase 

dramatically over 140°C [4]. Its permittivity is slightly higher 
compared to PP, εr‘ = 4 [22]. PEEK is available as an 
amorphous or a semi-crystalline material. Ho et al. evaluated 
the influence of crystallinity on the electric resistivity and 
breakdown field strength at elevated temperatures of 140°C 
[9]. The electric resistivity of the amorphous phase was found 
to be lower than the one of semi-crystalline material at 
electrical fields below 100 MV/m. Measurements above 
100 MV/m were not possible since samples broke down. This 
was accentuated by prolonged aging at elevated electric fields 
to which the samples were subjected at 140 °C. 

 
Figure 3. Maximum operating temperature and permittivity of dielectric 
polymers. Data collected from [2, 3]. 

Only a few neat polymers can be used at temperatures over 
200 °C. Polyimides (PI) are a group of polymers with 
excellent mechanical properties, superior thermal stability, 
low dielectric losses in the range of 1 % to 4 % [6, 23] and 
BDS higher than 600 V/µm [7]. These properties make 
polyimides well suited for application in power capacitors, but 
they are very expensive. The permittivity is typically in the 
range of 3-5 [6]. Different polyimides with bypyridine groups 
were synthesized [6] to increase the dielectric constant of pure 
PI. A novel diamine, (5,5´-bis [(4-amino) phenoxy]-2,2’ 
bipyridine) was polymerized by different dianhydrides. The 
synthesized polyimides exhibit excellent properties making 
them candidates for power capacitor application: εr‘ = 5.5-7.2, 
tan(δ) < 0.04; energy densities of wel = 1.81-2.77 J/cm³; 
melting temperatures between 275 and 320 °C, and a tensile 
strength of σB = 175-221 MPa [6]. Recently, simulations have 
been employed to discover promising monomer candidates for 
creating novel polyimides for capacitor applications [7, 23]. 
Here, DFT (density functional theory) calculations were used 
to simulate the dielectric properties of over 150.000 polymers 
and promising candidates were then selected for synthesis and 
experimental evaluation [23]. The experimental data 
correlated well with the properties predicted by the 
simulations, showing that this approach is a valid and fast 
method for finding new polymers for capacitor applications  
[7, 23]. 

Polyetherimide (PEI) exhibits quite promising properties. 
This polymer has a high dielectric constant, high temperature 
stability, is self healing and relatively cheap [3]. This makes 
PEI a promising candidate for future application as the 
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dielectric in polymer film capacitors. PEI is produced by 
several companies around the world under the brand name 
Ultem. It is widely applied, in food industry as well as in 
aerospace. Its fabrication and application is controlled by 
several norms [24–26]. Pfeiffenberger et al. found that PEI 
films could be used to manufacture capacitors with film 
thicknesses of 5 µm. The studied films show temperature 
stable BDS > 550 V/µm (up to 150 °C) as well as stable 
permittivities (ca. 3.2) and dielectric losses (below 1.5 %) over 
frequency and temperature. Due to the thermal stability, 
capacitors with PEI films have been shown to be usable for 
mounting on PCBs (printed circuit boards) via solder reflow 
process [8]. Some efforts have been put into composite 
materials with PEI. Chen et al. suggested the addition of SiO2 
nanoparticles to improve the thermal, mechanical and 
dielectric properties of PEI [27]. It has been found that the 
maximum SiO2 load, however, cannot exceed 2 vol%, without 
the polymer becoming brittle. Nevertheless, an improvement 
for the thermal and dielectric properties has been found for up 
to 10 vol% filler loading.  

2.2 POLYMER BLENDS 

Since tradeoffs need to be made with respect to the 
properties when using neat polymers for power capacitors, 
blending two or more polymers with different properties in the 
necessary ratios seems an obvious solution. Ferroelectric 
polymers based on poly(vinylidene fluoride) (PVDF) are of 
major interest, since they combine high permittivity with high 
energy densities, but their high losses [28, 29] are prohibitive 
for most power applications. 

Aromatic polythiourea (ArPTU) is shown to possibly 
inhibit early polarization saturation in PVDF-crystals leading 
to higher breakdown strength while also increasing the 
permittivity and even lowering the losses [28]. PVDF can also 
be blended with PP in order to combine the high permittivity 
of PVDF with the good processability and low loss of PP, 
however since PVDF and PP are immiscible, a 
compatibilization agent like maleic anhydride grafted to PP 
may be used [30]. In other experiments, Polyamide 11 has 
been added to improve processability and dielectric properties 
of PVDF. Here, also a compatibilization agent (vinyl acetate-
maleic anhydride) has been used to decrease losses and to 
increase permittivity [31]. Alternatively, low loss 
poly(ethylene-chlorotrifluoroethylene) (PECTFE) can be used 
to reduce the losses of PVDF. It has also been shown that by 
crosslinking the blends, high-field losses can be reduced even 
more due to lower interfacial polarization [32]. Blends of 
PVDF with HFP (hexafluoropropoylene) and VDF-oligomers 
or copolymers with CTFE have been examined as well. Due to 
the increased breakdown strength higher  energy densities of 
15-27 J/cm³ were obtained [33, 34]. When adding TrFE 
(trifluoroethylene) and CFE (chlorofluoroethylene), the 
resulting terpolymer P(VDF-TrFE-CFE) shifts from 
ferroelectric to a ferroelectric relaxor behavior with very low 
remanent polarization which leads to large changes in electric 
displacement field (D) and therefore to a high energy density 
[29]. For ferroelectric relaxors, the main cause of dielectric 

breakdown has been identified as an electromechanical 
breakdown mechanism consisting of Maxwell stress 
(compression due to Coulombic attraction of the electrodes) 
and electrostrictive stress due to conformational changes of 
the polymer chains [35]. 

