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Abstract In this paper, we report the dielectric proper-
ties of composite systems (nanodielectrics) made of small
amounts of mono dispersed magnetic nanoparticles embed-
ded in a polymer matrix. It is observed from the trans-
mission electron microscope images that the matrix poly-
meric material is confined in approximately 100 nm size
cages between particle clusters. The particle clusters are
composed of separated spherical particles which comprise
unconnected networks in the matrix. The dielectric relax-
ation and breakdown characteristics of the matrix polymeric
material are altered with the addition of nanometer size
cobalt iron-oxide particles. The dielectric breakdown mea-
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surements performed at 77 K showed that these nanodi-
electrics are potentially useful as an electrical insulation ma-
terial for cryogenic high voltage applications. Finally, struc-
tural and dielectric properties of nanocomposite dielectrics
are discussed to present plausible reasons for the observed
low effective dielectric permittivity values in the present and
similar nanodielectric systems. It is concluded that poly-
meric nanoparticle composites would have low dielectric
permittivity regardless of the permittivity of nanoparticles
are when the particles are coordinated with a low dielectric
permittivity surfactant.

PACS 61.46.-w · 82.35.Np · 77.22.Jp · 77.22.Gm

Electrical insulation materials with improved physical prop-
erties are needed for high voltage applications, especially
at cryogenic temperatures. To achieve such improvements
material combinations in the form of nanocomposites have
been investigated [1–4], other nanodielectric systems for
conventional applications have also been reported [5–11].
This new class of materials, called nanodielectrics, exhibits
promising results such that employed nanometer size inclu-
sions have not degraded the dielectric properties of the ma-
trix material. In addition, the lifetime of the electrical insu-
lation systems have been improved significantly. There have
been reports related to the lowering of the dielectric permit-
tivity in some nanocomposites systems [12], which were re-
lated to the interaction zone or, in other words, the constrain-
ing of the polymer chain mobility [2, 5, 6, 13, 14]. Investi-
gations into the properties of the interaction zones different
polymeric systems relaxation dynamics in polymeric sys-
tems and their composites have been explained by nanocon-
finement [15–18]. In the present study we particularly inves-
tigate this aspect of a nanocomposite system composed of
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poly(methyl methacrylate) (PMMA) filled with cobalt iron-
oxide (CoFe2O4) nanoparticles with dielectric spectroscopy
and numerical simulations based on effective medium ap-
proach [19–21]. The dielectric properties, i.e., dielectric dis-
persion, non-linear low frequency response and dielectric
breakdown strengths are reported to illustrate the potential
of these systems in high voltage technology and power ap-
paratus design. It is observed that the nanocomposites per-
form better than the unfilled matrix material in a cryogenic
electrical insulation application.

The experimental details are as follows. The PMMA
polymer was supplied from Sigma-Aldrich, and had a
molecular weight of 996 000. PMMA was diluted with
toluene 1:10 for synthesizing nano-composites. Co(acetyl-
acetonate)3 (98%), Fe(acetylacetonate)3 (97%), 1,2-hexade-
canediol (90%), oleic acid (90%), and oleylamine (70%)
were purchased from Aldrich. Phenyl ether (99%) was pur-
chased from Acros Organics. Hexane (99.5%) and denatured
ethanol (90.5%) were purchased from Fisher. All reagents
were used without further purification. Synthesis of 6 nm
diameter CoFe2O4 nanoparticles was as follows [22]. The
reagents Co(acac)3 (0.356 g, 1 mmol), Fe(acac)3 (0.706 g,
2 mmol), 1,2-hexadecanediol (2.58 g, 10 mmol), oleic
acid (1.6 g, 6 mmol), oleylamine (1.61 g, 6 mmol), and
phenyl ether (20 mL) were magnetically stirred and heated
to 100°C under vacuum, then to 200°C under an Ar at-
mosphere and held at that temperature for 2 hours (acac
= acetylacetonate). The reaction mixture was then heated
to reflux (265°C) for an additional 1 hour under an Ar at-
mosphere and subsequently cooled to room temperature.
Ethanol (40 mL) was added to the reaction mixture pre-
cipitating a black powder which was separated by centrifu-
gation at 7500 rpm for 5 minutes. The product was then dis-
solved in 10 mL of hexane containing oleic acid (0.05 mL)
and oleylamine (0.05 mL) and centrifuged at 6000 rpm for
10 minutes, discarding any undissolved residue. The black-
colored product was precipitated with ethanol and puri-
fied twice by redissolving in hexane, centrifuging at 7500
rpm for 5 minutes, and precipitating with ethanol. Finally,
PMMA/toluene mixture and CoFe2O4 were mixed in de-
sired amounts to fabricate the samples. The mixtures were
sonicated using a horn homogenizer for 15 min. Samples
were cast on glass slides with thicknesses around 30 µm.

