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Electromagnetomechanical coupling
response of plastoferrites

C. BROSSEAU, W. NDONG

Laboratoire d Electronique et Systémes de Télécommunications, Université de Bretagne Occidentale,
CS 93837, 6 avenue Le Gorgeu, 29238 Brest Cedex 3, France

The impetus of this work was to investigate the electromagnetic and tensile properties of several
commercially available plastoferrites (PFs) at ambient conditions. The approach involved selection of a
set of PFs, and measuring their complex effective permittivity £= & — j&” under uniaxial stress at micro-
wave frequencies in the range 0.1-4.5 GHz at room temperature. The € spectra have been analyzed for
intensively strained PFs up to 3%. Comparing the experimental £ values against several dielectric relaxa-
tional behaviours, we find that the main physics cannot be understood with a single relaxation mecha-
nism. More importantly we show that the £ measurements under stress can be explained in terms of
a Gaussian molecular network model in the limit of low stress. The present results have important appli-
cations in magnetoactive smart composite materials, e.g. flexible circuit technology in the electronics
industry (sensors, actuators and micromechanical systems), functionalized artificial skin and muscles for
robotic applications.

Key words: plastoferrite; effective permittivity, microwave spectroscopy

1. Introduction

Plastoferrites (PFs) are thermosetting polymers filled with ferrite particles. Ferrites
are widely used for components in high-frequency electronic devices, taking advan-
tage of their high initial permeability, and high electrical resistivity. On the one hand,
the ferrite (e.g., BazCo,Fey0y) is a soft magnetic material with a planar anisotropy,
having a relatively high resonant frequency and high permeability. On the other hand,
the hexaferrite (e.g., BaFe,0y9) has a high saturation magnetization and a strong uni-
axial anisotropy leading to low permeability and very high resonant frequency. PF is
a composite having constituents with highly dissimilar mechanical properties: poly-
crystalline ferrites have the density of about 5 g/cm’ and a longitudinal modulus of the
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order of 100 GPa, whereas a typical epoxy has a low density of about 1 g/cm’ and
a longitudinal modulus of a few GPa. These large differences can result in complex
behaviour under tensile stress, particularly at higher loadings of ferrite. PFs are distin-
guished from other magnetic materials by their useful applications in a wide variety of
fields such as microwave absorbers and flexible magnets. In addition, the mouldability
of these composites into complex shapes is another advantage, and the properties of
this class of filled polymers may be valuable to several related industries due to the
versatile engineering and cost effectiveness.

On the experimental front, we note that there is no plethora of experimental and
theoretical studies on the magnetization mechanisms and permeability behaviour in
these materials. Along with technological interest in the magnetic properties of PF,
there are also fundamental reasons for being excited about them. PFs are interesting
partly because they are a class of composite materials that provide materials scientists
an interesting opportunity for furthering our understanding of multifunctional materi-
als. Moreover, the possibility in changing the grain size such as it matches with rele-
vant fundamental length scales associated with exchange and dipolar coupling is one
of the several issues that need to be addressed in regard to the aforementioned micro-
wave applications. The electromagnetic wave transport properties of particulate com-
posites are different in striking ways from those of the bulk counterparts. Tensile
stress in these materials is complicated by the complex evolution of microstructure.
Although there have been several attempts to develop the magneto-mechanical cou-
pling characteristics of PFs, the progress of these methods has been impeded by the
lack of precise experimental electromagnetic data, and general factors characterizing
and explaining their polarization and magnetization are not well understood. One such
factor is the elasticity network which strongly governs the physical/mechanical prop-
erties in the end use.

Rubber and particle-filled polymeric resins are large polymeric solid networks
formed when polymers in the molten state are randomly cross-linked by permanent
bonds and polymer chains are attached to the surface of particles. These materials are
much more flexible than ordinary crystalline solids and, moreover, may remain in the
linear viscoelastic regime even in response to deformations increasing their dimen-
sions far beyond their original, unstrained, size. Such a behaviour is attributed to the
elasticity network structure of these materials and to the fact that the elastic restoring
forces are of entropic origin. Considerable scientific debate has taken place over the
last decades regarding the structure and properties of the elasticity network [3, 4], and
e.g. [5]. The simplest theory of rubber elasticity which captures these essential physi-
cal features is the Gaussian molecular network model (GMNM) [3, 4]. This model
assumes that the configurations of the polymer chains are independent of each other,
and neglects the excluded volume interactions between the monomers. With these
simplifying assumptions, one can treat a polymer network as an ideal one. However,
in filled polymers, the network strands are very short and do not necessarily resemble
ideal Gaussian springs. Nevertheless, there is experimental evidence that the GMNM
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of the elasticity network may be an appropriate model when a macroscopic large net-
work spans the system [4, 6].

Dielectric and material properties of composite materials are routinely interpreted
within the frame of EM theories. The importance of this issue manifests itself in
a large area of research, the theory of composites, and a huge literature that cannot be
cited here. The basic idea is to describe the system by a simple average permittivity
(or magnetic permeability) and is based on a self-consistent procedure in which
a grain of one of the constituents is assumed to have a convenient shape (usually taken
as spherical or ellipsoidal) and to be embedded in a (homogeneous) EM whose proper-
ties are determined self-consistently [1, 2, 8—12]. This requires that the wavelength A4
of the electromagnetic radiation probing the system has to be larger than a typical
scale of length & that characterizes the inhomogeneities in the material. In the corre-
sponding frequency region, the scattering effects from the heterogeneities are avoided.
Actually, if one considers a mixed medium consisting of two constituents, each of
which is characterized by a bulk (scalar) relative permittivity & and relative permeabil-
ity 4, there are at least three long wavelength (quasistatic) conditions:

i>>2n§~/5iﬂi’ i=1,2 and /l>>2n§\/a

where ¢ denotes the velocity of light in free space. For instance, the length scale of the
dispersed phase in PFs is typically of the order ofl um, whereas the smallest length
scale, d, of the part manufactured from the polymer filled system is much larger, e.g.
a few mm. If the above conditions were not satisfied, there would be the possibility
that internal structure of the medium could diffract as well as refract radiation. In the
microwave wavelength range, d and & are far smaller than A. Continuing with our
studies of tension-strained filled polymers [7], we recently discovered that the peak
position (gyromagnetic resonance) of the spectrum of the imaginary part of the effec-
tive complex permeability of a PF at the microwave frequency is shifted towards
higher frequencies in response to an external stress. Moreover, the paucity of experi-
mental data on the electromagnetic of PFs, together with a desire to understand the
physics of the frequency shift observed in this system has motivated our interest in
additional experimental study.

The present work was undertaken to extend the understanding of the physical
mechanisms that underlie the dielectric and magnetic behaviours of PFs. To do so, we
choose models with the smallest number of parameters that allows one to study the phe-
nomena of polarization and magnetization in PFs. Practical and predictive modelling of
PFs to evaluate their magneto-mechanical coupling behaviour is a tough challenge and
has still fallen behind applications and empirical description of their behaviour. There
are ample motivations for developing a theory to understand, control and hence utilize
the electromagnetomechanical coupling characteristics of soft composite materials.
One potential interest is the development of flexible substrate. Flexible circuit tech-
nology attracts much attention in the electronics industry for portable applications
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because the flexible substrate can be rolled, bent, and folded to fit a limited space
where required. Two other potential applications deal with the design of functional-
ized artificial skin and muscles for robotics.

Guided by the results obtained in [7], the scope of the current study is to continue
that work and to contribute in understanding the coupling between elasticity network
of the polymer matrix and the effective dielectric and magnetic behaviors of PFs in the
microwave range of frequencies. In this paper, we present a detailed investigation of
the effective permittivity measured in the microwave range of frequencies. Three
types of PFs were chosen to provide a reasonable comparative set of electromagnetic
and magnetic parameters. We also present models describing the effective material
properties and determine model parameters to fit the data. The difference in electro-
magnetic response between two states of PFs, i.e. magnetized vs. demagnetized, is
also investigated. We hope that this characterization of PFs can provide valuable in-
formation for PF design.

2. Experimental

Epoxy-based plastoferrite composite formulations (designated samples PF1-PF3
in the present investigation) had different commercial origins and were used as re-
ceived. These typical PFs (see Table 1) contain 30 vol. % of ferrite. These materials
consist of micrometer size grains that are uniformly and randomly dispersed in an
amorphous epoxy resin matrix.

Table 1. Specifications of the PF materials examined in the current study

. . Average
Tvoe of Glass transition Tye Fraction rain size
Sample | Manufacturer P a temperature” P . | of ferrite gr
a polymer of ferrite o diameter
T, [K] [vol. %]
[Hm]
Walker
PF1 | Braillon 271 SrfeO 0.98
. hexaferrite
Magnetics .
epoxy resin S ca. 30
PF2 Euromag 279 . 0.94
hexaferrite
PF3 Arelec 285 hexaferrite 0.97

*From the manufacturer product literature.
®Data obtained as a result of modelling from the current (SEM, XRD, and DMA) measure-
ments.

The ferrite particles were imaged on a 100 keV Hitachi F-3200N scanning elec-
tron microscope. Cross-sectional micrographs on different regions of PF samples were
taken to quantify the degree of polydispersity in size and shape. The microstructure
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was digitized directly from micrographs to capture the grain morphology. As seen in
the selected area SEM of Fig. 1, the ferrite grains are completely buried in an amor-

phous matrix.

Fig. 1. Cross-sectional SEM images
of a typical sample belonging to experimental
series of PFs. The composite microstructure (PF3)
is a three-dimensional assemblage of ferrite grains,
bonded by an epoxy resin matrix

(b)

1.0
0.8
0.6

Log-normal fit

uency

Fig. 2. Corresponding surface area distribution of
ferrite grains (thousands in each characterization). o

0.4

The fitting results (solid line) have shown that a 2
log-normal distribution of grain surfaces is a good k= 0.2
approximation of the surface area profile. As a
result, we obtained an average and variance of size 000 1 2 3 2 4 5
(assuming that the grains have spherical shape) S
urface (um#<)

which are presented in Table 1

Most ferrite grains are approximately spherical. Each of the PFs studied was care-
fully characterized for ferrite grain projected surface and distribution. As illustrated by
the histogram in Fig. 2, there is agreement between the (normalized) experimental
surface area data and the calculated curve based on a log-normal grain surface distri-
bution:

1 1 2
1(4) = 5L tog 4 10e 4’|

This distribution satisfies the properties: (log 4) = log 4, , and

<(logA—logA0)2> =0’

Assuming a spherical grain shape, it appears that the measured ferrite average
grain size is about 1 um for the PF samples chosen for the present study (Table 1).
Some intergranular pores are present in all samples.
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The electromagnetic characterization of PFs was performed by in situ, real-time
measurement of the transmission/reflection coefficients of an asymmetric microstrip
transmission line containing the sample during uniaxial tensile stress. Since the details
of this method have been described elsewhere [7], we shall not repeat that derivation
here, but simply give a brief description of the experiment. The experimental setup
used for producing tensile loading was described in [7]. The rectangular-shaped sam-
ples (approximately 50x3x1.8 mm’) were mounted with clamped ends. The stress
sequence employed in this work consisted in a series of step stress (0.5%) changes.
The current method was employed to extract the effective complex (relative) permit-
tivity €= € — j&" and (relative) permeability £ = 1/ — ju" of a composite sample from
microwave measurement, where j =+/—1 . The measurement of the scattering parame-

ters (S parameters) is achieved using a Agilent H§753ES network analyzer with SOLT
calibration. The test device is used as Thru in the transmission connection. Control of
data acquisition and data storage is accomplished with Labview 6.1 (National Instru-
ments) graphical programming software operating in a Windows 2000 environment.
The method enables us to calculate simultaneously £ and u of the material over a fre-
quency range of 0.1 MHz — 4.5 GHz from the measurement of the S,; and §;;. It was
not possible to explore the £ and  spectra at higher frequency because of the dimen-
sional resonance mode arising at = 6.5 GHz. An error analysis indicates modest un-
certainties in £ (<5%), £" (<1%), 1’ (< 3%), and " (< 1%) for the data. One further
feature of the measurement system is worth commenting on. To obtain accurate meas-
urements of £ and g, it is particularly important to account for the residual air-gap
between the sample and the line walls. On the one hand, the air space increases as the
extension is increased. On the other hand, the gap is determined by the roughness of
the surfaces of the measured samples. A static magnetic field can be applied perpen-
dicular to the rectangular-shaped sample by an electromagnet. A Hall sensor is used to
measure the field near the characterized sample.

To understand the complex permittivity of these systems, the relative importance
of polarization (£") and conduction (0;./(&®)) losses needs to be addressed. For this
purpose, dc electrical measurements were carried out in capacitive configuration. All
dc current—voltage -V characteristics and contacts were Ohmic in the voltage range
studied. Details of the circuit equipment and conditions for measuring the dc electrical
conductivity oy. are given elsewhere [14]. Since the parameter (oy/(€"&®)) <<1 in
our samples under investigation (oy/(&®) = 10° at 1 GHz, to be compared with the
typical order of magnitude of £” of 10°%), then we do not need to take into account any
contribution of the static conductivity in the modelling of the imaginary part of the
effective permittivity. This is consistent with recent work on the microwave absorbing
properties of ferrite nanopowder dispersed in a polymer matrix [14]. The dc conduc-
tivity of the material is also important as it determines the extent of losses due to eddy
currents. The skin depth being large compared to the sample size, the influence of
eddy currents on the magnetic field is entirely negligible.
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3. Results and discussion

The first set of results concerns the frequency dependence of the complex effective
permittivity of a typical sample (PF1) in the demagnetized state. In Figure 3, we pre-
sent two examples of & and £’ to allow comparison at two different extension ratios
(A=1and A=1.023).