One research group tested blending PP with polyaniline 
(PANI) but while an increase in permittivity was found with 
increasing filler content, also an increase of dielectric loss and 
a decrease of partial discharge (PD) resistance was found. 
Furthermore, dielectric breakdown strength tended to decrease 
for high filler concentrations [36, 37]. 

A different blending approach has also been proposed: 
combining a high breakdown strength material like 
polycarbonate with a material with a high dielectric constant 
like PVDF via microlayer coextrusion. This layered structure 
results in an increased dielectric breakdown field strength 
(BDS) caused by a barrier effect when compared to the neat 
polymers or blends thereof [38]. 

When looking at the different polymers considered for 
power capacitor applications, it becomes clear that there are 
many options to choose from. Some these polymers or blends 
might be better suited than others and they should therefore be 
more thoroughly investigated. It is the opinion of the authors 
that BOPP will – at least for some time – remain as the most 
used dielectric in power capacitors. This is mainly due to its 
low price but also due to the fact that factories and supply 
lines are already well established and the material is well 
understood. The main disadvantage of polymers like PVDF-
CTFE is that halides are present. They may cause 
environmental danger during processing. This affects not only 
the price but may yield a future issue with respect to RoHS-
conformity. PEI and PI are seen by the authors as good 
candidates for high-temperature power capacitor applications 
with high energy densities and low losses. These polymers 
should therefore be more closely studied. It is advisable to use 
simulations like Treich et al. [23] in order to find candidates 
with desirable properties in less time. One promising branch is 
thought to be the blending of polymers. However, the same 
statement as above has to be made about halogenated 
components. It probably would be advisable to investigate 
blends of temperature-resistant halogen-free polymers with PP 
and try to adapt the expertise for PP-film production to PP-
blend processing. 

3  NANOCOMPOSITES 
Another approach in improving the dielectric properties of 

polymers is the incorporation of nanometer sized particles into 
the different polymers [39–42]. The electrical properties of 
composites of polymers and ceramic particles can usually be 
anticipated by mixing laws. This, however, only works well 
only for particles in the micrometer range or above, which 
have a low surface to volume ratio (specific surface). When 
particle sizes approach nanometer dimensions, effects of the 
surface of the particle and the interface/interphase with the 
surrounding polymer become dominant. Therefore, other 
models have to be employed. First, an overview of the 
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theoretical models for polymer nanocomposites (PNCs) will 
be given before discussing the experimental research on 
nanocomposites. 

3.1 THEORIES ON NANOCOMPOSITES 

A first theoretical approach explaining the behavior of 
nanoparticles in a solid dielectric was given by Lewis in 2004 
[43]. He identified the interfacial volume as becoming the 
dominant feature when particle sizes drop below 200 nm. This 
is depicted in Figure 4. It is assumed that the particles are 
charged and that there are mobile ions present in the polymer 
matrix. Therefore, an electric double layer (Stern layer) is 
formed around the particles. 

 
Figure 4. Percentage of the volume ratio of spherical nanoparticles P in a 
composite taken up by the interface MP as a function of the diameter d for a 
thickness of the interface of 20 nm (no agglomeration assumed); scheme 
according to [43]. 

 

When an electric field is applied, the nanoparticles behave 
like a large dipole as the charge carriers move along the 
interface due to their higher mobility compared to the host 
matrix. This induces polarization of the interface around the 
particles, which in turn leads to an increase in the effective 
permittivity of the compound exceeding the permittivity 
calculated with mixing rules. Losses, however, can also 
increase in this case because a diffusion cloud of charge 
carriers is formed around the nanoparticles, which oscillates 
out of phase with the applied field when the frequency is low. 
At high particle concentrations above the percolation 

threshold, it is then possible for the double layers to overlap 
and form conducting channels in which charge carrier 
migration takes place [43]. This state is to be avoided when 
aiming for an application as insulation material. 

Tanaka refined Lewis’ theory by developing first a working 
hypothesis, the “multi-core model”, to explain the behavior of 
polymer nanocomposites as dielectrics and electric insulators 
[44]. This model also identifies the interface between the 
polymer matrices and nano-fillers as the region responsible for 
the properties of nanocomposites. The multi-core model 
describes four different layers (see Figure 5). The first layer 
(about 1 nm in thickness) is a layer that is strongly bonded to 
the inorganic nanoparticle as well as to the organic polymer 
matrix. This layer can correspond with coupling agents like 
silanes. The second layer (several nanometers thick) describes 
an interfacial region where polymer chains are interacted 
either chemically or physically with the first layer and with the 
nanoparticle surface. The third layer (over 10 nm in thickness) 
is defined as a volume in which polymer chains are loosely 
coupled and interacted with the second layer. In this third 
region, the polymer matrix is altered with respect to chain 
conformation and regarding mobility as well as free volume 
and crystallinity. An electric double layer (a Gouy-Chapman 
diffuse layer) is superimposed on the three layers described 
above. This electric double layer is formed by the surface 
charge of the nanoparticles and a subsequent counter charge in 
the polymers that decays exponentially from the contact 
surface to the Debye shielding length (with a calculated 
thickness of about 30 nm) [44]. It is important to keep in mind 
that the thickness of the layers can vary for the different 
composites which influences the observed parameters [45]. 
The thickness of the bonded layer (first layer) has been found 
by others to be about 1 nm, too, e.g. [46, 47]. The thicknesses 
of the second and the third layer, respectively, can be inferred 
through application of Tanaka’s model [45], however they 
cannot be precisely defined [48]. 