Structural properties and distribution of particles, ho-
mogenization, were investigated with the scanning trans-
mission electron microscope (STEM, Hitachi HD-2000),
which operated in bright field and Z-contrast STEM mode.
The TEM samples were prepared by cutting off a small
piece of the film, wetting in isopropanol, and placing on a
3 mm copper grid with carbon/formvar backing (Ted Pella,
#1822). The impedance measurements were performed with
a QuadTech 1920 LCR meter over 20 Hz–1 MHz frequency
window at room temperature. Low frequency non-linear

dielectric measurements were designed using a Keithley
6417A electrometer/high resistance meter. In these measure-
ment a triangular source voltage was generated from the in-
ternal power supply of the electrometer using the Labview
data acquisition program with oscillation frequency lower
than 0.01 Hz. Breakdown tests were performed in a liquid
nitrogen bath using a 20 kV transformer.

In Fig. 1, the TEM images of one of the samples are pre-
sented at different scaling/magnification levels. It is clear
that at the low magnification image, Fig. 1a, that the par-
ticles are aggregated and formed clusters of approximately
100 nm in size. Although the sonication helps to disperse
the particles, aggregates are still visible. As the magnifica-
tion is increased, cf. Fig. 1b, individual particles are iden-
tified as bright gray spots, a clear separation between parti-
cles is visible. At the highest magnification, Fig. 1c, individ-
ual particles can be distinguished with particle sizes rang-
ing between 5–10 nm, average particle size is around 6 nm.
There is no connectivity between particles. The particles are
coordinated (covered) with oleic acid, which is the surfac-
tant. The distance between particles is several nanometers,
the thickness of the surfactant. The CoFe2O4 particles have
very narrow size distribution compared to our previous in-
vestigations [1, 2]. However, the aggregation is similar to
the epoxy system studied [2], which indicate that the ex-situ
particle fabrication and dispersing with sonication would not
improve particle distribution. In the previously studied sys-
tem [2] nanoparticles were larger than in the present case,
and they were not functionalized with surfactants. There-
fore, it is anticipated that the electric field enhancement
and field grading effects would be better than that system.
Although using capping agents and surfactants have been
shown to improve particle dispersion, it is anticipated that
the polarization and conduction properties of nanocompos-
ites would be much different in the presence of those agents.
The polarization and conduction characteristics of the agent
should be known, i.e., an agent with high dielectric permit-
tivity would not be beneficial for electrical insulation ap-
plications (as discussed below). Investigations on dielectric
properties of the deionized water and water/octane mixture
system, in which the water is dispersed as nanometer size
spheres using a surfactant (butanol and cetyl trimethyl am-
monium bromide) with reverse-micelles technique, showed
that the presence of a surfactant alters the dielectric relax-
ation of octane–water mixture significantly.

Observe that in Fig. 1a the distance between particle clus-
ters is around 100 nm. A perfectly uniform distribution on
a basic cubic lattice with 6 nm particle size yields a spac-
ing of around 30 nm, see Fig. 2. A regular distribution of
particles would lead to a decrease in the number of nanopar-
ticles. This would also yield an important breakthrough in
designing nanocomposites with well defined structures and
properties.
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a b c

Fig. 1 Transmission electron microscope images of one of the sam-
ples with 2 vol% CoFe2O4. The images illustrate features at the dif-
ferent levels of magnification, a 300 nm, b 150 nm, and c 50 nm. In a
and b, the dark gray regions are the poly(methyl methacrylate) and the

light regions are the cobalt iron-oxide particles. In c, the particles are
the dark round objects, and the polymer is the light gray background.
In a and b, it is evident that a clump of particles are present. From c the
average particle diameter can be estimated at around 6 nm

Fig. 2 Some physical quantities estimated for a nanoparticle filled
composite. The calculations are performed assuming a basic cubic
arrangement of particles. Volume fraction of particles q and particle
radius r are varied. The particle number density N and total parti-
cle surface area S are presented per cm3 of nanocomposite in contour
plots. The distance between particles �x are also shown to give a rough
idea on the expected distance between particles in a nanocomposite.