0.8
| 0.6

(I

0.4y,
0.2

Fig. 3. Spectral dependence of the real
and imaginary parts of the effective
permittivity of PF1 for two values 0 1 2 3 4
of the extension ratio A; room temperature F(GHz)

0

Figure 3 illustrates the number of reproducible features generally found in all sets
of results in this study. The observed dielectric response is complex and cannot be
identified with a single relaxation mechanism. In the frequency range 0.1-4.5 GHz
investigated, a single resonant peak at = 3.5 GHz was observed which does not change
with extension over the considered range of strain. It is attributed to Maxwell-Wagner
(MW) interfacial polarization. Similar observations have been made for Ni, ,Zn,Fe,O,
ferrite particles embedded in a butyl rubber matrix [15]. A decrease of £ is observed
as A is increased, while & is only slightly modified with increasing A. The extension
dependence of the change of sample dimensions relative to their respective initial
value was characterized (not shown). The most striking feature of these experimental
data is that the lateral dimensions cannot be adequately described as o< 1/4"2, that
models the contraction of a volume invariant sample. This is attributed to much
smaller Poisson s ratio v = 0.3 of the plastoferrite sample.

In keeping with our stated goal of developing an analysis for interpreting electro-
magnetic properties of PFs, the interpretation of the experimental data can now be
tested with different relaxation models. Figure 4 shows representative plots of the
imaginary (&) versus real (£) part of the complex effective permittivity (Cole—Cole
plot) at different frequencies. For a pure Debye-type response (see Appendix), the
effect of grain and grain boundary can be modelled with parallel combinations of re-
spective capacitance and resistance connected in series. Each resistance and capaci-
tance combination is expected to exhibit a separate semicircle with different mean
relaxation times. As shown in Fig. 4, the £’ (£) variations seem to deviate considera-
bly from a perfect semicircle and appear to be stretched. This indicates a distribution
in time constant characteristic of a material that exhibits a broad size distribution con-
sistent with the SEM observations. We note that care is needed when comparing these
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experimental data with models that are customarily used to determine the relaxational
behaviour of dielectric materials.

Fig. 4. Experimental and calculated effective
(relative) permittivities of PFs for two values of A:
4 real part of the permittivity for PF1 (a), PF2 (c), and

PF3 (e), imaginary part of the permittivity
for PF1 (b), PF2 (d), PF3 (f). The dashed lines
123 456,78 9101 denote the results from the Debye model (Eq.

£ (Al)); room temperature

4
3
-‘“2_
1
0

It would be tempting to assign an intrinsic permittivity behaviour for each con-
stituent of the PF based upon, e.g. the HN expression, take into account of the dilution
of ferrite particles by the EM theory, e.g. Bruggeman equation, and then fitting them
to the data by least-squares schemes. However, such an interpretation is arbitrary if
there is no clear prescription for the proper choice of the intrinsic permittivity of vari-
ous constituents of the PFs. In addition, there is little doubt that the fit parameters
would be greatly affected by the manner of fitting the data considering the polydisper-
sity of the ferrite particles and the relatively small range of frequencies explored.

The starting point of an investigation into the dielectric properties of any tension-
strained material is to determine its equation of state in terms of stress, strain, and
effective permittivity (or conductivity). While some work has been performed on the
quantitative dc conductivity response of polymers under tensile stress [4, 7], the corre-
sponding ac microwave response has not yet received the amount of attention it de-
serves. Very recently, Brosseau and Talbot [7] suggested that the GMNM functional
form (A — 1/4%) may be applicable to a variety of soft materials for calculating the ten-
sile stress dependence of £ and u providing that the elasticity network in the material
occurs in a manner that is topologically similar to the elasticity network of a conven-
tional rubber. We here assess the wider applicability of the model by comparing pre-
dictions (solid and dashed lines in Fig. 5.) to experimental measurements of the elec-
tromagnetic parameters of a set of PFs.

In Figure 5, we present the plots of

g(A=1)-€(A>1) nd Ae”=E (A=1)-€"(A>1)

Ag' =
¢ £(A=1) & (A=1)

for PF samples at 500 MHz in function of the extension ratio A. Here it can be ob-
served that the experimental trend is in excellent agreement with the GMNM func-
tional form constrained to pass through the origin.

It is worth considering in some detail the processes leading to the emergence of an
interpretation of the experimental data such as those represented in Figs. 3 and 6. We
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are dealing with a complicated problem, in which the dominant feature is its stochastic
and interactive nature. This means that no simple model involving non-interacting
entities pursuing deterministic trajectories, such as orientations of dipoles, can ade-
quately represent the true situation. The complexity may be structural in origin (ferrite
grain boundaries, defects), or it may be rooted in complex electromagnetic and me-
chanical interactions (many different exchange couplings, perhaps competing).

0.2 7 0.3
3 0.25
Fig. 5. Dependences of Ae”and Ae”for PF samples 0.15 102
on the exteqsion ratio 4; F= SQO MHz at room % 0.1 ¥ 015 >
temperature; circles squares and triangles correspond < 1 041 L
to PF1, PF2 and PF3, respectively. Open (filled) 0.05 ——_ -9 0.05
symbols correspond to B (4). The best-fit solid curves omeeE==c-C a4 0
(constrained to pass through the origin) to the
functional form (41— 1/4%) are also shown 1 1.01 y) 1.02 1.03
20 PF3

g e

i,

Fig. 6. Real and imaginary parts of the effective
permittivities for a magnetized and demagnetized
PF3 sample at room temperature. The thick (thin)

solid lines represent the real (imaginary) parts

of the permittivity. Magnetized (demagnetized) 0 2

sample corresponds to the black (grey) curve F (GHZ)

O =2 NWMAMOOO®
e”

The above discussion has been made on a phenomenological basis irrespective of
any particular mechanisms of relaxation. The generally accepted mechanisms for these
features are discussed now. Two possible types of polarizing species, i.e. dipoles and
MW, may contribute to the microwave behaviour. At frequencies high enough, the
polarization responses of the two corresponding types can be empirically described by
the same fractional power law. Thus, it is quite difficult to discriminate between the
two contributions. We also observe that the permittivity spectra do not provide a full
description of the dielectric relaxation spectra since we considered limited sets of data
in the GHz range of frequency.

4. Conclusions

The work reported in this paper represents the most comprehensive experimental
study to date of the frequency dependence of the electromagnetic parameters of ten-
sion-strained PFs. The general results collected and the trends observed have been
discussed. Specific findings of the developments presented here are listed below.
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We have studied a set of three commercially available PF samples with different
magnetic characteristics as a result of different materials and different processing pa-
rameters. As described above, the tensile strain generated in the PFs causes significant
changes of the electromagnetic parameters in the microwave range of frequencies.
This is a direct manifestation of the elasticity network structure of the PFs. Another
perspective on the electromagnetomechanical coupling comes from considering the
GMNM model to account for the interconnected network of chains and ferrite grains
which spans the entire structure. A complete description of this coupling would re-
quire involving a broad range of time and length scales, which is beyond the scope of
this study. Nevertheless, as illustrated in Fig. 4, the quantitative agreement between
modelling and experiment at low stress levels shows the GMNM model as viable
physics to be included in studies of electromagnetomechanical coupling in PFs. This
peculiar property of the response of PFs to uniaxial stress may have important impli-
cations in the design of magnetoactive smart composite materials with optimized elec-
tromagnetic properties.

The series of experiments reported here suggests that, for a given PF, deviations of
£ from the archetypal dipolar Debye relaxation model occur in the range of frequen-
cies explored. These features are tentatively associated with MW interfacial polariza-
tion. We emphasize again that accounting for the effective dielectric behaviour of
these composite materials, without characterizing the intrinsic electromagnetic pa-
rameters of the individual constituents and the internal morphology, remains specula-
tive. However, an interesting consequence of the data presented above is that the phe-
nomenological scaling ansatz (GMNM) is also consistent with the experimentally
observed permittivity change under elongation, indicating that the variations of per-
mittivity and permeability are clearly mutually dependent. Designing magnetic mate-
rials, where parameters such as the type of ferrites or the composition can be finely
tuned, allow a high degree of customization of magnetically soft materials.
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Appendix. Relaxational modelling of homogeneous dielectric materials

Extensive investigations have been focused on this issue and we have referenced only the papers that
are the most relevant to the work carried out here. Several theoretical approaches have been developed to
describe the relaxation modelling in dielectrics [16].

The simplest model has been eventually described by Debye [17]. In the Debye formulation of di-
electric relaxation, the complex permittivity is written as

e=¢-ie"=¢_+(g,-¢.)

(AD)
1+iwt
where & and &, denote the static (w = 0) permittivity and the limiting permittivity at high frequencies
(w7t — *) which depends on atomic and electronic polarizability, respectively. For the case of a single
characteristic relaxation time 7, the points (£ £7) lie on a semicircle with the centre on the £”axis and
intersecting this axis at £’= gand £’= €.

This approach is intuitively attractive since the one exponential modelling in the time domain, i.e.
Eq. (A1) in the frequency domain gives an adequate description of the behaviour of the orientation polari-
zation for many condensed matter systems. Despite the intuitively attractive features of this formulation,
there are practical problems in implementing Eq. (A1) due to difficulties inherent to the complexity of the
material, e.g. distribution of relaxation times.

For a continuous distribution of relaxation times, one can substitute the 1/(1 + i@7) into Eq. (A1) by
T g(7)dr

o , where it is assumed that the weighting function is normalized such thatI g(T)dT =l. An
+iwt 0

0
alternative method, described by the Havriliak—Negami (HN) expression, has been put forward [18]

1

(A2)
(1+(iwr)”)

e=¢_+(g,-¢€.)

where it is assumed that the non-negative quantities zand f gauge the symmetric and asymmetric broad-
ening of the dielectric loss spectrum, respectively. This expression reduces also to Eq. (Al) for o = f=1.
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Charge relaxation on surfaces of polymeric
insulating materials for outdoor applications

H. SIOSTEDT , R. MONTANO, Y. SERDYUK, S. M. GUBANSKI

High Voltage Valley, Fredsgatan 27, Box 832, 771 28 Ludvika, Sweden

The studies have been presented on spatial and temporal distributions of surface charge on samples
of ethylene propylene diene monomer (EPDM) and silicon rubber (SIR). The charge was deposited from
a positive impulse corona source located at 1 mm above the polymeric surfaces. During the experiments,
the number of pulses and their voltage level were varied. It was observed that the spread of the charge
over the surface of the samples as well as its magnitude were both increasing with increasing number of
impulses applied. EPDM accumulated charge easier and had a longer relaxation time than SIR.
A common feature frequently observed in both cases was that the resulting charge distributions had
a saddle-like pattern. Performed computer simulations showed that this feature can be attributed to pecu-
liarities of the corona charging in the considered system, which took place in a form of a burst corona,
and the dynamics of the deposited charges could be related to burst corona pulses.

Key words: outdoor insulation; composite insulators; surface charge; relaxation time

1. Introduction

The use of polymeric materials in insulation systems of high voltage apparatuses
increases steadily during the last decades [1]. It is believed that polymeric insulation
will be dominant in ultra high voltage transmission systems, which are being devel-
oped presently for voltage levels up to 1000 kV ac and 800 kV dc for overhead lines
and up to 500 kV ac and 300 kV dc for underground/submarine cables. Apparatuses
and components, normally operating under system voltages, should also remain func-
tional when exposed to overvoltages appearing in the network due to external causes,
e.g., nearby or direct lightning strikes, or internal ones like switching operations, po-
larity reversal in HV dc systems, etc. Under these circumstances, the reliability and
performance of the entire system and its components is influenced by the quality and
proper design of HV electrical insulation.

"Corresponding author, e-mail: hans.sjostedt@highvoltagevalley.org
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Two materials that have been extensively tested during the last decades and have
been proved to be the most suitable for applications in outdoor insulation systems are
ethylene propylene diene monomer (EPDM) and silicon rubber (SIR). At ultra high
voltage levels insulation materials behave differently, giving rise to new phenomena
that needs to be better understood if the design and construction of high voltage
equipment is to be successful. This especially refers to accumulation and relaxation of
electric charges at insulator surfaces and interfaces, which in turn may trigger unex-
pected flashovers during testing and operation [2].

In this paper, we focus on the analysis of experimental data on the dynamics of
surface charges deposited on material samples (EPDM and SIR). The samples were
exposed to positive corona produced from a needle electrode by applying lightning
impulse voltages and resulting spatial distribution of the surface charges and their
variations with time were detected. The charging process was analysed also by means
of computer simulations of a positive corona in the electrode arrangement used in the
experiments. The results indicated that the measured surface charge patterns can be
attributed to burst corona mode in the considered system.