With the multi-core theory, experimental results, such as 
changes in permittivity, loss, low- and high filed conduction, 
space charge mitigation, thermally stimulated current (TSC), 
dielectric breakdown strength, and partial discharge (PD) 
resistance can be explained [45, 49, 50].  

Tanaka et al further suggest that nanoparticles interacting 
with charge carriers are not to be regarded as simple carrier 
traps but rather as quantum dots (QDs) with reduced or 
negative permittivity and Coulomb blockade effect. Since the 
charge carrier trap size is in the atomic range and since 
nanoparticles are substantially larger (in the nanometer range) 
and many properties of nanocomposites dielectrics can be 
explained, this concept seems to be valid. One particle might 
have several QDs of nanometer size on its surface 
(nanocrystals can be QDs) [51]. 

Another known deterioration mechanism is the formation of 
a so-called “electrical tree” before electric breakdown. This 
erosion mechanism is different from - but similar to - 
degradation through partial discharges. It describes the erosion 
of polymers in a network-like structure that visually resembles 
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the branches of a tree. Initial erosion of the polymer surface 
(“tree initiation”, or formation of a “tree bud”) may form 
branching channels (“tree growth”) into the bulk of the 
polymer. As it erodes, charring of the channel walls can occur, 
which causes these branches to exhibit increased conductivity 
that further promotes tree growth. Increases in treeing lifetime, 
i.e. resistance to tree growth, and PD resistance at low fields 
can be explained with the multi-core model as electrons 
interact with and are decelerated by electronic states (traps) in 
the third layer retarding the formation and length of tree buds 
[52, 53].  

 
Figure 5. Different layers as described in Tanaka's multi-core model. Figure 
modified according to [44]. 

The assumption that the charge carrier density is different in 
each of the three layers described in the multi-core model has 
been confirmed by Liu et al., with the second layer having the 
highest trap density and lowest charge carrier mobility and the 
third layer having the highest charge carrier mobility. PI/Al2O3 
nanocomposites were examined by the isothermal decay current 
(IDC) measurements and the small-angle x-ray scattering 
(SAXS) method [54]. The trap level distribution was evaluated 
using a modified isothermal discharge theory developed by Lei 
et al. [55]. SAXS was employed to find the electron density 
distribution in the interface, which is connected to the trap level 
and trap level density [54]. Smith et al. also confirmed that the 
interfacial region in nanocomposites is responsible for the 
change in electric properties and that these changes are mainly 
due to increased local conductivity and surface states of 
nanoparticles contributing to changes in mobility and charge 
carrier energy [56]. 

A potential barrier model has been proposed by Li. It shows 
similarities to the multi-core model. Here, however, an 
interaction zone is postulated as an independent region with a 
thickness of the transition region smaller than the free path of 
charge carriers. Low filler concentrations lead to carriers that 

are restrained in the transition region, and as a result the 
dielectric strength increases. However, the permittivity 
decreases due to the increased free volume in the interaction 
zone and therefore dipoles are less mobile. When the filler 
concentration reaches the percolation threshold, conducting 
paths are formed due to overlapping interaction zones, 
increasing conductivity and reducing the dielectric breakdown 
strength [57]. 

Other developed models calculate the effective permittivity 
by approximating the composites as two-phase systems 
consisting of a complex particle (ellipsoidal nanoparticles with 
an interfacial shell) and the matrix. It has been found out that 
the permittivity of the composite increases when either the 
permittivity of the nanoparticles or the thickness of the 
interfacial shell increase or when the particles are more disc-
shaped instead of ball-shaped [58]. 

Simulations have shown that “dangerous particle paths” 
leading to dielectric breakdown are statistically unlikely to 
form if particle or agglomerate sizes are kept below 1 µm and 
the filler volume fractions are kept at low values between 2 
and 5 vol% when a typical capacitor film thickness of 10 µm 
is assumed [59]. This highlights the importance of good 
dispersion of nanoparticles in polymer matrices. 

The incorporation of nanoparticles seems to be a proper 
way to improve the dielectric properties of polymers either by 
increasing the permittivity or the dielectric breakdown 
strength. In both cases the energy density of the dielectric 
material increases. In this review, Tanaka’s multi-core model 
will be used as a basis for discussion, as it is one of the most 
widely accepted and used models concerning the electric 
properties of nanocomposites. 