The rectangular area illustrates the expected parameter space for the
studied systems due to particle size distribution, to pinpoint the loca-
tion of the mixtures data are plotted with filled symbols (•). The fabri-
cated CoFe2O4 PMMA systems with low concentration of nanopar-
ticles could have the following structural properties 3 × 1014−1016

particles/cm3, 0.3–4 m2/cm3 as the total particle surface area per cm3

and 32–128 nm between particles

Although the particles form clumps, they do not fuse
together forming large crystallites because of the utilized
surfactant. In addition, the PMMA is forced between the par-
ticle clusters (confined in nano scale), constraining its mole-
cular motion [15–18]. As an analogy to this phenomenon,
assume a group of people apart from each other with their
hands open and rotating on a field. If the poles are distributed
randomly on the field, some of the crowd would not continue
to rotate and their motion would be constrained leading to
a decrease in the total rotational energy of the crowd. Simi-
larly, the dielectric polarizability (or the polarization energy)
of polymer chains would be constrained and the total polar-
ization/permittivity of the polymer will be lowered in the
presence of nanoparticles. Therefore, low permittivity val-
ues are obtained in nanodielectrics when compared to the

permittivity of the matrix material. One should also consider
the influence of the particles on the effective dielectric per-
mittivity of the composite such that high permittivity mate-
rial would increase the permittivity of the matrix. However,
as will be shown later this does not have any significant in-
fluence on the permittivity of the composite when the parti-
cles are clearly separated.

In Fig. 3, the complex dielectric permittivity, ε = ε′−ıε′′,
of unfilled PMMA and CoFe2O4 filled PMMA are presented
for the low voltage impedance measurements (applied volt-
age was 1 V). It is very clear that the dielectric dispersion
of the PMMA is changed with addition of very low volume
fraction of CoFe2O4 nanoparticles. The unfilled PMMA in-
dicates a near-dc dielectric dispersion at frequencies lower
than 1 kHz, where both the real and the imaginary parts
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Fig. 3 a The real and b the
imaginary parts of the complex
dielectric permittivity of PMMA
and PMMA-CoFe2O4 mixtures.
The legends 0–d are the samples
with different volume fraction of
CoFe2O4, listed in Table 1. The
lines are drawn to guide the eyes

Table 1 Dielectric properties of unfilled and CoFe2O4 filled PMMA.
The weight and volume percentages of CoFe2O4 together with the
high frequency permittivity ε∞ and dc conductivity σ0 values calcu-

lated from the DRT approach are listed. The data containing dielectric
breakdown information are summarized. The mean and the standard
deviations in the breakdown measurements are denoted with μ

Label wt vol ε∞ σ0 b a a1 xW xG μ

% % ε0 [pS/m] [kV/mm] [kV/mm] [kV/mm] [kV/mm] [kV/mm]

0 0 0 3.79 66.2 4.28 152.9 52.3 0.0 33.1 139 ± 36

a 0.60 0.13 2.89 8.81 4.00 169.0 53.6 82.4 31.3 151 ± 45

b 1.38 0.30 2.64 7.73 3.88 160.2 49.0 18.3 25.6 153 ± 42

c 2.04 0.45 2.23 7.12 3.47 180.3 48.0 0.0 0.0 145 ± 41

d 2.95 0.65 3.02 8.50 4.09 162.5 52.8 0.0 0.0 162 ± 49

of the complex permittivity increase with decreasing fre-
quency. The filled samples on the other hand do not show
a similar behavior. The relaxation occurring at low frequen-
cies in PMMA is suppressed by the addition of nanopar-
ticles. Further analysis of the dielectric data with the dis-
tribution of relaxation times [23–29] would indicate any
(dis)similarities in the dielectric dispersions.