2. Experimental

Experimental set-up. The material samples examined were plane quadratic plates
(147x147 mm®) and 2 mm thick. The both types contained alumina trihydrate (ATH)
as a filler. The samples were placed on a grounded copper sheet. Over the midpoint of
the samples, a high voltage corona electrode was placed. It was a steel needle with
a tip radius of 50 um fixed vertically on another copper sheet of the same size as the
grounded one. The high voltage set (needle and copper plate) was placed at a distance
of 32 mm from the grounded plate and the resulting distance between the needle tip
and the polymeric sample surface was 1 mm as shown in Fig. 1. Before voltage appli-
cation, the surface of a sample was cleaned with a cloth soaked with isopropyl alcohol
and then the sample was left to rest during approximately one hour.

N\
Insulating support High voltage electrode

MWaterial sample

-
>
[ 1

Ground

Fig. 1. Schematic view of the experimental set-up

A number (1, 3 or 5) of standard positive lightning impulses (1.2/50 us) were ap-
plied to the corona electrode using an impulse tester HAEFELY PU12. The amplitude
of the impulses was 6 or 11 kV. The time interval between the impulses was approxi-
mately 20 s. Thereafter, variations of the surface potential were measured with a vi-
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brating capacitive probe (9 mm in diameter) connected to an electrostatic voltmeter,
Trek 347, along the midlines of both perpendicular directions of the surface, as illus-
trated in Fig. 2. The probe was mounted onto a step motor driven robot that moved the
probe along the lines. The distance between the aperture of the probe and of the
scanned sample surface was 2 mm. The time lapsed from the last applied impulse until
the measurements were commenced was equal to ca. 60 s.

v

Fig. 2. Scanning procedure, the thick lines with arrows show
how the measurements were performed S 4

The measurements were performed at constant ambient conditions in open air at-
mosphere at 18-20 °C and the relative humidity 21-24%.

Characterisation of the material. Both the volume and surface resistivities were
measured for the investigated material samples using a three-electrode system. The
voltage of 400 V was applied for 60 min during these measurements. The results are
presented in Table 1.

Table 1. Results of resistivity measurements

. Volume resistivity Surface resistivity
Material [Q-cm] [Q /sq]
EPDM 2.50-10'° 5.0-10"
SIR 2.12-10" 6.9:10"

One can see that EPDM samples exhibited much higher bulk and surface resistivi-
ties than SIR samples and, hence, one can expect different conditions for charge leak-
age through the volume of the materials as well as for its relaxation on the sample
surfaces leading to different characteristic relaxation times for the studied materials.

3. Experimental results

3.1. Surface potential distribution

The surface potential distributions recorded on EPDM and SIR samples for the
two different charging voltages are shown in Fig. 3. It is important to mention that the
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distributions in both the scanned directions (Fig. 2) were similar to each other and,
thus, they are shown below for one direction only. One can also notice from Fig. 3 that
the measuring system was saturated at the initial stages after charging with the highest
voltages and several impulses in series, meaning that the charge densities under these
conditions were actually higher than the ones indicated on the graphs.

EPDM spread depending on charging and number of impulses
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SIR spread depending on charging and number of impulses
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Fig. 3. Surface potential distributions along the midline of EPDM (a) and SIR (b) samples
60 s after charging with various numbers (1, 3 or 5) of corona pulses at 6 and 11 kV
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The data in Fig. 3 shows that the surfaces of the samples were weakly charged
when one and three impulses of low amplitude (6 kV) were applied and the sign of the
measured surface potential was opposite as compared with the polarity of the applied
impulses. The potential of the same sign (positive) was recorded on the surfaces when
five impulses in series with the amplitude of 6 kV were applied as well as for any
number of impulses with the amplitude of 11 kV. In the latter case, one can observe
that the magnitudes of the measured surface potentials are higher for EPDM samples
than for SIR, i.e. the charge accumulation process is more effective. This correlates
with the measured volume resistivities of the materials: the higher resistivity of EPDM
prevents leakage of deposited charges through the bulk of the material leading to their
higher concentrations on the surface.

It can be also observed on Fig. 3 that the number of corona pulses as well as the
magnitude of the charging voltage affected the expansion of the deposited charges
over the surfaces of the samples. The distributions became broader at higher charging
voltages and the difference between the spreads is about twice as large for the higher
voltage. The same refers to the increasing number of corona pulses. This is in agree-
ment with the observations reported in [3].

One may notice from Fig. 3 that for the same number of corona impulses and their
magnitude, the spread of charges over the sample surfaces is stronger for SIR samples.
This correlates with the fact that the measured magnitude of the surface resistivity of
SIR is lower than that of EPDM (Table 1) and, hence, charge leakage along the sur-
face of SIR samples is more intensive. It is also notable that the width of the charged
regions is unexpectedly large (if compared with 1 mm gap between the corona needle
and the sample surface). The explanation could be that the main expansion of depos-
ited charges takes place very quickly during charging process, when the size of the
charged region is very limited and the surface charge densities are extremely high. The
process becomes slower with time due to reduction of the charge densities, and the
results shown in Fig. 3 indicate the final stages of the process, when steady-state con-
ditions are practically reached. Such a situation has been considered in [4], where
fast expansion of charges over gas-solid interface (ca. 10 Us) was observed at
streamer arrival to the insulator surface.

3.2. Surface potential decay

The time dependences of the surface potential measured at the point on the surface
directly below the corona needle are presented in Fig. 4 separately for EPDM and SIR.
The decay rates are dependent on the number of applied impulses (i.e., on the amount
of the deposited charge). An exception is seen in Fig. 4b, where data for 3 and 5 im-
pulses are practically on the top of each other. In general, the decay of the surface
potential is faster for SIR material that can be attributed to its lower volume and sur-
face resistivities leading to stronger charge leakage.
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Table 2. Time constants in seconds for charging

at 11 kV with 1, 3 and 5 corona pulses

Material EPDM SIR
1 impulse 8928 662
3 impulses 13 500 2440
5 impulses 6142 4064
2 Measurement over midpoint EPDM 11 KV, 1, 3 and 5 impulses
10 T .
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Fig. 4. Time variations of the surface potential on EPDM (a)
and SIR (b) samples for the different number of impulses
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Fitting the data in Fig. 4 with exponential functions provided decay time constants
shown in Table 2. At the same time, estimations of the time constants made based on
the measured volume resistivities of the materials and their permittivities (the dielec-
tric constants were found to be equal to 4) yielded values of ca.8850 s and ca. 750 s
for EPDM and SIR, respectively, which are in agreement with the data in Table 2 for
single impulse charging. An analysis of the data in the table leads to important obser-
vation that the ratio between the time constants for EPDM and SIR decreases with
increasing number of applied impulses, indicating that material properties become less
important for the potential decay at higher amount of deposited charges.

4. Discussion

The presented experimental results allow arguing that the dominating charge de-
cay mechanism for the studied materials is mostly through the bulk of the samples,
similarly as observed in [5]. An additional source of charge neutralization may be
recombination with ionic species in the air. The fact that the spread of the surface
charge distributions (Fig. 3) did not change with time may indicate that the driving
force for the spreading originates from own electric field of the deposited charge. If
this field appears too low, the width of the distribution remains fixed, as is shown in
Fig. 5 for the low charging voltage. The own charge field, on the other hand, is most
effective for the spreading during the short periods of corona pulse action, since the
initial charge distribution is point-like and therefore has a strong own field.

EPDM 6 kV 5 impulses
18 T T T T T T T

16

14

12

-y
=

Surface potential [v]
(=]

1 1 1 1
-2 -1.5 -1 -0.5 0 0.5 1 15 2
Distance from needle in X-direction [cm]

Fig. 5. Spatial- and temporal variations of the surface potential on EPDM sample
for 5 corona pulses at 6 kV; the time interval between the decaying potential curves is 15 min
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An interesting feature observed was that the surface potential distributions had
a saddle-like shape in the region close to the needle electrode. Vaious explanations
may exist for this feature. A similar behaviour of the surface charge as reported here
was observed by Baum et al. [6, 7] on thin polyethylene films when charging with
negative corona pulses. The authors explained the faster decay in the central region in
terms of photoinjection from the surface states into the material bulk which are in-
duced by the corona radiation. At the same time the effects of positive corona pulses
were also studied, but they did not yield the saddle-like shape of the surface charge
distribution [7].

Numerical simulations showed that the positive impulse corona in the arrangement
of Fig. 1 appeared in the form of burst pulses taking place even during one applied
voltage impulse. Hence, several waves of positive charges were sent out from the nee-
dle. This led to accumulating each time more surface charge in the region close to the
needle axis and producing a strong field component along the surface, which thereaf-
ter pushed the charge further away. The simulation resulted in the saddle-like surface
potential distributions, similar to ones observed in the experiments. However, the
magnitudes of the computed potentials were higher than those obtained experimentally
and resulted from assuming infinite volume resistivity of the solid material. More ex-
periments and simulations are required to clarify and to understand the observed phe-
nomenon.

5. Conclusions

The behaviour of surface charge deposited by impulse positive corona on samples
of two polymeric materials, EPDM and SIR, has been studied. It was found that the
spatial spread of the surface charge was dependent on the amount of the deposited
charges defined by the level of the charging voltage and the number of applied im-
pulses. The higher charging voltage or more impulses applied, the wider spread of the
surface charge was recorded. The temporal and spatial variations of the surface poten-
tials were found to correlate with material surface and volume resistivities, however,
the influence of these parameters on potential decay rates decreased with increasing
amplitude of the voltage or number of the applied impulses.
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Experience with optical partial discharge detection
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Partial discharge (PD) diagnostics was used to evaluate electrical insulations of high voltage equip-
ment as a quality control and to detect insulation deterioration. Improvements, new developments as well
as lower costs of sensors, electronics and processing units are some reasons for the increasing usage of
PD measurements. The paper presents investigations in the area of optical partial discharge measurement
technique. In an overview, PD measurement systems were presented, advantages and disadvantages of the
optical method were discussed. An unconventional optical partial discharge detection system was devel-
oped and comparative measurements to a conventional electrical PD measurement system were accom-
plished. The system was tested by using a PD source in air or alternatively in oil to evaluate the sensitiv-
ity and the impulse behaviour in correlation to the conventional measurement technique.

Key words: partial discharge; optical spectrum

1. Introduction

Partial discharges are local enhancements of the electric field in the area of inho-
mogeneities, either in gaseous, liquid or solid media. The presence and the strength of
partial discharges are criterions for the evaluation of the insulation quality of the elec-
trical equipment. On one side, partial discharges only have a small short time of influ-
ence on the electrical firmness of electrical resources. On the other side, a long time of
influence shows a destructive effect predominantly on organic insulation systems,
which degrade the electrical characteristics of the insulation or the insulation systems.
This can lead to a breakdown and a failure of the electrical resource.

The partial discharge measurement is a sensitive, non-destructive method for test-
ing and monitoring the condition of insulation of a high voltage equipment. Various
techniques are used for detection and localisation. Apart from the conventional current
pulse flowing in the circuit, partial discharge activity can also generate weak light,
acoustic signal, local temperature rise, etc. Various techniques have been explored to
measure partial discharge activities in various apparatuses.

"Corresponding author, e-mail: muhr@hspt.tu-graz.ac.at
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2. Basics

For the measurements, physical effects such as optical, chemical, electrical and
acoustical appearances, were used.

2.1. Optical partial discharge detection

The optical partial discharge detection is based on the detection of light produced
as a result of various ionization, excitation and recombination processes during the
discharge. However, the optical spectrum of different types of discharge is not the
same.

The amount of the emitted light and its wavelength depends on the insulation medium
(gaseous, liquid or solid) and different factors (temperature, pressure etc.). Thus the spec-
trum of the light emitted by partial discharges depends on the surrounding medium and the
intensity of the discharge. The optical spectrum extends from the ultraviolet over the visi-
ble range into the infrared one [1]. For example the wavelength of faint corona is lower
than 400 nm. The main part falls in the ultraviolet region. The wavelength of a strong flash
discharge is between 400 nm and 700 nm. The spectrum of surface discharges along a
solid dielectric is more complex and influenced by many factors such as solid material,
surface condition including composition of gases etc. [2].
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Fig. 1. Typical emission spectra: a) corona discharge, b) discharge in oil

In gases under low pressure, a very small fraction of the energy (1%) of the partial
discharge may be emitted as light [3]. In liquids and solids, this part is still smaller in
comparison to the total energy. In a rough approximation, the light emitted by partial
discharge is proportional to their charge. Nitrogen dominates the optical spectrum of
discharges in air. 90% of the total energy of the emitted optical spectrum of PD is in
the ultraviolet region. The corona discharge emits radiation in the 280—405 nm spec-
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tral range, mostly in the ultraviolet (UV) (Fig. 1a). The main part of the emission is
invisible to the human eye. A relatively weak emission at about 400 nm might be ob-
served at night under conditions of absolute darkness.

Hydrogen however has its emission spectrum in the visible region and a smaller
part in the infrared one. The spectrum of SF¢ lies in the ultraviolet and in the blue
-green region of the visible light. Transformer oil exhibits emission in the range from
350 nm to 700 nm, depending on oil composition (Fig. 1b). The emission spectrum of
oil is predominantly formed by hydrogen and hydrocarbons such as methane, ethane
and ethyl.