3.2 EXPERIMENTS ON NANOCOMPOSITES 

Large varieties of particle systems as well as polymers have 
been used in studies to characterize the influence of 
nanometer-sized particles in polymer matrices. Since 
Polypropylene is the most widely used material for plastic film 
capacitors, it is also often used in studies on polymer 
nanocompounds (PNC) [60–62]. Polyethylene is also often 
used as a matrix for PNCs [11, 63, 64]. For its main 
application as cable insulation [65], the aim is to reduce the 
permittivity. This is contrary to the field of power capacitors, 
where the target is to increase the permittivity. One has, 
however, tried to influence dielectric loss and breakdown 
strength in the same manner as for capacitor applications [11, 
63, 64]. Since from a chemical standpoint it is very similar to 
PP, experiments with PE-based nanocomposites should also 
be considered when investigating the advantages of utilizing 
nanoparticles for capacitor applications, despite PP is usually 
preferred due to higher operating temperatures at a 
competitive price. Due to the ease of preparation on a lab 
scale, epoxy is also often used as a model polymer to 
investigate the influence of nanoparticles on the dielectric 
properties of nanocompounds [66–68]. More recently, PVDF 
has also seen an increased interest for improvement with 
nanometer-sized fillers [69, 70]. Silica (SiO2) is primarily used 
as a filler due to its inexpensiveness and since it is readily 
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available [60, 61, 71]. Barium Titanate (BaTiO3) is also often 
used, especially for incorporation into PVDF due to its high 
permittivity [42, 70]. Other particle systems include Alumina 
(Al2O3) [72], Titania (TiO2) [66–68] and Magnesia (MgO) 
[64]. Due to the high specific surface area of nanoparticles, 
low filler concentrations of below 10 wt% are used for most 
studies [39, 61, 66], whereas filler concentrations of up to 20 
wt% [12] or even as high as 69 wt% [70] are investigated less 
often, but are also considered. 

Since dielectric breakdown is a phenomenon that occurs on 
randomly distributed weak points of the dielectric material, 
Weibull statistical analysis may be employed to characterize 
this dielectric property. Usually a two-parameter cumulative 
distribution function is used (Equation (1)). 

𝐹ሺ𝑥ሻ ൌ 1 െ exp ൤െ ቀ
௫

ఈ
ቁ

ఉ
൨           (1) 

The variable x stands for the measured breakdown field. In 
equation (1), α denotes the scale parameter and β the shape 
parameter. 63.2 % of the breakdown population lies below α. 
β indicates the width of the distribution. The higher the β-
value, the narrower is the distribution, i.e., the lower is the 
scattering. For high dielectric breakdown performance, high 
values for both α and β are necessary [73]. For practical 
capacitor design, however, high β-values are probably of 
greater relevance than high α-values, since breakdowns at low 
probability reduce the capacitor performance. 

3.2.1 POLYPROPYLENE NANOCOMPOSITES 

Dielectric Breakdown Field Strength: 

Polypropylene-silica nanocomposites show increased 
dielectric breakdown strength at low filler contents, an effect 
which occurs more pronouncedly for dc loads rather than for 
ac loads (50 Hz and 60 Hz) [61, 71, 74]. As can be seen in 
Figure 6, an increase of 52 % in the α-value for dc fields and 
only 20 % for ac fields has been found by Takala et al. for 
BOPP filled with 5 wt% SiO2 [74], while Bulinski et al. found 
a 12 % increase in ac breakdown field strength for 8 wt% SiO2 
in non-oriented PP films [71]. These differences, as well as the 
differences in the absolute values, might be related to a 
different sample preparation (biaxial orientation and no 
orientation, respectively) as well as to other measurement 
configurations (cylinder-plane and sphere-plane electrodes, 
respectively) as well as to different functionalization and 
possibly primary particle size. Other authors also found an 
increase in BDS for low concentrations of MgO [75], 
nanoclay [73], fluorohectorite [39], CaCO3 [76] and 
Polyhedral Oligomeric Silsesquioxanes [77] in PP. Even if the 
increase in α is not as high, the β-values also increase with the 
filler content and the distributions of the BDS values become 
more narrow and less extreme low values occur [39, 61, 71, 
73–77]. For the application as a dielectric for film capacitors, 
this in turn means that narrower safety margins could be 
defined and of the dielectric strength of the material could be 
better taken advantage. A critical filler size in the range of 
100 nm has been proposed. Below that, the short-term BDS is 
not negatively affected by the nanoparticles [78]. 

With respect to the dc measurements of dielectric 
breakdown strength, it has been found that there is a 
dependence on the measurement area [79] as well as on the 
ramp rate [79, 80]. An increased measurement area leads to 
smaller α-values [79]. This may have been expected as 
randomly distributed weak points are more likely to have an 
effect, when greater areas are examined. BOPP films show 
higher dc-BDS with higher ramp rates. This ramp-rate 
dependency is even amplified for silica-filled BOPP. In this 
study, the α-values for breakdown were lower for filled BOPP 
– a phenomenon that is attributed to agglomerates [80]. 
Agglomerate effects might disguise the influence of space 
charge effects that can affect the breakdown behavior. 
Tanaka’s multi-core theory postulates space charge mitigation 
by nanoparticles due to shallower energy levels of traps in the 
third layer [45]. From this, one can deduce that the ramp-rate-
dependency should be less pronounced for nanofilled BOPP. 
Agglomerates affect, on the other hand, the breakdown 
behavior in complex ways [81]. Without TEM or SEM 
analysis for the used samples in [80], no clear conclusions as 
to the underlying mechanics of the observed ramp-rate-
dependency can be made. It is notable that while for unfilled 
systems the shape parameter decreases with increasing ramp 
rate, for filled systems it first decreases but then increases 
again [80]. It was also found that the α-value for large area dc-
tests decreases with the filler content but increases in case of 
ac-tests [82].  

It has been proven that reprocessing of PP-nanocomposites 
and mixing with pristine composite can improve the dc-
breakdown behavior, indicating recyclability of PP-
nanocomposites without negative effects for capacitor 
applications [83]. A study on the ageing behavior confirms a 
similar behavior of nanocomposites to unfilled BOPP films 
with respect to the dielectric loss and to the large area dc-
breakdown [84]. 