A numerical method based on the Monte Carlo method
and constrained least-square technique was utilized to ana-
lyze the dielectric spectroscopy data [23]. The complex di-
electric permittivity may be expressed in terms of a general
distribution of relaxation times (DRT) formalism,

ε(ω) = ε∞ + (εs − ε∞)

∫ ∞

−∞
g(ln τ)dlnτ

1 + ıωτ
+ σ0

ıε0ω
, (1)

where ε∞ ≡ ε′(∞) and εs ≡ ε′(0) (the quantity �ε ≡ εs −
ε∞ is defined as the dielectric relaxation amplitude), and
g(ln τ) is the distribution function. The parameters ω, τ ,
ε0, and ı in (1) are the angular frequency, the relaxation
time, the permittivity of the vacuum, and the pure com-
plex number (ı ≡ √−1). For a delta sequence distribution
[30], (1) leads to a simple Debye response [31]. The method
does not suffer from a priori assumptions as in paramet-
ric curve fitting techniques. In Fig. 4, one of the results
of the analysis is illustrated. The sample with the 2 wt%
CoFe2O4 filled PMMA shows several relaxation peaks. The

numerical method can resolve the distribution over a larger
time scale than the measuring system can acquire (shown
with the dashed lines (– – –) in Fig. 4c). The peak appear-
ing for times lower than 1 × 10−7 s is due to the numeri-
cal procedure. The material parameters, i.e., permittivity at
high frequencies ε∞ and dc conductivity σ0, resolved from
the DRT analysis are listed in Table 1. Notice that a deep
analysis could not be possible in other dielectric data tech-
niques based on the parametric methods (see the discussions
in [24–27]).

Employing the DRT numerical method for the other sam-
ples highlights similarities between the dielectric disper-
sions of unfilled and filled samples, cf. Fig. 5. It appears
there is a background relaxation with a time dependence in
the form of a power law with τ 0.2. There are small relax-
ation peaks between 10−6 s and 10−2 s that appear only in
the filled samples. These extra relaxations are attributed to
the interfacial region between the nanoparticles and the ma-
trix, which is considered as the interaction zone by Nelson
and co-authors [5, 6, 12]. In a previous paper, it has been
reported that the method of DRT is sensitive in composites
and could be able to resolve single relaxations [32, 33]. Here
slightly similar behavior is observed, the relaxations which
are present in all samples are marked with short vertical ar-
rows in Fig. 5. The relaxation located at τ ∼ 5 × 106 for the
unfilled PMMA and the samples with low concentrations of
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Fig. 4 a The Argand plot of the
dielectric dispersion of sample
with 2 wt% CoFe2O4. The solid
line (——) is the curve fitted
using the DRT in c. b The error
in the real and the imaginary
parts of the measured and
estimated permittivity from the
DRT, δε = εmod − εest. c The
DRT (open symbols-◦) and the
smoothed data is plotted with
solid lines (——) and error bars.
The dashed lines (– – –) in c
illustrate the frequency limits
(bounds) in the measurements
corresponding to the DRT scale

Fig. 5 The DRT spectra for unfilled and CoFe2O4 filled PMMA. The
data are shifted up to guide the eyes, increasing concentration is shown
with a bold arrow. The distribution peaks that are similar to all samples
are marked with vertical short arrows. The DRT of samples indicate a
time dependence τ 2/10 on the time axis between 10−6 s and 10−2 s,
this is shown with the dashed line (– – –)

CoFe2O4 moves a decade towards faster times for the sam-
ple with the highest CoFe2O4 concentration. In Fig. 3a, the
shift in the real part of permittivity of PMMA is significant.
As the nanoparticles are introduced to the system, the re-
sponse at fast relaxations illustrate a different relaxation be-

havior compared to the unfilled PMMA. These relaxations
could be due to the interfacial polarization [19, 34–36] since
embedded metal oxide particles would yield a relaxation at
high frequencies due to their intrinsic conductivity [19]. It
is worth mentioning that these relaxations with fast times
are not capable of generating large polarization response on
the high frequency end of the dielectric dispersion. How-
ever, the particles somehow decreased the dielectric disper-
sion in PMMA at high frequencies, see ε∞ in Table 1. The
observation shows that molecular motion of polymer chains
is blocked by the presence of nanoparticles lowering the per-
mittivity of PMMA at high frequencies [2, 6, 11, 14–18],
which is also an evidence of nanoconfinement discussed pre-
viously.