2.2. Classification of the measurement techniques

Radiation due to electrical discharge may lie in the ultraviolet, visible or infrared
region. Depending on the wavelength range of the spectrum, sensors with various
optical systems should be chosen: UV corona scopes, night vision, low-light enhan-
cers, photodiodes, photomultipliers.

Three categories of optical PD detectors are available: imaging, quantitative non-
imaging and optical/electric detectors

Two different measuring techniques (applications) can be used. The techniques for
the optical detection on the surface of the electrical equipment (A) and techniques to
detect the optical signal inside of equipments in combination with fibre optic cables as
sensors and as transport media for the optical signal (B).

A. Surface discharge outside the equipment. UV radiation emission measurements
and observations with a night-vision device for detection of corona and other electrical
discharges on surfaces are used. With a daylight-UV inspection camera corona and
arc localization can be accomplished at high voltage transmission lines and in power
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stations. The DayCor® corona camera is a bi-spectral Solar Blind UV—Visible imager [4].
The UV channel works within the so-called sun blind range from 240 nm to 280 nm of
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the UV region. In this wavelength range, the UV radiation of the sun is absorbed per-
fectly by the ozone layer before reaching the earth. Due to this particularly developed
filter, those UV rays can be produced by fires or electrical discharges also by day
without the sunlight.

The camera has two representation channels and contains an UV sensitive channel
for the corona discharge and the second within the visible range for the admission of
the environment. Both images are superposed and result in a video picture (Fig. 2).

B. Surface discharge “inside” the equipment. If a high voltage equipment is en-
closed and light tight as transformer or GIS (environment light are totally enclosed),
an optical detection under the use of fibre optical technology is possible. An optical
fibre collects the light produced by partial discharges inside the equipment and trans-
mits the signal outside to a detection unit. The optical characteristics of different fibre
optic cable and optical detector materials (the relative spectral sensitivity in function
of the wavelength) must be considered.

2.3. Opto-acoustic partial discharge measurement

A modified form of optical detection is to influence an optical signal within a fibre
optic cable by the acoustic wave (pressure) produced by the partial discharge. During
a partial discharge in gas or oil, an acoustic wave in the sonic and ultrasonic range is
generated. If a PD in the surrounding medium arises, the pressure wave results in
a deformation of an optical fibre and its optical transmission characteristic is changed.
It comes to a mechanical stress and a stretch of the fibre and an influence of the used
polarized light by this fibre too. The result is a change of the optical distance as well
as the polarization condition. This fact is used by the opto-acoustical sensor principle.
So the optical fibre methods involve optical phase modulation by the pressure. Inter-
ferometry is used and intrinsic interferometers based on optical fibre.

Reference optical fibre coil

i Oil tank
1 I .
Sensing optical : v V';:tgah e
fibre coil 1_@ ......... T
PD source

Fig. 3. Experimental setup of the optical interferometric detection of PD [5]

Figure 3 shows the scheme of the Mach—Zehnder interferometer with optical fi-
bres in the reference and sensing arms. Both arms have the same lengths and are con-
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structed with identical coils. The sensing optical fibre coil is in the oil tank and can be
affected by the partial discharge signal (pressure), the other fibre is isolated from the
impact of the acoustic wave and used as the reference arm for the optical path of the
light. The interferometer is illuminated with a coherent light source. A beam splitter is
used at the laser output to divide the light for the two fibre coils and also a mixer is
used for the recombination of the two beams focused onto the optical detector [5].

The partial discharge measuring technique as a part of the insulation diagnose is
an object of investigations at the Institute of High Voltage Engineering and System
Management at the University of Technology in Graz. A scientific project deals with
the economic possibilities of the optical detection of partial discharge with special
fibre optic cables and the acquisition of the impulse behaviour of PD in various isolat-
ing media.

3. Investigations

An optical system for PD detection for converting the light into electrical signals
and a detection unit was developed. The system consists of a lens or alternatively
a special fluorescent fibre optic cable in front of a conventional fibre optic cable,
which is connected to a photodiode alternatively to a photomultiplier for the conversa-
tion of the light into an electric signal. Various procedures of the light linking into the
fibre optic cable, as well as various geometrical arrangements to the source of partial
discharges were analysed. One method is to use a lens system in front of the optical
fibre. Another method is using a fluorescent optical fibre, whereby the light penetrates
over its surface into the fibre (Fig. 4). The light signal is coupled into the optical fibre
and at the end of the fibre the signal is transmitted to the photodiode and/or a pho-
tomultiplier and the amplifier circuit.

a) )

Fluorescent optical fibreb

Optical fibre with lens

fluorescent
opt. fibre

"
: [ g
Observation Conv. conventional
area opt. fibre opt. fibre

Fig. 4. Optical fibre arrangement in front of a peak electrode:
a) lens and conventional optical fibre,
b) fluorescent and conventional optical fibre
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A peak-plate arrangement as a test setup is used for the PD measurement. The dis-
tance between the peak and the plate can be changed in a range 1-20 c¢cm, and the volt-
age supply from 0 to 100 kV. As isolating media, air or oil (transformer oil) under
normal pressure are used. The experimental setup is placed in a shielded and darkened
high voltage room in order to prevent influences from outside.

Investigations with an conventional detection systems according to IEC 60270 in
comparison to the optical system were carried out. The PD pulses were observed si-
multaneously by the used systems. Further investigations about the PD impulse behav-
iour at ac and dc were made.

4. Test results

In Figure 5, PD impulses in air are shown measured by conventional and optical
measurement systems.
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Fig. 5. Conventional detected PD signal (2) and optical detected impulses (1)
in air with: a) fluorescent fibre, b) lens
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Fig. 6. Output voltage of the optical system as a function of the apparent
charge during angle (0°-2.3°) dependent light linking (air, lens)
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The PD impulses (Fig. 5) measured with the optical system (1) show the rise time
ca. 5 ns and the impulse duration of ca. 20 ns. The signal processing of the used con-
ventional system (2) results in the time delay of about 1us and also an signal extension
of about 2.5 ps. There is a good correlation between the conventional measured PD
signal (in air) and the output signal from the optical system (Fig. 5 and Fig. 6). By
varying the angle to the PD source between the peak and the sensor (lens + optical
fibre), a change in the peak value of the light pulse was observed as shown in Fig. 6.

In oil, the detected discharges are scattered in amplitude and shape. Positive
streamers show a superposition of fast pulses and negative streamers are composed of
a burst of fast pulses of growing intensity. The PD impulse amplitude and the repeti-
tion rates were randomly distributed within the acquisition period.
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Fig. 7. Comparison of a conventional Fig. 8. The relationship of the optical
detected PD signal (2) and optical signal and the discharge level in air and in oil
detected impulses (1) in oil at the same arrangements

The result (Fig. 7) shows that the conventional PD system (2) with the limited
bandwidth of the measuring technique cannot correctly represent fast impulses in oil.
A dependence of the detected single impulses of the optical system (1) on the result of
the conventional PD measurement (2) could not be found (exception: occasionally
arising single pulses with a larger pulse interval). Both the air and the oil gap condi-
tions were measured and the relationship between the electrical and optical signal is
shown in Fig. 8.

In air and in oil different discharge behaviours, optical absorptions, as well as dif-
ferent spectral regions of the radiated light are present. This also influences the charac-
teristic of the optical system change, evidently caused by the large differences in the
received output signals (Fig. 8).

5. Conclusions

The optical measurement is a sensitive method in comparison to the conventional
electrical techniques especially by on-site measurements. Other advantages of this
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method are the immunity to EMC and insensitivity to electromagnetic and acoustic
interference sources. Thus the light detection is not affected by the environmental
noise and highly flexible and large bandwidths of the system. Furthermore, the optical
partial discharge detection can be simply used under impulse voltage condition.

Air and SF¢ are almost to 100% transparent, thus the light can be detected from
a lager distance. Adverse in liquids and solid insulations, a section or the whole emit-
ted light will be absorbed and no detection is possible. Also in comparison with the
conventional measuring the optical detection of PD cannot be calibrated.
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Comparative analysis of lightning
overvoltages in distribution lines on the ground
of laboratory tests and measurements
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Determination of extreme voltages induced on overhead and cable power lines by nearby lightning
strokes is a complex problem. Results of computer simulation (laboratory tests) and measurements of
such overvoltage processes due to lightning discharges occurring in overhead and cable lines, as elements
of a distribution network, are presented. A principal, simulation tool was the PSpice program.

Key words: induced overvoltage; computer simulation; power line; lightning strokes

1. Introduction

Rapid development of industrial processes controlled by devices in which digital-
circuit engineering is used obliges distribution companies to apply up-to-date tech-
niques and technologies. It tends towards achieving of high quality and reliability of
power networks. Beyond a doubt, one of serious causes of damages of network ele-
ments are direct and indirect lightning overvoltages [7-9, 21]. Such a threat concerns
electrical equipment and particularly overhead and cable power lines. Distribution
networks of middle voltage (MV) include traditional overhead power lines with bare
conductors or more and more frequently with covered conductors and, furthermore,
power cable lines composed of three single bundle assembled cables, placed in the
ground or in the air (under slung on supports).

Influences of lightning surges on power lines according to produced harmful ef-
fects can be divided into influences being operational hazard caused by excessive elec-
trical strength within line insulation systems leading to their degradation and influ-
ences posed a threat to the environment (electric shock hazard). In the former case
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a measure of influences are induced overvoltages of high amplitude and frequency
during a transient state in the circuit composed of a conductor and a thunderstorm
cloud caused by electromagnetic field (generated by a lightning current). The other
case is related first of all to electromagnetic field as a consequence of passage of
lightning current by metallic coating of cables; a measure of dangerous influences in
this instance is the voltage between the metallic coating and the ground.

Theoretical considerations dealing with overvoltages induced on power networks
can be based on mathematical models worked out by Rusck, Agraval or Taylor [1, 3,
4, 6, 13, 20]. The principle for description of line elements pertinent to conditions of
induced overvoltages is a general Maxwell equation in vectorial form:
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where each component of the electric field intensity vector E satisfies the wave equation.

In real power networks, due to dissipation of high-variable electromagnetic field,
the following tendencies are observed: decrease of peak voltages and change of wave-
forms during a nonstationary state. Suppression and deformation of waves (caused by
influence of a series resistance of conductors, change of soil resistivity of soil, and
occurrence of dynamic corona) can be modelled on the ground of processing pro-
grams.

However, owing to computer techniques:

— analyzes of induced lightning overvoltages are facilitated,

— mathematical model of lightning discharge canal has been perfected,

— solution of complex equations describing electromagnetic field has been simplified,

—a model of power system elements has been more detailed,

— computer simulations enable us to record variation of overvoltages at various
points of an analyzed network area.

Evaluation of overvoltage hazard dealing with power line and cable insulating sys-
tems in various networks has been presented in numerous papers [2, 10, 11, 12, 16]. It
has been pointed that application of PSpice program (Design Center Eval packet) to
simulate transient states caused by lightning overvoltages is possible [14, 15]. Such
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a statement is significant because PSpice program was intended in principle for elec-
tronic circuits.

T3coupled
R6 S RS P RRS R3
100meg ~0  100meg 100meg <3
c)
U
in1  out1 2 in1  outl 3
Vi in2 out2|—in2 out2
in3 out3(—in3 out3 m
R6 RS T3couple: T3couple R2 SR3 R4
100meg 0 100meg 100meg 0 100meg

100meg

Fig.1. Schematic diagrams of the sections of simulated systems composed of:
a) overhead line segment, b) cable line segment, c) mixed system segment.
V1, V4 — input pulse sources, R1 — internal resistance of a source, C1 — capacitance,
T1, T3 — models of power overhead line and cable line, R2-R6 — loading resistances

In the paper, the results of computer simulation of transient states due to direct and
induced lightning overvoltages have been compared with the results of laboratory tests
of models and those of measurements of overvoltages in real conditions. The latter
case concerns power MV lines operated in a mixed system, i.e. overhead line con-
nected with a cable line of different lengths. Final conclusions are formulated based on
results of computer simulation.

2. Computer simulations
Computer simulation of transient states resulting from atmospheric discharges re-

alized by means of processing programs, enables one to analyze transient states occur-
ring within electric (electronic) systems in real time. Such programs, also employed to
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design overvoltage protective systems, can be of various types depending on their
function. The most known are Electro-Magnetic Transients Program program (EMTP)
and Simulation Program with Integrated Circuits Emphasis (PSpice program) but oth-
ers programs are also used to analyze of selected electrical processes. It is important
that results of simulation should be verified (in respect of their quantity and quality)
by comparing them with results of measurements related to physical models or — bet-
ter — to real technical objects.

During numerous measurements and simulations a certain regularity has been no-
ticed: wave front time of excitation impulse affects visibly overvoltages in particular
elements of a power system. In order to confirm a level of overvoltage hazard and to
determine the influence of wave-front time duration on rate-of-rise of the voltage
stressing insulation, a computer simulation (using PSpice program) has been carried
out [5].