It should be pointed out that none of the studies mentioned 
above provided roughness measurements of the film surface, 
despite this has been proven to affect the dielectric breakdown 
of BOPP films [15] and to possibly distort the results. 

 
Figure 6. DC breakdown strength (V/µm) of PP reference (+) and PP +  
5 wt% silica (o) presented in a Weibull probability plot. Both films were 
biaxially oriented. Reprint with permission of the authors from [74]. 
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Permittivity and Dielectric Loss: 

Real permittivity (εr’) and loss tangent (tanδ) usually vary 
only moderately at low filler concentrations when compared to 
the base polymer. Takala and Ritamäki found that εr’ increases 
and tan(δ) remains at values of the unfilled polymer in PP 
with low filler content of surface modified silica [61, 74, 84, 
85]. Since the first and the second layers of the multi-core 
model are considered to reduce the permittivity and the third 
layer is considered to increase it (as it contains dipoles and 
ionic carriers) [45], it is fair to state that in this case, the third 
layer is probably larger in volume than the first and second 
layers when considering the increase in permittivity. Since the 
increase is very slight and tan(δ) seems to remain at values of 
the unfilled polymer, it is further concluded that the Maxwell-
Wagner-Sillars (MWS)-polarization at the particle-matrix 
interface is not very pronounced. This argument is further 
strengthened by the fact that the permittivity difference 
between PP and silica is comparatively low and the good 
dispersion of the particles is due to hydrophobic surface 
groups. When non-surface modified silica is used, the 
dielectric losses tend to increase at low frequencies, probably 
due to water molecules at the interface [60]. When silicates or 
organoclays are added to PP, both permittivity and losses 
increase and relaxation peaks become evident in the loss 
tangent measurements that are attributed to MWS-polarization 
[86, 87]. Adding POSS can increase εr’ and tan(δ), depending 
on the used type [77].  

DC-Conductivity: 

It was found that if the nanoparticles have a high aspect 
ratio, the dc-conductivity of PP-nanocomposites may increase 
(i.e., the dc-resistivity may be negatively affected) due to 
overlapping diffuse double layers. However, looking at aged 
samples, the increase in dc-conductivity is less pronounced 
with increased filler contents [71].  

Space Charge: 

Space charge measurements are mostly conducted for PE-
composites, but one work that investigated PP-composites 
found similar results, i.e., a reduction in bulk space charge 
[39]. The results for PE-nanocomposites are listed below and 
an explanation of the behavior shall be given.  

Partial Discharge Resistance: 

Partial discharge (PD) resistance shows a considerable 
increase – this means lower erosion speed – when polymers 
are filled with nanoparticles. This is not only true for filled PP 
systems but almost universally for most polymer 
nanocomposites [12, 48, 61, 66, 72, 73, 88–90]. It is thought 
to have several reasons that are met for most nanocomposites 
systems. Therefore, all systems will be addressed: 

1. Nanoscale segmentation effect: finer segmentation results 
in stronger PD resistance (erosion tend to be slower for 
smaller nanoparticles) 

2. Permittivity difference effect: electric field focuses on 
nanoparticles due to their higher permittivity when 
compared to the matrix 

3. Coupling agent effect: tighter binding between matrix and 
nanoparticles results in improved PD resistance (first 
layer of the multi-core model has a major contribution) 

4. Nanofiller pile-up effect: nanoparticles form a protective 
layer at the surface after the destruction of the polymer 
matrix due to PD erosion [66] 

The last effect is shown schematically in Figure 7 and has 
been confirmed by optical microscope images [61] and by 
SEM and TEM analysis [89]. When partial discharge occurs, 
only the polymer is eroded. The inorganic particles then 
remain without polymer matrix, aggregate and “pile up”, 
forming sinter necks between each other due to a local 
increase in temperature during a PD event. With time, an 
insulating protective layer of inorganic particles is formed. It 
protects the underlying nanocomposites from further 
degradation through PD [89]. It has been found that the PD 
resistance can be increased up to 50 % for epoxy/silica and 
even doubled for PP/silica composites, as can be obtained 
Figure 8 [88]. Others found an increase in PD resistance for 
epoxy with increasing POSS-content due to a pile-up effect. A 
sevenfold increase was observed at very high filler loadings of 
20 wt% [12]. This, however, comes at the price of decreasing 
BDS and increased dielectric losses due to the formation of 
crystalline regions and the resulting field distortion due to a 
permittivity mismatch, so again, the optimal filler content was 
found to be at a lower value of 2.5 wt% [12]. Nanofiller pile-
up effect has also been proven in treeing experiments on 
epoxy/silica nanocomposites. There, it was found that the 
treeing growth is driven by partial discharges. Also higher 
filler content corresponded to increased PD resistance and in 
turn, slower tree propagation due to the formation of a 
protective oxide layer from the nanofiller in the tree channels 
was shown [91]. It was also put forth that the tree initiation 
rate decreases with the nanofiller content because of homo-
space charge formation around the needle-electrode tip which 
effectively increases the needle tip radius and thereby 
decreasing the effective electric field. This in turn decreases 
the number of discharge events [91]. 