To investigate and confirm this observation, a further
experiment was performed using a slowly varying elec-
tric field. A triangular voltage was applied, and the current
through the samples was recorded. The current density ver-
sus electric field results are shown in Fig. 6a. The signifi-
cance of the experimental results obtained for unfilled and
0.13 vol% CoFe2O4 filled PMMA are shown in Fig. 6b
and 6c, respectively. The introduction of CoFe2O4 particles
in PMMA reduces the conductivity and polarization effects
in the material. If a material shows linear response in its
conductivity and polarization, the response presented as in
Fig. 6 should yield a deformed ellipse [37, 38]; none of the
samples show this sort of behavior. The current densities
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Fig. 6 a Current density versus
applied electric field. Time
dependent applied field and
current density measured for
b unfilled and c 0.13 vol%
CoFe2O4 filled PMMA,
respectively. The sample symbol
labels are the same as in Fig. 3

illustrate that the response of the PMMA is altered from
a non-linear to a more linear one with the nanoparticles.
Moreover, polarization characteristics of PMMA changed
with addition of nanoparticles, the displacement current re-
sponse decreased significantly. Small signal conductivities
estimated from the dielectric response using the DRT yield
lower values than the unfilled PMMA as well, cf. Table 1.

Dielectric relaxation properties of insulating materials
are of importance when the insulation is embedded in or in
contact with another material, such as air, liquid nitrogen,
transformer oil, etc., to form an insulation system. In that
case dielectric permittivities of the macroscopic materials
should be comparable to avoid electric field enhancement
(electric stress) in the material with the lowest permittivity,
which is typically air, liquid nitrogen or transformer oil in
the insulation system. The nanodielectric materials studied
here indicate that loading PMMA with a small amount of
CoFe2O4 nanoparticles could encourage cryogenic power
apparatus designers to consider filled PMMA in their ap-
plications instead of unfilled PMMA due to the significant
decrease in the dielectric permittivity (approximately 60% at
high frequencies and 20% at low frequencies, cf. sample c in
Table 1). This last statement can be true only if the dielectric
breakdown strength of the nanodielectrics are as good as the
unfilled PMMA. To investigate the breakdown characteris-
tics of unfilled and CoFe2O4 filled PMMA, a small number
of samples, around 20, were tested in a liquid nitrogen bath
to obtain statistical data on breakdown. Note that the high
frequency permittivity values presented in Table 1 at room
temperature would correspond to low frequency permittivity
values at liquid nitrogen temperature.

In Fig. 7, the dielectric breakdown characteristics of the
samples are presented as Weibull plots [39–42]. The Weibull
statistics is based on an empirical survival probability Ps(x)

[39, 40, 43],

Ps(x) = 1 − F(x), (2)

where F(x) is the failure probability. The survival probabil-
ity Ps(x) in (2) is given as follows [39]:

W(x; A, B, xW) = exp
[−A(x − xW)B

]
, x ≥ xW, (3)

where parameters A, B , and xW are fit parameters on the
measurement of observables x. The authors of [44] empha-
sized the importance of plotting positions (median rank) us-
ing randomly generated data and compared their results for
various plotting positions. In Benard median rank represen-
tation [45], the data is sorted from the lowest observable
value to the highest one, and the indices i of the sorted ob-
servables are later used to assign the failure probability F(xi)

of the appropriate observed value xi , as follows,

F(xi) = (i − 0.3)(Nd + 0.4)−1, (4)

where Nd is the total number of observables which was
around 20 in the current study. Note that the data are sorted
before the computation in (4). They are later analyzed as
plotted in loge{loge[1−F(xi)]−1} versus xi or loge(xi); loge

is the natural logarithm. A nonlinear curve fitting (simplex)
algorithm [46] shall yield the free parameters {A, B, xW}
in (3), where the significant engineering design parameter,
the lower bound for the failure probability, is given by xW.
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Fig. 7 Dielectric breakdown of
unfilled a and CoFe2O4 filled
PMMA samples b–e at liquid
nitrogen (77 K). Samples a to
d have breakdown data in
subfigures b to e. The whole
data sets are shown with the
filled symbols. The data are
analyzed with different failure
statistics. Significant parameters
of the models are listed in
Table 1. The solid (——),
dashed (– – –), and dotted
(– · –) lines represent the data
for (6), (3), and (5), respectively.
Sample thicknesses were around
20–50 µm