Quick-variable passages of electromagnetic energy cause overvoltages of very
high frequencies so each power overhead line and cable line during simulation should
be treated as an element with distributed parameters. The following parameter values
have been admitted:

e cable line (Cy= 0.1 pF/km; Ly= 0.49 mH/km; R, = 0.0289 Q/km; Z,= 70 Q;
v =142.86 m/ps)

e overhead line (Cy= 7,37 uF/km; Ly= 1.71 mH/km; Ry= 0.35 Q/km; Z,= 482 Q;
v =281.69 m/us).

Stimulation of design systems is an impulse (pulse) with exponential edges and
variable values of parameters (Fig. 2). Simulations have been carried out for three
systems presented in Fig. 1.

tel tc2

V1

-~V

td1 td2

Fig. 2. Stimulation of a design system with exponential characteristic, accessible
in PSpice program: z,; — rise delay, ¢, — fall delay, 7, — rise time, z,, — fall time

Equivalent active parameters of power line conductors during overvoltages in-
crease their values due to a skin effect. Such a phenomenon occurs also in a layer of
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the soil and affects inductance of lines. In turn, dynamic coronas change capacities of
lines. Each of these phenomena influences: wave impedance, velocity of wave propa-
gation along conductors and deformation of impulse waves (Fig. 3c).
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Fig. 3. Chosen time-dependent overvoltages occurring at points fixed in Fig. 1 for:
a) one-phase overhead line, b) three-phase cable line, ¢) three-phase mixed system of overhead
/=5000 m and cable line / = 500 m and d) three-phase mixed system of overhead
/=1000 m and cable line / = 500 m

Prospective failure frequency of MV power network elements due to lightning
strokes is considerable. In some cases, that may lead to multiple damages of insulating
systems. It has been proved by mathematical analyses and computer simulations
(Fig. 3d). On the other hand, internal overvoltages generated during transient states are
not a significant threat because impulse strength of insulating systems is much higher
than prospective peak values of internal overvoltages.

Results of simulation prove that each direct lightning stroke in electric power ele-
ments and almost each nearby lightning stroke causes multiple reflections of waves
leading to flashover or breakdown of insulating systems (Fig. 3). Occurrence of such
breakdowns at many places of power cable lines is a very probable event.

The highest value of the voltage stressing insulating systems during lightning
overvoltages depends positively on time parameters describing an overvoltage, i.e.
time-constants 7., and ¢., (relating to an aperiodic component of rise/fail delay of the
wave). Time-dependent overvoltages in Fig. 3 are damped; they pose a threat to insu-
lating systems as amplitude of stimulating signal increases or shape factor value the
signal decreases (Fig. 4).
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Computer simulation enables us to obtain numerous time-dependent overvoltages
which prove that wave-front time of these overvoltages does not affect rate-of-rise of
the voltage stressing insulating systems within individually screened cables. However,
such a regularity is not confirmed towards belted cable.
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—&— V2-impuls voltage (p. 2)
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Fig. 4. Levels of voltage induced at measuring points 1, 2, and 3 from Fig. 1c
depending on shape factor of stimulation pulse value — ¢,.,/t,, (Fig. 2)

In the case of belted cables (network elements of frequent occurrence) decreasing
of slope of the wave-front (input pulse) causes additional displacement of response
amplitude towards longer lines; such a regularity has been proved during laboratory
tests and investigations of real systems (Figs. 6a and 8). A displacement of response
amplitudes during lightning overvoltages is caused by heterogeneity of metallic coat-
ing which affect increase of electromagnetic field dissipation and wave impedance of
cables with not screened conductors in respect of cables with concentric conductors.

3. Laboratory tests and investigations in selected real lines

Results obtained from the simulation process have been verified based on the measur-
ing system made both for single-core screened and three-core belted cables (Fig. 5). The
system was equipped with a special pulse generator which allows us to regulate the
slope and wave front duration. In the case of three-core line only the generator of rec-
tangular pulses energized one from all the conductors.

Transient time-dependent voltages caused by the pulse in the energized conductor
(in the three-core line and in non-energized neighbouring conductors) have been re-
corded by means of a multi-channel digital oscilloscope. The obtained transients re-
veal that pulse time parameters at the input of the examined system have great impact
on the shape of reflected and induced waves in neighbouring cable wires. However, in
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the case of unscreened cables, lowering of the input pulse inclination causes additional
shifting of reflection amplitude to longer timing.

OSCILLOSCOPE

Fig. 5. Scheme of the measuring system [ 14] for: a) single-core concentric line, b) three-core belted cable;
LS — system protection, Y1, Y2 — oscilloscope canals, GIS — pulse generator
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Fig. 6. Time-dependent overvoltages occurring in line models [13]:
a) traditional three-core, b) single-core; input signal: amplitude 4.1 V, breadth Az = 250 ns;
a, b, ¢ — input impulses V,, V3, V.. for various pulse rise times

Results of laboratory tests, carried out for two chosen type of lines, are presented
in Fig. 6. Recording of time-dependent overvoltages in real overhead/cable lines be-
tween high voltage station Prudnik and medium voltage-to-low voltage station
Oczyszczalnia has been made similarly [17, 18]. As a source of stimulation, a 12 kV
test transformer was used. Chosen test results for various pulse rise times of wave
front overvoltage are presented in Fig. 7.

Initiation of travelling waves in power network leads to occurring of periodical
variable voltages (overvoltages) at the ends of power lines as an effect of multiple
wave reflections. Such overvoltages, after several periods, cause considerable defor-
mation of waves in comparison with a stimulation pulse.

Shapes, amplitudes and reciprocal displacements of overvoltages recorded during
tests (Figs. 7, 8) are compatible with theoretical wave phenomena. Investigations car-
ried out in network elements [19] and in laboratory models confirm results
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Fig. 7. Time-dependent overvoltages at the end of
tested object for various values of the shape coefficient
of stimulation pulse [17]: standard curves of test
transformer (a), measurement at the end of overhead
lines (b), measurement at the end of cable line (c),
measurement at the node in direction of cable line (d),
measurement at the node in direction of overhead line
(e). MV overhead line — cable line system, traditional
power cable HAKnFtA 3x120 mm? type (372 m long),
overhead line 1658 m long; e, m, A —time-dependent
overvoltages V) <V, <Vj

Fig. 8. Time-dependent overvoltages
in the traditional three-core cable line for various
pulse rise times [17]; underground cable
AKFtA 3x120 mm’ type; a, b, ¢ — input impulses
Va Vi, V. for various pulse rise times
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of computer simulations concerning the nodes and points of discontinuity where wave
impedance undergoes changes. However, it is advisable to verify additionally the ob-
tained results by means of other processing programs (e.g., EMTP). It aims also at
selection of the most suitable informatics tool to analyze transient states in power net-
works.

4. Conclusions

e Tests and many years of observations of atmospheric discharges show that peak
value and steepness of wave front are random values of negligible correlation. This
means that these parameters can be analyzed independently.

e Analysis results of computer simulations, laboratory tests, and measurements in
real power networks prove that time duration of an overvoltage does not affect the rate
of rise of the voltage stressing insulating systems in overhead lines. Such a conclusion
is true for individually screened cables. Dominant influence of the voltages stressing
insulating systems in line elements, due to overvoltage processes, are their parameters:
the rate of rise and time duration of a wave.

e PSpice program applied to analyze overvoltage processes in power systems en-
ables one to reproduce ecasily a stimulation pulse, to observe propagation of voltage
waves in the first phase of a transient state and afterwards — when a wave reaches
anode point. An analysis of the influence of wave processes in multiple conductor
lines on the overvoltages in particular conductors is possible too.

e An analysis of time dependent voltages as a result of simulation processes with
models accessible in the program shows that PSpice program is a convenient simula-
tion tool, although obtained models do not take into account two essential phenomena:
skin and corona effects during transient states. Such imperfections overstate ampli-
tudes of signals returned from the lines.

e Due to dynamic corona effect, the velocity of wave propagation decreases
nonlinearly when actual values of impulse voltage increase. This causes a favourable
effect consisting in deformation of impulse waves and in decrease of their slopes.
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Return voltage measurements
Diagnostic interpretations based on
the dielectric time constants
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Return voltage measurements of paper-oil insulations such as medium voltage cables have proven to
be a reliable method to determine the actual state of degradation and/or the humidity of the insulation. As
a first step, the interpretation of the measurements can be done based on the p-factor. This parameter is
sensitive to the dielectric properties and especially the humidity of the solid part of the insulation,
whereby aged or humid cables show a higher p-factor. The calculation of the dielectric time constants 7;
and % of the two insulating materials oil and cellulose is unique for the return voltage method and hence
exceeds the information extractable from other diagnostic methods.

Key words: return voltage; paper-oil insulation; boundary polarization; ageing; Maxwell model; dielec-
tric time constants

1. Basics of the return voltage method

The principle is known for many years [ 1-3], the readings are reproducible and re-
liable, at least with regard to the collection of the data but unfortunately not always
with regard to all methods of interpretation. Return voltage measurements are less
sensitive to disturbances by external noise, a situation that is favourable for measure-
ments in the field. The extractable information is comparable to that derived from
other dielectric methods like e.g., measurements of polarization and depolarization
currents [4, 5].

The experimental procedure consists of the following: application of a dc voltage
U, for the time ¢,, formation of a short circuit for the time #,, and measurement of the
voltage that builds up between the external electrodes after the release of the short
circuit. Commonly used parameters of the return voltage curves are the peak voltage
U, the time ¢,, of the voltage peak and the initial incline s of the curve. In many cases,
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a linear dependence of the return voltage curve on the height of the poling voltage
exists but in some cases a sublinear dependence may indicate some ageing. The p-
factor defined as

p=—" (1)
st

m

does not depend on the height of the poling voltage U, and is also independent of the
geometric parameters of the cable. Ageing and degradation processes increase the p-
factor.

2. Interpretation of experimental results

The analyses of time dependences of return voltage or of polarization and depo-
larisation currents are often done by a numerical fit based on equivalent circuits con-
sisting of three or more RC series elements with different time constants in parallel
(Fig. 1b shows only one RC-element). This equivalent circuit is physically adequate
for the description of atomic polarization processes in insulating materials, namely for
molecules with different polarizabilities. For other processes such as e.g., the built-up
of space charges or boundary polarization processes such an equivalent circuit is just
a tool for a formal mathematical fit without any correspondence to physical parame-
ters.

3. Dielectric behaviour of a multilayer insulation

The insulation of classic power equipment such as oil filled power transformers or
cables with paper-oil insulation consists of different insulating materials with different
dielectric properties (& and o) and thus — in addition to molecular processes in the
short time range — shows the phenomenon of boundary polarization, i.e. the accumula-
tion of charge carriers at the boundaries between different dielectrics.

If a dc voltage is applied to the external electrodes of such a system, starting with
a capacitive voltage distribution, a continuous change into a resistive voltage distribu-
tion occurs. Electric charges move within the different dielectrics and in part accumu-
late at the interfaces, where they generate local electric fields that are necessary to
fulfil the continuity equation for the current density and the necessary correlations
between the electric fields at both sides of the interface.

After removal of the poling voltage, during the short circuit an instantaneous re-
lease of the charges at the external electrodes takes place and the charges accumulated
at the inner boundaries move within the dielectric materials, thus producing a dis-
charge current. After the release of the short circuit this current generates a voltage
difference between the two external electrodes, that first increases, passes a maximum
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and decreases again, thus producing the return voltage curve. In so far, no single mo-
lecular polarization or depolarization processes are responsible for the experimentally
found behaviour of compound insulations during return voltage measurements.

4. Maxwell model

For boundary polarization — and this is the relevant process in power equipment
with paper-oil insulation — another equivalent circuit, the Maxwell model with two RC
parallel circuits in series, is more appropriate, because it closely reproduces the physi-
cal reality [6]. Figure la shows the basic equivalent circuit. This circuit is in good
correspondence with a physical model discussed in the literature for power equipment
with paper-oil insulation [7].

l
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I

a) b)

Fig. 1. Equivalent circuits to describe return voltage curves:
a) physically relevant model, b) formal equivalent circuit

The equivalent circuit in accordance to the Maxwell model can be transformed
into the commonly used equivalent circuit with RC series elements that is commonly
used to describe molecular polarization processes. If the measured specimen consists
of two parts connected in parallel, as e.g. a cable length consisting of two parts with
different properties, two Maxwell circuits in parallel must be used for the description.
In the formal equivalent circuit, a second RC series element is necessary.

Both equivalent circuits shown in Fig. 1 are able to describe the return voltage
curves. They can be transformed into each other [8]
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R = RRR+R)(C+ C,)’
i (R,C, - R1C1)2

(4)

o= RRC+C) .
’ R +R,

The two equivalent circuits can be used for basic discussions, e.g. with regard to
the influence of the measuring resistance R,, or the influence of a parallel capacitance
C,.. The time constant 7; of the RC series element equals the time constant 7of the
Maxwell equivalent circuit during polarization or under short circuit conditions.