 

Figure 7. Nanofiller pile up effect - theoretical model with three different 
areas. 1: surrounding medium; 2: protective layer; 3: non-eroded, nano loaded 
polymer. Figure drawn according to the model in [89]. 
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Figure 8. Erosion depth for polypropylene and epoxy nanocomposites at an 
aging time of 120 hours. Data collected from [88]. 

There are hints that the variation of the local field around 
particles affects the electric field in the composite and 
therefore influences the PD resistance (this addresses reason 
2). At filler concentrations below the percolation threshold, 
the space charge does not accumulate as much as in higher 
filled systems above the percolation threshold (PP+6 wt% 
organosilicate in this study). Hence, the PD resistance first 
increases with the nanofiller content and then decreases above 
the percolation threshold [62]. A similar behavior has been 
found for LDPE+SiO2 compounds [92].  

Furthermore, the coupling effect has been confirmed with 
an 67 % increase of PD resistance for surface modified silica 
in comparison to non-modified silica in XLPE (cross-linked 
polyethylene) [48].  

The segmentation effect has been proven by Tanaka et al. 
with epoxy nanocomposites [66, 72]. They also showed 
evidence for the permittivity difference effect by comparing 
the PD resistance of epoxy/silica and alumina nanocomposites 
with the more matched silica (lower permittivity) leading to 
higher PD resistance [72]. 

3.2.2 POLYETHYLENE NANOCOMPOSITES 

Dielectric Breakdown Field Strength: 

In few studies, the BDS decreases when nanofillers are 
added with surface modified silica fillers showing higher 
values than non-modified silica due to a better dispersion, e.g. 
[10]. Mostly however, it is found that both α- and β-values 
increase for filled PE and surface modified fillers perform 
superior compared to non-modified fillers [11, 48, 64, 65, 93, 
94]. These improvements are attributed to the reduction of 
bulk charge accumulation as local conducting paths are 
formed by overlapping electric double layers around 
nanoparticles [11]. 

According to another interpretation, charge carrier 
scattering at the interfaces as well as the suppression of charge 
carrier acceleration due to the reduction of free volume may 
explain the increased BDS [64]. It has also been shown that 
nanocomposites are more susceptible to water uptake that 
decreases the dielectric strength. The degree of susceptibility 
is dependent on the functional groups grafted onto the 

nanoparticles as well as on the conditioning of the samples 
[95]. 

Permittivity and Dielectric Loss: 

Both, the permittivity and the loss tangent behave 
inconsistently for nano-filled XLPE in a study where samples 
were prepared in one location and were distributed for 
evaluation by different groups. Some labs found improved 
dielectric parameters, in other labs, more negative effects 
prevailed, but it is still unclear where these discrepancies 
come from [48]. Obviously, test conditions are very important 
for evaluating the dielectric behavior of insulating films. 

Quasi-dc conduction (a sharp increase of the permittivity at 
low frequencies) has been observed for filled polyethylene at 
low frequencies due to charges migrating within the electric 
double layer around the particles inducing a polarization at the 
polar ends of particles, resulting in large dipoles with 
permittivities higher than those of the nanoparticles [11]. 

A study on water uptake of non-functionalized (hydrophilic) 
silica reported on two distinctive peaks in the loss spectra. The 
peak at lower frequencies was attributed to nanosilica/ 
water/nanosilica interfaces within agglomerates, whereas the 
peak at higher frequencies was attributed to agglomerate 
/matrix interfaces [78]. 

DC Conductivity: 

In contrast to Polypropylene, PE-composites show a 
decrease in dc-conductivity with increasing filler content. 
Surface modification amplifies this behavior [10, 48, 64]. 
When nanoparticles are added, trapping sites (quantum dots) 
are introduced in the polymers. They then reduce the mean 
free path of the charge carriers [64]. Nanoparticles are located 
near the surfaces of the polymers and can trap charge carriers 
that are injected from the electrodes. This yields in the 
formation of homocharges and inhibits further charge carrier 
injection. A lower charge carrier density in the sample bulk 
results and in turn a lower dc-conductivity follows [10, 51]. 

Space Charge: 

It has been found that space charge injection as well as 
accumulation is strongly reduced for increased filler contents  
[10, 11, 48, 64, 93], with one exception where impurities of 
the filler were attributed to be the reason for a space charge 
increase [94]. It was also found that hetero charge is reduced 
and homo charge (space charge with the same polarity as the 
neighboring electrode) is injected when PE is filled with 
nanoparticles while only hetero charge (space charge with the 
opposite polarity to that of the neighboring electrode) is 
formed for the unfilled polymer [48]. The mitigation of space 
charge can be explained with the multi core model: 
nanoparticles introduce a shallow trap band that results in an 
increase in apparent carrier mobility. Whether the shallower 
energy level of these traps is due to an addition of new traps in 
the nanocomposites to or the replacement of the original traps 
present in pristine polymer through the new traps could yet not 
have been clearly worked out [45]. 
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3.2.3 EPOXY NANOCOMPOSITES 

Typically, epoxy nanocomposites are being characterized 
for electrical insulation applications but there is no intent on 
using them as dielectrics for capacitors, due to their 
mechanical properties and processability. Since epoxy 
nanocomposites can easily be prepared in laboratories, they 
are considered sometimes as model composites to evaluate the 
influence of nanofiller content and surface modification of the 
nanofillers. Therefore, they are reviewed here as well.  