The two parameter Weibull distribution assumes that the
lower bound xW ≡ 0. This expression is also considered in
the present study, and its survival probability Ps is given
as

w(x; a, b) = exp
[−(x/a)b

]
. (5)

The parameters a, and b are obtained from a linear curve
fitting algorithm using the loge-linear scale. The parameter
a is the 63% (1 − 1/e) failure probability of a sample. We
list an additional parameter a1 in Table 1 which is the 1%
failure probability of the sample.

Since the Weibull expression in (3) is an empirical ex-
pression, another, more suitable expression can also be
adapted as the failure probability F(x) for a given data set.
We therefore propose an exponential function for the failure
probability as follows:

G(x; α, β, xG) = αx−1 exp
[−β(x − xG)−1],

x ≥ xG, (6)

where the free parameters α, β , and xG are acquired as be-
fore using the simplex (direct search) method [46]. In (6), xG

is similar to xW such that it is also the lower bound (thresh-
old) value for the failure probability.

The breakdown data were analyzed with the presented
expressions as shown in Fig. 7. The results of the sta-
tistical analysis are listed in Table 1, only two-parameter
Weibull expression is able to represent the all composite
data sets. Other two expressions, (3) and (6), do not yield
threshold values for the uncensored data. However, censor-
ing [41] or the application of a novel numerical method
[42] might yield a threshold value for the samples, which
is not included in the current presentation. The inclusion of
CoFe2O4 nanoparticles improves the dielectric breakdown

characteristics of the PMMA. The amount of CoFe2O4 em-
ployed increased the mean value of the breakdown strength
from 140 kV/mm to 163 kV/mm depending on the con-
centration of CoFe2O4. The slopes of the Weibull plots β

are not different for the samples, while their 63% break-
down values α indicate a similar behavior as μ. The three-
parameter Weibull expressions was not able to generate a
workable parameter for the data sets. However, (6) produced
better fits for the data however its threshold values were
not better than the unfilled PMMA, cf. Table 1. As a result
the PMMA doped with CoFe2O4 is as good as (or slightly
better than) the unfilled PMMA. A similar observation has
been reported for oil-based magnetic fluids in which the ad-
dition of maghemite nanoparticles increased the dielectric
breakdown of transformer oil [47]. Consequently, slightly
CoFe2O4 filled PMMA can be utilized as an electrical insu-
lation material at low temperatures in high voltage applica-
tions or power apparatus.

To further investigate the dielectric behavior of nanodi-
electrics, two dimensional numerical calculations were per-
formed using the effective medium theory (see the details
in [19, 48–50]). In the calculations frequency dependent
properties of the phases are disregarded. It is observed that
the coated nanoparticles help to grade the potential distri-
bution uniformly in a composite. In the numerical analysis
the nanodielectric structure presented in Fig. 1b was taken
into consideration, and only a particle cluster region was
employed in the calculations as shown in Fig. 8a. The par-
ticles were represented as hexagons with sides a. The sur-
factant region (shown with thick lines in Fig. 8a), interphase
between the particles, has dimensions of 0.2a. The mater-
ial parameters were assigned as matrix ε1, particles ε2 and
surfactant ε3. The fraction of the different material regions
were 0.44, 0.36, and 0.20 for the matrix, particles and inter-
phase, respectively. The permittivity of the matrix was taken
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Fig. 8 a The geometry considered in the two dimensional numerical
calculations based on the finite element method. The geometry repre-
sents the region where particles form clusters. Each particle is assumed
to be covered with a layer which can be considered as a surfactant
or the matrix material. b The effective dielectric permittivities calcu-
lated for some phase permittivity configurations as a function of ratio
of permittivity of particles to interphase. In the calculations a com-
posite with three components, εi with i = 1,2,3, are considered. The
matrix phase, inclusions and interphase are denoted by 1, 2, and 3, re-
spectively. The rectangular regions represents the bounds expected for
the particle concentrations with and without the layers included in the
calculations. The data points labeled with ‘(a)’ and ‘(b)’ are the values
calculated from the field distributions in Fig. 9