According to the Maxwell model, the shape of the return voltage curve U,.(f) can be
calculated analytically and (neglecting the influence of R,, at the moment) is given by

Ur (1) = Us (e—t/12 —_e/n ) (6)

U, is the voltage over C; and C, immediately after the release of the short circuit being
influenced by the polarization voltage U,, the elements R;, R,, C; and C, of the
equivalent circuit the time of polarization ¢, and the time of short circuit

-1 SN e
v-—2 oy (1-e™)e! (7)
142+ R, G !
R C
with
;= LR + 7R, )
R +R,

The time constants 7, = R,C, and 7; = R,C; of the two RC parallel elements in the
equivalent circuit correspond to the physical dielectric time constants % = p; & & of the
two dielectrics cellulose (i = 2) and oil (i = 1) [9] and R, is the resistance of the meas-
uring circuit. The correspondence of the elements in the equivalent circuit and the
physical properties of the real dielectric in the measured object is obvious. The inner
resistance R, of the insulation or any other parasitic resistances at splices or termina-
tions behave in the same way.

5. Parameters used for RVM evaluation
The three basic parameters used for the evaluation of return voltage measurements

can be calculated analytically. The diagnostic parameters s and U, contain U; as
a factor and are consequently influenced by the geometric dimensions of the object
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under test. The time £,, of the voltage maximum depends only on the ratio A = 7,7; and
the time constant 7

U, =U, ( 200 _ 1/1/(1—/1)) 9)
U, (1-1

- s |22 10

’ 7 [ A j (19
A
tm = TI (E\J ll'll (11)
The ratio U,,/s does not depend on U; but only on 7 and the ratio A= %/7
U A (=2 ,a00-4)

e A e /) -2 12

s b A-1 ( ) (12)

In addition to the use of the standard plots of U, over ¢ as a first documentation of the
results measurements, a more effective characterization of the results of return voltage
measurements can be made by the analysis of the dependence between the two parameters
U,/s and t,. Both parameters contain 7; and depend only on the ratio A = %/7;. The ratio
between the two parameters can be taken as a new parameter A [10].

The p-factor defined as
U AV0=2) _ 4 20(1-2)

m

st InA

m

p= (13)

eliminates not only the factor U; but also 7, since s is inversely and ¢, is directly pro-
portional to 7;. p depends only on the ratio A = 77y of the two time constants instead
of R, C;, R, and C,; separately. Hence the p-factor is not only independent of the geo-
metric dimensions of the two dielectrics but also independent of all parameter changes
that influence 7; and % in the same way. This holds — at least in first approximation
— e.g. for the influence of the temperature of the measured object. This may be impor-
tant if measurements performed in different seasons of the year are compared [11]. In
addition the p-factor is also independent of the height of the polarization voltage, be-
cause both, s and U, are proportional to U,. On the other hand, if p changes with the
polarization voltage this is an indication of field dependent conductivities in the di-
electrics, possibly as a consequence of ageing processes.

6. Evaluation of 7; and 5

A very interesting and unique possibility of the interpretation of the experimental
results based on the Maxwell model is the possibility to use the dependence of U,,/s on
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t, to calculate the time constants 7; and 7 of the two RC elements of the equivalent
circuit in Fig. 2. These time constants are characteristic of the two dielectrics paper
and oil in the cable, and — important for application of the method in the field — they
do not depend on the actual geometry of the specimen, i.e. neither the cable length nor
the cross section of the conductor or the insulation thickness are of importance.

p

Fig. 2. Equivalent circuit of a paper-oil-dielectric with 7 = R,C,
and 7; = R|C; and a basic measuring circuit

For an insulating material, the dielectric time constant 7 is proportional to peg, the
product of the specific resistance p and the relative permittivity £ The time constant is
sensitive to changes of p and & whereby for cellulose materials the specific resistance
p 1s very sensitive to the content of water. In the case of paper-oil insulations, one of
the main parameters in the ageing process is the water content of the paper that on one
hand accelerates ageing and on the other hand appears as a degradation product.
Hence the ageing process significantly influences the corresponding dielectric time
constant 7.

By use of the Egs. (13) and (11) it is possible to calculate the time constants 7, and
7y directly from the experimental parameters U, ¢, and s. The time constants are per
definition independent of the specimen geometry and thus characterize directly the
dielectric properties of the two insulating materials — paper and oil.

7. Influence of the measuring resistor

For short lengths of cables in very good condition a complication may arise. This
is the case if the input resistance R,, of the measuring system is of the same size as the
leakage resistance of the measured object, or — in terms of the equivalent circuit
— comes into the region of values of the resistors R, and R,. In this case, the influence
of the additional resistor R,, cannot be neglected. The analysis shows that in this case
the type of the return voltage curve indicated in Eq. (1) remains, but the time constants
7y and 7; are changed. Instead of 7 and %, effective time constants Tl' and T; must be

used and also different elements in the equivalent circuit.
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The resistor R, influences 7; and % but not U,. The quantitative influence of this
resistance can be calculated analytically. Equations (14)—(17) show the correlations

U (0)=U, (e —e7) (14)
7 =(a— o’ —,6’)7]
r{:(a+m )_l

(15)

a:l TI(R2+Rm)+TZ(Rl +Rm) (16)
2 T,T,R,
R +R +R
ﬁ:( 1 2 m) (17)
TITZRm

with T :R1C1 and D :R2C2

8. Measurements in the field

In dependence on the actual structure of the distribution network, various lengths
of cable segments are to be measured and hence the capacitance C, and the resistance
R, of the measured cable sections are different.

In principle, the return voltage curve does not depend on the length of a measured
cable, because every part of the cable contributes with a certain amount of current
from the depolarization processes, whereby the current per length of the cable is con-
stant. This current charges the cable and since the capacitance C, of the measured
cable is also proportional to its length, no dependence of the return voltage curve on
the length of the cable should occur.

The measurement resistor R,, of the measurement system leads to a discharge of
the cable capacitance C, and hence may influence the real return voltage curve.
A characteristic parameter to describe this influence is the time constant 7, = C,R,, of
the system. If this time constant is significantly higher than the time ¢, at which the
maximum of the return voltage occurs, the influence of R,, can be neglected.

If the time constant 7, = C, R,,1s in the same region or smaller than the time con-
stants 7; and % in Figure 2 there is an influence of the measurement procedure on the
experimentally found return voltage curve. It is obvious that the shorter the cable is,
the more pronounced the influence of R,, may be. Hence the p-factor calculated from
the return voltage curve may be higher as a consequence of the measurement resistor,
thus indicating a higher degradation of the cable.

To evaluate the influence of the measurement resistor R,,, experiments were per-
formed with cables of various lengths and with various measurement resistors. The
results show that the explanation given is relevant. In one set of experiments, three
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cores L1, L2 and L3 of a cable of 150 m long were measured with measuring resistors
of 12 and 42 GQ. In some measurements, two or three cores of the cable were meas-
ured in parallel, thus forming specimens with different lengths. The results are shown
in Fig. 3. The curves from the three cores are very similar. The measurement of core
L1 alone with 42 G2 generates nearly the same curve as the measurement of L1 || L2 || L3
with 12 G€, a result that verifies the influence of the time constant 7, = C,R,,. Cores
L2 and L3 in parallel show a slightly higher return voltage curve. In this case even
with a measurement resistor of 42 GC a small dependence on the length of the meas-
ured object exists.

300

L1 L2 I L3, 12 GOhm
uIv . ——
" | L2113, 42 GOhm - ]

250
T
200 / L1, 12 GOhm \
i L1, 42 GOhm
150 }
/ L3, 12 GOhm
100 /
50

0

0 50 100 150 200 250 tis 300

Fig. 3. Return voltage curves from measurements of three cores L1, L2 and L3
of'a 150 m long cable (GA9) with various measuring resistors

Another set of measurements was performed with a cable 1300 m long. This cable
was measured with resistors of 2 and 12 GQ. Also in this case single cores or two or
three cores in parallel were measured. The results are shown in Fig. 4. The depend-
ence found is similar as the aforementioned.

70 T
u,Iv L3, 12GOhm | |

80 —
\ L2, 12 GOhm
50 '

NL1, 12 GOhm ]|
40 /
) % T
20 / L1, 2 GOhm —
10

0

P —
L ~
L2 || L3, 2 GOhm

1\

|
|

0 500 1000 1500 2000 t/s 2500

Fig. 4. Return voltage curves from measurements of three cores L1, L2 and L3
of'a 1300 m long cable (TOR) with various measuring resistors
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For another cable with the length of 330 m (HEI) measurements were performed
using measuring resistors of 12 and 62 G€2. Due to the influence of the measurement
resistor, in the measurement with 12 G a slightly higher p-factors were found.

The measurements with 62 GQ showed no length dependence of the p-factors and
the calculated dielectric time constants. The comparison of the measurements of
L1, L1 || L2 and all three cores in parallel showed values that were to be expected with
respect to the separate measurements of the three cores. Table 1 shows the p-factors
and the dielectric time constants calculated from the aforementioned measurement
data.

Table 1. p-Factors and electric permittivities for the measurements of cable HEI
(3 cores of 330 m each) with various measuring resistors and for various circuits

12 GQ L1 L2 L3
U, [V] 356 36.86 47.39
1 [5] 312 331 325
s[V/s] 0.672 0.725 0.771
p 0.170 0.154 0.189
1g7, [s] 424 4.50 4.01
lg7 [s] 1.73 1.71 1.80
62 GQ L1 L2 L3
U, [V] 33.0 382 60.5
t 5] 329 405 405
sV [s] 0.671 0.759 0.892
p 0.150 0.124 0.167
1g7, [s] 4.56 5.19 438
lg7, [s] 1.70 1.70 1.84
62 GQ L1 L2 L3 L1 L2]|L3
U, [V] 36.8 57.6 414
t [5] 371 417 373
s [Vis] 0.701 0.908 0.717
p 0.142 0.152 0.155
1g7 [s] 4.77 4.63 4.53
lg7, [s] 1.72 1.81 1.77

The time constants 7; were about 50 s in all cases. For the measurements of one,
two or three cores with 62 G€2 no length dependence was found. The measurements
of parallel circuits showed dielectric time constants compatible to the results of sin-
gle measurements of the cores. Figure 5 shows the calculated dielectric time con-
stants 7; and 7, for the measurements of different parallel circuits of the three cores
with 62 GQ.

Whether the measurement resistor R,, has an influence on the measured results de-
pends on the ‘quality’ of the measured object. If the measurement resistor is signifi-
cantly higher than the over all resistance R, of the insulation of the measured cable
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(including all splices, terminations, etc.) the return voltage curve is not significantly
influenced.

55
W2
5
AL1|L2
2 |
§45 LW o L1)L2|L3
o L3
4
58 Fig. 5. Dielectric ti d 7 for th
15 16 17 18 19 2 1g. 5. D1e ectr?c time constants ‘Tl and 7, for the
ig T4/s8C measurements with 62 GQ (selection from Table 1)

In general shorter cable lengths tend to show higher p-factors and lower time con-
stants 7, but this is not always the case. Different cables of similar lengths often show
different p-factors and different time constants 7; thus allowing a relative ranking.

Measurements of cables in one utility showed no influence of the cable lengths at
all. In this case, it showed up that the cables in general showed a high degree of deg-
radation, so — even for low lengths of the cables — the inner resistances R, of the cables
were significantly smaller than the measuring resistor R,,.

9. Further experience from the field

Similar to other diagnostic methods, return voltage measurements in various sea-
sons of the year may show different results. Figure 6 and Table 2 show the results
from three measurements within 14 months. Compared to the measurement in winter,
as a consequence of the higher temperature of the soil around the cable, the measure-
ment in summer resulted in lower dielectric time constants for paper and oil. The sec-
ond measurement in the cold season showed that no ageing had occurred, the dielec-
tric time constants were the same as 14 months before.

The ageing processes in a cable in general lead to a decrease of the resistance of the
cellulose. The same holds for an uptake of water in the cellulose, whereby water on one
hand accelerates the degradation of the cellulose and on the other hand it also occurs as
a degradation product. Thus ageing will result in a decrease of the time constant 7 of the
cellulose. The time constant 7 of the oil will be influenced only to a less extent.



Return voltage measurements 1167

9
8 u
7
A
6
*
g5 *
@2
&
o4
3
2
mO01/01
1 + 08/01
Fig. 6. Dielectric time constants for 0 4 03/02
measurements of cable DYR in various seasons 0 05 y 15 ’ 25
of the year (see Table 2) ig T4/seC

Table 2. p-Factors and electric permittivities
for various measurements of the three cores of cable DYR

L1 L2 L3
1 January
U, [V] 171 192 167
ty [s] 1178 1463 1052
s [V/s] 1.94 1.82 1.84
)4 0.075 0.073 0.086
g7, [s] 7.74 8.03 7.01
lgz [s] 1.95 2.02 1.96
1 August
U, [V] 387 449 343
ty 5] 403 606 302
s [V/s] 8.96 8.82 9.04
)4 0.107 0.084 0.126
g [s] 5.68 6.88 5.03
lg7 [s] 1.64 1.71 1.58
1 March
U,/V 197 220 181
ty 5] 1087 1283 937
s [V/s] 2.22 2.10 2.10
)4 0.082 0.082 0.092
lg 5 [s] 7.27 7.36 6.69
lg 7 [s] 1.95 2.02 1.94

The described ageing processes have been found also in practice. Figure 7 shows
the results of two measurements of a cable in different seasons of the year. In this case
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the first measurement was performed in summer. The measurement 6 months later
expectedly showed higher time constants 7; of the oil. Interestingly the time constants
7, of the cellulose had decreased. The ageing of the cores during the time interval be-
tween the two measurements was different (see Table 3). The p-factors showed corre-

sponding changes.