Dielectric Breakdown Field Strength: 

Generally, the BDS increases for nanofilled (oxides and in 
one case functionalized Si-particles) epoxy with increasing 
filler content up to a certain filler concentration before 
decreasing again for higher filler content. It has also been 
found that surface modification positively affects the dielectric 
strength [12, 13, 96–98]. This behavior is attributed to the fact 
that nanofillers may act as additional cross-linking sites. This 
leads to a higher cross-linking density and therefore lowers the 
free volume. One may also consider the locally increased 
conductivity at the interfaces, which mitigates charge 
accumulation and in turn homogenizes the electric field [12]. 
The decrease of the α-value at higher filler concentrations is 
attributed to an increase in imperfections if the dispersion 
quality is low [97]. An increase in water uptake at the 
interface and the formation of imperfections at the interface 
[13] or the formation of crystalline zones (in the case of 
POSS) that  result in a locally increased electric field and local 
charge accumulations at the interface [12] are also suggested 
to reduce the α-values. It was also found that bimodal surface 
functionalization of silica (i.e. two different molecules) can 
further increase (ac-)BDS when one species with long 
molecules increases dispersion and the other species with 
short molecules introduces electron trap sites [99]. 

In one study, however, no statistically significant increase 
could be found for epoxy/POSS-nanocomposites in ac 
breakdown strength. A possible increase in lightning impulse 
breakdown was hinted at, but could not be confirmed because 
of flash overs due to the measurement setting [100]. 

Permittivity and Dielectric Loss: 

The permittivity and loss tangent increase with the addition 
of POSS-filler content due to the higher εr’ of the filler and 
due to increased localized charge movement and MWS-
polarization especially at low frequencies and high filler 
contents [12, 45, 90]. It can be concluded that good dispersion 
is achieved if no additional relaxation peaks are found in the 
dielectric loss spectra [12]. At low filler concentrations, εr’ 
usually decreases due to the restriction of polymer chain 
movement in the first and second layer of the multi-core 
model [45, 90, 98]. 

3.2.4 PVDF NANOCOMPOSITES 

Poly(vinylidene fluoride), PVDF, which is a ferroelectric 
polymer, and its ferroelectric copolymers like poly(vinylidene 
fluoride-co-trifluoroethylene) (P(VDF-TrFE)) usually filled 
with high-permittivity nanoparticles like BaTiO3 are often 

investigated aiming to find composites with a very high 
energy density [40, 101].  

Dielectric Breakdown Field Strength: 

The dielectric breakdown field strength for PVDF-based 
composites first increases when nanofillers are added, for 
instance in the form of spherical particles or nanowires with a 
high aspect ratio. Above a certain filler content BDS, 
however, decreases [40, 42, 102, 103]. Again, this is attributed 
to the mitigation of bulk charge and the suppression of 
interfacial polarization at low filler concentrations and to the 
introduction of imperfections like voids at high filler loadings 
[40, 102].  

Permittivity and Dielectric Loss: 

εr’ usually increases greatly if nanofillers are added, while 
tan(δ) either remains independent or increases only slightly 
[40, 42, 42, 101, 103–105]. The permittivity is mainly 
considered as an effect of the formation of the ferroelectric β-
phase and of the high permittivity of the filler [40], while the 
good performance with respect to losses can be explained by 
the suppression of space charges. In addition, interfacial sites 
may trap charge carriers [101]. 

Hyroxylated and carboxylated graphene was dispersed in 
PVDF as well. Significant higher values for the permittivity 
were found, whereas the losses remained low. So-called 
“micro-capacitors” were assumed to form with the result of a 
higher overall permittivity, i.e., nanosheets with –OH-groups 
prevent agglomeration and small spaces between single sheets 
that are oppositely charged form. They form the “micro-
capacitors”, if the low percolation threshold of 0.2 wt% has 
been reached [106]. 

A significant increase in permittivity in conjunction with 
relatively minor decreases in BDS lead to a significant 
increase in energy storage density of up to 21 J/cm³. Such high 
values were only found for very high filler loadings (50 vol%) 
of BaTiO3 particles with paraffin shells. These compounds 
however show high residual polarization, which leads to 
elevated losses during the discharging of a capacitor film. This 
results in very low discharged energy density and low 
efficiency (η = Jre / (Jre + Jloss) where Jre is the recoverable 
energy density and Jloss is the energy loss [107]) of the 
capacitor film of only 10 % [70]. A comparable energy density 
of 20.5 J/cm³ with a significantly higher energy efficiency of 
60 % was found for a tri-layered structure with PVDF/boron 
nitride nanosheets as outer layers and PVDF/barium strontium 
titanate nanowires as central layer [103]. 

3.2.5 OTHER NANOCOMPOSITES 

In a study where polystyrol (PS) was directly grafted onto 
BaTiO3-nanoparticles to form core-shell particles, it was 
found that dielectric losses remain at low values while the 
permittivity significantly increases. Also, no relaxation peaks 
were found due to the absence of interfacial polarization 
[108].  When poly(methyl methacrylate) (PMMA) is directly 
grafted onto BaTiO3 particles, the permittivity also increases 
while losses remain low. Additionally, BDS increased slightly 
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when compared to pure PMMA. Altogether, a higher energy 
density was achieved [14]. 

In a similar study, silica particles with polymer grafted to 
the surface (assembled to form a composite with homogenous 
interparticle distance) were compared to classically blended 
PS-PMMA/SiO2 composites. Here, the permittivity increased 
also and losses remained low for the assembled nanoparticle-
composites, while losses increased significantly for 
traditionally blended composites. This results in a higher 
energy density and in an improved efficiency for the 
assembled nanoparticle-composites compared to the 
classically blended composites due to superior dispersion of 
nanoparticles [109]. 