to be constant, ε1 = 2. The permittivity of CoFe2O4 parti-
cles were taken from the literature, where it was reported
for different firing temperatures and grain sizes [51, 52],
ε = [6 − 25]. Here we considered three different values to
indicate the significance of the surfactant layer. The permit-
tivity of surfactant, oleic acid, was taken from the literature
[53, 54], ε3 ∼ 2. Again several surfactant permittivity val-
ues were considered to once again show the importance of
electrical properties of the surfactant on the effective per-
mittivity. Figure 8b shows the expected permittivity εe for
the particle cluster. It is very clear that when the permittiv-
ity of the surfactant ε3 is lower than the particles permit-
tivity ε2 and close to the matrix permittivity ε1, the region
in which particles aggregated have an effective permittivity
not much different than the matrix permittivity, εe ∼ 2 × ε1.

a

b

Fig. 9 Electrical field (gray scale) and equi-potential (solid lines
——) distributions in the composite structure for two of the cases rep-
resented in Fig. 8 with ‘(a)’ and ‘(b)’. Light gray regions indicate the
high electric field regions. a The interphase has higher dielectric per-
mittivity than the matrix medium one. b The interphase has the same
dielectric permittivity as the matrix. In a, particles are aggregated and
deform the potential and electric field significantly causing large elec-
tric field values. In b, on the contrary observe that individual parti-
cles are visible when particles are separated which improves the poten-
tial distribution because each particle acts like a floating electrode and
smooths out the voltage distribution. These two distributions clearly
illustrate that small particles have field grading properties when they
are separated with a low permittivity (permittivity close to the matrix
medium one) interphase/surfactant material

Notice that even high permittivity particles would not yield
a high effective permittivity for clusters. This effect would
be also obvious if dielectric mixture expressions and depo-
larization factors of different shapes are taken into consid-
eration. A surfactant with a high permittivity would yield a
high effective permittivity. As a result the permittivity values
ε∞ listed in Table 1 can be better understood with the cur-
rent numerical findings. Low dielectric permittivity of the
oleic acid and broken connectivity of the particles yield low
permittivity values for the nanodielectrics.

To better visualize the surfactant effect, two field distri-
butions are plotted in Fig. 9. In Fig. 9a, the equi-potential
lines are not distributed uniformly, and the electric field dis-
tribution, presented with a gray scale, has no component
inside the particles (as shown with a solid black region)
when the surfactant has high dielectric permittivity. How-
ever, Fig. 9b illustrates the potential distribution uniformity
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and field distribution where the region between particles are
stressed when the surfactant has a similar permittivity value
as the matrix material. Since there is a relation between di-
electric breakdown and thickness in insulation materials it
is anticipated that the field would not be high enough to
cause a breakdown between particles. This might be a rea-
son why high dielectric breakdown values are observed in
nanodielectrics.

In conclusion, we reported our findings on the dielec-
tric properties and breakdown characteristics of CoFe2O4

filled PMMA nanodielectrics. It was observed that a slight
enhancement in the breakdown strength can be obtained by
introducing spherical mono dispersed CoFe2O4 nanoparti-
cles. A significant decrease (60%) in the dielectric permit-
tivity of the nanocomposite was recorded compared to the
unfilled PMMA. The samples prepared with low concentra-
tion of CoFe2O4 (≤1 vol% or <3 wt%) indicate improved
properties as an electrical insulation material for cryogenic
applications, e.g., high temperature superconducting cable
systems. Here it has once again been shown that metal oxide
inclusions in nanoparticle form can be employed as an alter-
native to voltage stabilizing agents to improve the dielec-
tric strength of polymeric materials. Furthermore, a couple
of points are introduced to explain the dielectric properties
of nanocomposites by utilizing numerical calculations. It is
manifested that employing a surfactant with low dielectric
permittivity yields a low effective dielectric permittivity of
nanodielectric mixtures due to broken connectivity between
particles independent of the permittivity of the nanoparti-
cles.
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