Ig t,/sec
w

* 09/99
A 03/00

0 05 1 15
Ig t4/s8C

Table 3. p-Factors and electric permittivities for the measurements
of three cores of cable GERG in various seasons of the year

2 Fig. 7. Change of the dielectric time constants
as a consequence of ageing during 6 months (Table 3)

L1 L2 L3
September 1999
U, [V] 569 590 590
t,, [s] 165 165 171
s [V/s] 29.7 29.1 28.4
p 0.116 0.123 0.121
Igo [s] 5.02 4.83 4.89
lg7; [s] 1.28 1.31 1.32
March 2000

U, [V] 306 273 370
t,, [s] 129 96 203
s [V/s] 10.7 10.7 11.5
p 0.222 0.266 0.159
lgn [s] 3.29 2.82 4.21
g7 [s] 1.49 1.47 1.51

In a set of measurements in one utility, the cables measured showed the general
tendency that — for cables of lengths below a few hundred meters — the p-factors in-
creased with decreasing lengths. But nevertheless even in this dataset, cables of nearly
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identical lengths showed significantly different p-factors, indicating different degrada-
tions. Measurements of cables in another utility showed no influence of the cable
lengths. For these cables with a higher degree of degradation the influence of the
measuring resistor was not relevant even for lengths of about 100 m [12].

10. Summary

In dependence on the actual condition of a cable examined with the return voltage
method the diagnostic result may be influenced by the actual length of the cable. The
calculated p-factor of short cable lengths may be higher than representative for the
degree of degradation, indicating a more severe degree of ageing. This influence can
be overcome by the use of higher measuring resistors or by an appropriate correction
of the measured data.

Based on the Maxwell model, an appropriate concept for the description of the
phenomena that occur in a paper-oil insulation, return voltage curves can be used to
calculate the dielectric time constants 7; and 7; of the two dielectrics oil and paper.
Ageing and degradation of the insulation significantly reduces the time constant 7 of
the cellulose.
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Nanoscale evaluation of thin oxide film homogeneity
with combined shear force emission microscope
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Very fast development of large scale integrated circuits causes downsizing of the structures. Due to
this fact, the thickness of oxide layer in the gate area decreases as well. In order to perform test of dielec-
tric layer with nanometer resolution in a lateral plane, one can use AFM with a conductive tip. Biased tips
can be used to measure current flow to the surface of the sample in order estimate its electrical properties.
In the paper a modular shear force emission microscope has been presented. A metallic scanning microtip
is used as a nano e-beam and it allows one to measure the local surface emission and investigate the
quality of dielectric layers in semiconductor chips.

Key words: AF M, field emission; shear force microscopy; gate oxide tests

1. Introduction

The progress of downscaling of the integrated circuits continues as a result of in-
creasing the performance and reducing the power consumption. More than four dec-
ades ago this progress was predicted by Moore [1] although it was expected to last
about ten years. Today one can still observe new achievements of semiconductor’s
technology when new generations of integrated circuits are released. It should be em-
phasized, that once this level was reached — the engineers must face specific issues
and in order to solve problems, they need very sophisticated tools.

One of the important components of the MOS transistor is the dielectric layer,
which isolates the gate and the channel. Its thickness obtained level of few nanometers
or even 1.2 nm [2] in experimental chips. Theoretically it can be reduced down to
0.8 nm [3]. Silicon dioxide layers are fabricated by oxidation the silicon surface. This
process is known and developed very well. It is however very difficult to obtain such
thin layer and avoiding presence of defects which could make the structure useless.
The fabrication process if not adjusted properly can lead to appearance of undesired

"Corresponding author, e-mail: sikora@iel.wroc.pl



1172 A. SIKORA et al.

objects like pinholes or even larger conductive spots. Thereby one must very carefully
investigate the quality of oxide layer in order to optimize the production process and
perform the tests of developed structures during mass production.

The oxide quality and reliability is essential when the lifetime of the integrated
circuit is considered. Thereby this issue was investigated [4] as well as the methods of
diagnosing the ultrathin oxide layers [5, 6]. One of the tools which allows investiga-
tion of the surface with nanometer resolution is atomic force microscopy (AFM). This
method was developed by Binnig et al. [7]. The idea of AFM methods has been devel-
oped, and several scanning methods are now available in order to investigate various
parameters of the surface. By using conductive tip and biasing the sample, one can
measure the topography and current flow between the tip and sample. This allows to
investigate electrical properties of the surface [8—14]. Such methods unlike in macro-
scopic measurement techniques can deliver much more valuable information about the
oxide layer homogeneity and continuity. The application of the AFM scanning tip to
diagnose the oxide layer was already successfully attended [15, 16]. Although gener-
ally very small force is applied to the tip in order to observe tip—sample interaction,
sharp tip can damage very thin layer during the scanning process. Thereby non-contact
methods can reduce significantly the risk of damaging the surface. Moreover, the wear
of the tip changes the electrical filed around the tip and the measurement conditions
can become unstable.

2. Experimental setup

The experiments were performed with a home-built setup. Its simplified scheme is
shown in Fig. 1. As a scanning tip, the tungsten wire with diameter 120 um was used.
After electrochemical etching the obtained curvature radius of the tip was about 30 nm.

voltage, current

+ topo
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0000000000000000
0000000000000000
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Fabry-Perot
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YVvYy

X.Y, Z stage

Fig. 1. A simplified diagram of the combined shear force emission microscope setup
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In a shear force microscope, the tip oscillates laterally to the surface near one of its
mechanical resonant frequencies. At a distance of a few nanometers from the surface
in question, oscillations become damped out by shear forces (Fig. 2). This is used for
tip—sample distance regulation as a basis for high resolution topographic imaging. In
order to measure the microtip oscillation, a fibre Fabry—Perot interferometer is used.
An advantage of this system is that quantitative measurements of tip vibration ampli-
tude are easily performed.

F [nN]

~0,5 nm .
distance

Fig. 2. Tip-sample force distribution curve.
The vertical scale is distorted in order to show attractive forces used in
both attractive and repulsive forces ——— shear-force microscopy

Moreover, the optical detection system allows one to apply voltage to the conduc-
tive microtip. In this case, the microtip can be used as an electron beam (e-beam), as a
collector of field emission current flowing between the tip and surface. The small
amount of force acting between the tip and a sample increases the lifetime of the tip
and reduces the risk of the tip and sample damaging.

At the wire length varying from 5 to 7 mm, and when the spring constant is in the
range from 1 N/m up to 3 N/m, the resonance frequency is about 12 kHz and a typical
O factor of the resonance is 100—200. Tungsten tips are commonly used in STMs due
to convenient etching technology and well known work function.

Fig. 3. The SEM photograph of electrochemically
etched tungsten scanning tip used in the setup.
The diameter of tungsten wire is 120 um

The tip oscillation amplitude was measured with a single mode fibre Fabry—Perot
interferometer. The face of the fibre was placed in the distance of several hundreds of
micrometers from the tip, which reflected light beam back to the fibre. The main part
of the interferometer was placed outside the measurement chamber and therefore sta-
ble environmental conditions for the laser and detector were provided. The interfer-
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ometric signal detected by a lock-in voltmeter allowed the measurement of the tip
oscillation amplitude and to use it as the tip—sample distance indicator. As the tip ap-
proaches the surface, the oscillation amplitude decreases and a phase shift appears.

During the experiments, the setpoint value was about 90% of the free oscillation
amplitude, which correlates with the tip—sample distance of about 10 nm. The detailed
description of the interferometric detection setup has been published elsewhere
[17, 18]. This solution allowed one to obtain a quantitative measurement with very
high sensitivity.

When the biasing tip—sample voltage is applied, the setup allows taking measure-
ments in two modes: simultaneous surface topography and emission current (Fig. 4),
and the voltage-current curve measured in a specific spot over the surface.

Z
[
X

Shear force

\}j/ Emission
o
Sample W
Surface Fig. 4. The idea of simultaneous investigation
of the topography and properties of the electrical
—  Emission current surface with the (?ombined shear force emission
LT microscope setup

The field emission appears when electrical field causes deformation of potential
barrier and electrons can leave the surface due to their high energy. This phenomena is
also called the Fowler—Nordheim tunnelling [18], and can be described as follows:

B CE? _B¢3/2v(y)
I~A¢.t20})exp{ 7z } (D)

where A is the emitter surface area, E is the applied electric field, ¢ is the work func-
tion of the metal, B and C are constants, v(y) as well as #(y) are functions which arise
due to the inclusion of image charge effects. The emission current depends on work
function of the surface when other parameters are constant.

The energy necessary to obtain field emission phenomena is achieved as the result
of a very small tip—sample distance. By the typical distance between 10 and 15 nm and
the applied tip—sample voltage just about few volts — the electric field can reach level
of tens of MV/m. It is must be mentioned that the real distance between the tip and
conducting bulk can be bigger than the approach curve could indicate, due to presence
of water film on the surface and thin oxide layer (oxidation process can appear natu-
rally, when the clean metallic surface is exposed to the humidity, and as result the
surface is covered by thin oxide layer). Thereby a real electric field can be smaller
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than the estimated one, nevertheless it is still sufficient to obtain emission current from
the surface which was confirmed experimentally.

According to the presented equation, when the all factors are constant, the value of
current will vary, when the tip moves over the areas made of different materials (dif-
ferent values of work function).

3. Results

In order to demonstrate the efficiency of the method, some tests were performed.
Presented examples were obtained by simultaneous measurement of the surface topog-
raphy and the emission current. The first example shows a two metal sample: alumina
structures deposited on chromium substrate by magnetron sputtering. The topography
is shown in Fig. 5. The edge of the structure is visible clearly as well as relatively
rough surfaces of chromium and alumina. Also, the side of the structure is visible due
to sample tilt. It allows one to recognize the structure and the substrate very clearly.

8521

16.000 um nm

0o

| ) \ ) ) ) \ ) ) ) )
16.000 um
ScanSize: 16.000 x 16.000 umn 256256 lines

Fig. 5. The surface picture recorded
on alumina deposited on chromium substrate

On the emission picture (Fig. 6), one can see the emission area which is correlated
to the chromium surface but no emission was recorded over the alumina surface. The
result is connected probably to the relatively thick native alumina oxide layer which
makes the emission very weak in this measurement conditions. Increase of the voltage
could allow one to obtain the emission current through the alumina oxide but the risk
of overload the current—voltage converter during the chromium area emission meas-
urement should be taken into account. This problem can be solved by applying loga-
rithmic current—voltage converter instead of the linear one. It can allow one to meas-
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ure the current up to eight orders of magnitude which should be a satisfying solution
in this case.

18.644

16.000 um

0.000

16.000 urn
ScanSize: 16.000 % 16.000 um 2562256 lines

Fig. 6. The emission picture recorded on alumina
deposited on chromium (tip—sample voltage — 11 V)

Next example shows a silicon sample covered with a native oxide layer (Fig. 7).
Such layers are usually ca. 1 nm thick. This surface is very flat, without major features
or structures. At a closer look, one can note few black points which can be easily over-
looked, but even noticed, can be ignored as insignificant artefacts connected to the
noise presence during the measurement.

1600um |

1.600 um

ScanSize: 1.600 % 1.600 um 2564256 lines

Fig. 7. The surface picture recorded on a silicon sample
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1.600 um

ScanSize: 1.600 » 1.600 um 256x256 lines

Fig. 8. The emission picture recorded
on a silicon sample (tip—sample voltage — 5 V)

The current emission map shows the correlation between black spots on the topog-
raphy picture and significantly increased emission areas (Fig. 8). This picture shows
weak points of the oxide layer, where the potential barer is smaller than the other
places and current flows easier. An additional measurement of the topography in those
areas should be the performed in order to investigate more closely the conductive
spots.

4. Summary

The modular shear force emission microscope has been presented. It can be used
for diagnostics of thin dielectric layers. Such layers are used not only in semiconduc-
tor industry but they are utilized generally in wide spectra of industrial production. In
this case, however, the quality and continuity of the dielectric layer in submicrometer
scale is crucial. Thereby this method can applied in other research issues as well.

One should be aware of possible difficulties. Some surfaces can be covered rela-
tively quickly by native oxide when left in ambient conditions. This issue must be
taken into account when the measurement is planned. This problem can be solved by
performing the measurements in vacuum, but that causes major increase of costs.
Moreover some processes cannot be performed in vacuum and another solution must
be developed in such cases.

The main advantage of presented method is a non-contact measurement which al-
lows providing the long life of the tips. Moreover, electrochemically etched tungsten
tips are much cheaper than silicon cantilevers with metal covered tips and very good
known work function of the tungsten is always valid. Thereby one can always measure
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with confidence. In silicon cantilevers, the metal coating can be removed from the tip
due to wear and the results can be no longer reliable.