The effect of high-temperature dielectrics where thermally 
crosslinked divinyltetramethyldisiloxane-
bis(benzocyclobutene) (BCB) was formed with boron nitride 
nanosheets (BNNS) being present, was investigated as well. It 
was shown that such a c-BCB/BNNS composite was superior 
to other high-temperature polymers like PEI, PV, PEEK or 
Kapton with regard to energy density and charge-discharge 
efficiency due to a reduction of high field leakage current at 
elevated temperatures [41]. 

In another study, multi-walled carbon nanotubes 
(MWCNTs) coated with polypyrrole were used as nanofillers 
for polystyrole in order to increase the energy density. It was 
found that the organic coating was very effective for ensuring 
a good dispersion of the MWCNTs in the matrix as well as for 
preventing percolation at low filler concentrations. The latter 
would lead to low BDS and high losses. Filler contents of 
0.1 %-wt. up to 10 %-wt. with pure PS samples as reference 
were investigated. It was found that the permittivity increased 
up to 44 with increasing filler content while losses remained at 
acceptable levels (< 0.07). However, it was also found out that 
the BDS decreased with increasing filler content so that the 
highest energy density of 4.95 J/cm³ was found at 8 %-wt. 
MWCNT-content [110]. 

4  SUMMARY 

Table 2 overviews the change in the dielectric properties for 
the most commonly investigated polymer matrices, under the 
precondition that only small amounts of nanofillers are added. 
The arrows indicate strong increase (upwards arrow), medium 
increase (northeast arrow), no change (horizontal arrow) or 
medium decrease (southeast downwards arrow) of the 
respective property. Question marks indicate that the influence 
of nanoparticles is highly inconsistent. 

  

Table 2. Influence of low nanofiller content on the dielectric parameters of 
polymer matrices. 

 PP PE Epoxy PVDF 

BDS     

εr’  ?   

tan(δ)  ?   

As a condensed conclusion, one may summarize that low 
contents of nanofillers generally increase the BDS, if the filler 
is well dispersed and if no percolation of the layers around 
particles with increased conductivity occurs to form 
conducting paths through overlapping layers between 
neighboring particles. Dielectric losses may increase when 
adding nanofillers or remain at levels very close to the base 
polymer, but a significant decrease can be ruled out. The 
influence of nanofillers on the permittivity depends on the 
specific combination of materials at hand and has a complex 
dependency with the surface functionalization of the nanofiller 
as well as the permittivities of the materials and the filler 
concentration. 

5  FUTURE 
Many improvements of polymer dielectrics have been 

achieved over the last years by incorporating nanometer-
scaled fillers into polymer matrices. However, there are still 
many open questions before these materials can be employed 
for large-scale production for power capacitors in converter 
stations or in offshore wind farms. Especially, the economic 
aspect of scaling-up the production to industrial volumes is to 
be carefully considered, as some of the nanofillers can be very 
expensive (e.g. BaTiO3), whereas others may be rather 
inexpensive (e.g. SiO2). This should be kept in mind when 
conducting research on composites targeting to an industrial 
application. Considering the fact that flexible films of several 
µm thickness have to be used for capacitors, it becomes clear 
that epoxy-based systems are not well suited due to their 
rigidity and owing to the fact that they cannot be melt-
processed like thermoplastics. Epoxy-based systems, however, 
can and will still be used as model systems to study 
nanoparticle-matrix-interaction on a laboratory scale since 
samples can be easily prepared.  

As mentioned above PVDF-based systems are 
disadvantageous due to their relatively high price as well as 
RoHS-conformity issues may remain in the future. This should 
always be kept in mind, but it is possible that these systems 
become competitive if major advantages over state-of-the-art 
BOPP films can be made. Today, BOPP-based 
nanocomposites show the most promising results for 
improvements of dielectrics for capacitor applications. This is 
because both the matrix material and the manufacturing 
processes are understood and commonly available. The 
incorporation of nanofillers on an industrial scale would 
require only few adaptations of the already existing 
manufacturing processes. Improved BDS would decrease film 
thicknesses and therefore yield smaller capacitors with the 
same applied voltages. Reduced size with the same power, 
however, will influence the thermal management in the 
capacitor, which has to be evaluated with life-sized 
demonstrator capacitors. If thermal management proves to be 
difficult, improvement of thermal conductivity of the 
composites should be investigated. 

One topic that should also further investigated is, the 
influence of nanoparticles on polymer matrices that has not 
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been fully theoretically understood. More effort should be 
spent on understanding interfacial effects and the behavior of 
nanocomposites on a microscopic level. 

So far, in most studies that are dealing with dielectric 
breakdown phenomena, the surface roughness of films has not 
been taken into account. One can easily imagine that a high 
surface roughness can decrease the breakdown field strength, 
as the thickness at certain spots of the film can decrease 
significantly. This may lead to a lower breakdown voltage 
(and the thickness is overestimated at this spot, which leads to 
a lower calculated field). Therefore, in order to achieve 
comparable results, roughness of samples should be recorded 
when characterizing the BDS. If the roughness of filled and 
unfilled systems is vastly different, the observed responses are 
a combination of material properties and measurement 
equipment and do not reflect pure material properties. 

In addition,  round robin tests of new nanofiller materials 
are recommended. 
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