Presented results proved efficiency of the method, however further research and
tests are necessary in order to develop the method and the setup as well. In addition,
the measurement conditions, sample preparation procedure, and its impact on the re-
sult should be carefully investigated.
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Broadband dielectric spectroscopy
of Al/Lu,05/Al thin film sandwiches

T. WIKTORCZYK

Institute of Physics, Wroctaw University of Technology,
Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland

The paper focuses on the dielectric characterization of electron beam deposited lutetium oxide thin
films sandwiched between aluminium electrodes. The complex capacitance characteristics were recorded
in the frequency domain (from 10 uHz to 10 MHz) with a dielectric response analyser. The influence of
the temperature, the insulator thickness and sample ageing on C’(@) and C”(@) characteristics was exam-
ined. It was shown that high frequency/low temperature dielectric data are assigned to the volume of
lutetium oxide film, whereas the low frequency/high temperature results are connected with M/I inter-
faces. The width of near electrode regions (Schottky barriers) was estimated (A = 2.6-4.7 nm).

Key words: lutetium oxide, thin films; dielectric properties; MIM structures, rare earth oxides

1. Introduction

In the last decade, thin films of rare earth oxides (REO) have attracted great atten-
tion due to their applications in modern electronics and optoelectronics [1-12]. The
REO thin films, known as high-dielectric constant materials, exhibit excellent physical
and chemical stability. They have large bandgap (4—6 ¢V) and high relative dielectric
permittivity (10-20). The REO films exhibit good insulating properties and high di-
electric breakdown field strength (>1 MV/cm). These properties make them interest-
ing dielectric materials for various microcircuits such as field effect transistors
(CMOS type structures), thin film capacitors (MIM type structures), miniaturized ca-
pacitors in DRAMs, etc.

The paper is focused on dielectric properties of lutetium sesquioxide films
(Luy03). Recently, Lu,O; films have been extensively examined [10-17]. At normal
pressure, Lu,0; exhibits cubic bixbyite type structure (C-type structure) with the lat-
tice constant of 1.0391 nm [4]. Lu,Os exhibits the largest bandgap (5.5 eV) [13], the
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highest lattice energy (—13.871 kJ/mol) [14] and the highest melting point (2467 °C)
[13] among lanthanide oxides. Lu,O; films are transparent in the visible and NIR spec-
tral range [13]. Their refractive index is about 1.84 [13].

Lu,O; thin films have been fabricated by various methods such as: sol-gel method
[10-11], electron beam deposition (E-B) [12—13], pulsed laser deposition (PLD) [14]
and atomic layer deposition (ALD) [15]. In this paper Lu,Os films have been prepared
by physical vapour deposition (PVD). An E-B gun was used as Lu,O; evaporation
source.

The aim of this paper is application of the broadband dielectric spectroscopy (in
the frequency range from 10 puHz to 10 MHz) for examination and dielectric charac-
terization of Al/Lu,O3/Al thin film sandwiches.

2. Dielectric properties of MIM structures

The dielectric properties of any MIM structure can be described by the complex
capacitance in a parallel representation:

. , - JG,(0)
C () =C(w)-jC (60)=C,,(0))—T (1)

where: G,(w) and C,(w) are total conductance and capacitance of a specimen at the
circular frequency w(w= 2wf), respectively.

For parallel-plate configuration of the sample geometrical capacitance is expressed
as:

C,=&,sd™ (2)

where: ¢ is the dielectric permittivity of a free space, s is the sample surface area and
d its thickness.

The material properties are characterized by complex dielectric permittivity, £ (@),
which is related to C'(@) by a geometrical factor Cy:

C w)

0

%

£(w)= =&'(0) - je'(w) 3)

We have also applied the complex impedance diagnostic for the analysis of
Al/Lu,O;/Al thin film structures. The complex impedance of a specimen is defined in
the following way:

7 (@) =Z (@)~ jZ"(®) = R, () - wcj o @)

where R(w) and Cy(w) are series resistance and capacitance of a specimen, respec-
tively.
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3. Experimental details

Al/Lu,O;/Al thin film capacitors were prepared on quartz substrates by the PVD
method. The surface areas of the specimens were in the range 0.8—1.2 mm’. Sample
thicknesses ranged from 0.2 pm to 0.6 pm. All dielectric measurements were carried
out in the frequency range 10°—10° Hz by means of an Alpha type Novocontrol fre-
quency response analyser at a low voltage signal (U,.= 100 mV). The measurements
were performed at ambient conditions. Before measurements, the specimens were
thermally annealed at 500 K for 24 h. More experimental details may be found else-
where [13, 16].

4. Experimental results

4.1. Capacitance characteristics at various temperatures

Frequency dependent capacitance characteristics for Al/Lu,Os/Al structures meas-
ured at various temperatures are presented in Figs. 1 and 2. Figure 1 shows C'(f) char-
acteristics whereas Fig. 2 presents C"(f) characteristics.

A Dp,
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Fig. 1. Frequency dependence of the real part of the capacitance of Al/Lu,0;/Al structures
at various temperatures. Film thickness: 546 £2.5 nm, sample surface area: 0.95 £0.02 mm?

High frequency parts of all C'( f) curves (denoted as Cyr) are almost flat, showing
a weak dependence on temperature. For low frequencies, C'( f) characteristics rapidly
increases until they become saturated, reaching values of Cjr.
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Curves of the imaginary part of the capacitance in Fig. 2 show distinct loss peaks,
the half widths of which amount almost 1.5 decades in the frequency scale. The C"( f)
maxima are thermally activated according to the relation:

E
fc‘;ax f Xp(k]"}

in which: f; is a constant, £, — the activation energy, k£ — the Boltzmann constant and T
— temperature. From log(C"..x) plot vs. inverse temperature, the activation energy of
C" nax Was estimated. Taking into account the slope of this curve (not shown here), the
activation energy was found to be 1.08 £0.02 eV.

—o—Cp"292
10° 4 1 01 l 11 —+—Cp"313| |
§ n V'V-v ﬁ“ qﬁz.- D.E'O":D'g(:;%\ :vZ Cp"331 E
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Fig. 2. Frequency dependence of the imaginary part of the capacitance of Al/Lu,0Os/Al structures
at various temperatures. Film thickness: 546 +2.5 nm, sample surface area: 0.95 +£0.02 mm®

A marked increase in C"( f) curves for the r.f. range is observed at all tempera-
tures. Such an effect for Al/Lu,Os/Al structures can be explained as due to combined
lead and contact resistances for high frequencies.

4.2. Insulator thickness

In Figure 3, dispersion characteristics of the real part of the capacitances of three
samples of different Lu,O; film thickness measured at 410 K are shown. It is seen that
the capacitance is thickness dependent for high frequencies (f > 0.1 Hz). Dielectric
permittivity in this range has values from 11 to 13, being close to the bulk dielectric
permittivity of Lu,Ositself [13]. For frequencies below 1 MHz, the capacitance (Cyr)
becomes thickness independent in the saturation region.
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Fig. 3. Frequency dependence of C”at410 K for Al/Lu,O5/Al structures with various

insulator thicknesses. The capacitance was normalized for the sample surface area of 1 mm?

Values of ¢ estimated for various temperatures in this range (10°~10%) were thick-
ness dependent and have to be taken as apparent values for Al/Lu,Os/Al structure. The
high- and low-frequency capacitances (Cyr and C,r) determined from C'( f) curves at
various temperatures have been compiled in Tables 1 and 2 where the values of the
ratio C;r /Cyr have also been given.

4.3. Ageing of Al/Lu,Os/Al structures

Figures 4 and 5 show frequency dependences of C’ and C” for aged samples. at dc
electrical field at U =15 V for 24 h. The ageing was carried out at 483 K.
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Fig. 4. Frequency dependences of C’ for aged Al/Lu,0;/Al structures.
Lu,0; film thickness 546 +2.5 nm, sample surface area 0.95 £0.02 mm?
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Fig. 5. Frequency dependence of C” for aged Al/Lu,0Os/Al structures.
Lu,0; — film thickness: 546 +£2.5 nm, sample surface area: 0.95 +0.02mm>

C" and C" characteristics in Figs. 4 and 5 exhibit frequency dependences similar to
those presented in Figs. 1 and 2. However, sample ageing causes important reduction
of the low-frequency real part of the capacitance (C.r). The activation energy for tem-
perature shift of Cyy.x was found to be 1.11+0.02 eV.

5. Discussion

The results of dielectric measurements of Al/Lu,O3/Al structures suggest that ob-
served dielectric response comes from Al/Lu,O; and Al/Lu,O; near-electrode regions
and from Lu,0O; film. We have assumed that Schottky barriers are formed at both
metal/insulator boundaries [17, 18]. Figure 6 shows the energy diagram for examined
Al/Lu,05/Al structures. The capacitance and the resistance of Lu,O; film can be ex-
pressed in the following way:

S
C,=¢g — 5
v Vd ()

E
R, =R, exp [ﬁj (6)

where &', denotes the dielectric permittivity of Lu,Os film and E, is its activation en-
ergy. From Figures 1 and 2 the values of the high frequency capacitance (Cyr = C,)
for annealed samples and for samples aged have been determined (Table 1). In the the
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table, the values of R, determined from the impedance plots (not shown here) are also
given obtained by transformation the dielectric data according to Eq. (4).

Table 1. The parameters of the insulating film
(Lu,05) estimated in this paper

. Structures annealed at 500 K Structures aged at 5 V

[K] CHF = Cv Rv CHF = Cv Rv
[pF] [Q] [pF] [Q]

292 170.6 -
313 171.5 5.6x1012
331 172.9 1.1x10" 169.1
358 173.8 9.5x10' -
382 173.8 8x10° 172 1.8x10°
410 177.5 1x10° 173.2 2.1x10°
434 179.2 1.8x10° 175.2 3.3x10°
459 181.3 4.5x107 177.3 6.3x10’
483 183.8 9x10° 179.8 1.7x107
500 185.1 4.2x10°

Table 2. The parameters of the near electrode regions
for Al/Lu,0;/Al structures estimated in this paper

Structures annealed at 500 K | Structures aged at 5 V

T
[K] Cir CBI(Z) Cir CBI(Z)
[nF] Crp/Crp [nF] [nF] Crp/Cp [nF]
382 9.7 56.4 194

410 18.5 105 37.0 991 572 19.8
434 18.8 105 37.6 |10.1| 57.6 20.2
459 19.2 106 39.0 |103] 58.1 20.6
483 19.5 106 39.0 |10.7| 595 214
500 20.0 108 40.0

The capacitance of the depletion regions connected with Schottky barriers can be
expressed by:

K
’
Cb1(2) =& &)

}"(2)

where &)1 denotes the dielectric permittivity of the near-electrode regions and A, is
the thickness of these regions.

Assuming that both near-electrode regions exhibit the same properties, we get: €%
= g,bz: ,1,1(2), ﬂl = 12: Aand Cbl = Cbz = Cb1(2)- Moreover, if 8,bl(2) = 8,\,: 8'(Lu203) = 115,
then for low frequency/high temperature approximation we get: Crp= "2Cpy(2).

()
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Fig. 6. Energy diagram of MIM structure having two Schottky barriers at M/I interfaces

For high frequency/low temperature approximation: Cyr= C,. Taking into account
the average values of Cy (5 equal to 9.6 nF and 5.07 nF for structures annealed and
aged, respectively (see Table 2), the thickness of near electrode regions was deter-
mined from Egs. (5) and (7). We obtained: A = 2.6 nm for Al/Lu,Os/Al structures and
A=4.7 nm for aged structures.

6. Concluding remarks

We have employed broadband dielectric spectroscopy for measurements in
Al/Lu,O;/Al thin film structures. Experimental data for frequencies from 10 uHz to
10 MHz enable better understanding of dielectric properties of Al/Lu,Os/Al structure.
We have shown that dielectric response of such a structure comes from the bulk of
Lu,O; film and from both metal/Lu,O; interfaces. The parameters of Lu,O; film and
near electrode regions (Schottky barriers) have been determined.
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Space charge decay in low density polyethylene
—montmorillonite clay multilayer nanocomposites
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The space charge accumulation and decay at low density polyethylene (LDPE)/(LDPE— montmoril-
lonite (MMT) nanofiller composite) interfaces were investigated using the step electroacoustic (SEA)
method. A three-layered specimen was polarized under dc voltage at 90 °C. After cooling under field, the
short circuit currents as well as SEA signals were measured during TS discharging of the sample. The
MMT nanofillers affect the electrical properties, particularly conductivity of composites and play an
important role in charge distribution. LDPE/LDPE-MMT interfaces act as carrier traps and favour accu-
mulation of charges at higher temperatures.

Key words: LDPE insulation; nanocomposites; insulation interface; space charge dynamics; SEA tech-
nique

1. Introduction

Polymer—clay nanocomposites are two phase materials where nanoscale inorganic
particles are dispersed in an organic polymer matrix. On a nanometer level, the inor-
ganic fillers improve the properties of the polymer. Since the nylon—clay nanocompo-
sites with excellent mechanical properties were developed, polymer—clay interactions
have been actively studied [1, 2, 3]. The most commonly used clay is montmorillonite
(MMT). MMT is a crystalline, 2:1 layer clay mineral in which a central alumina octa-
hedral sheet is sandwiched between two silica tetrahedral sheets [4]. The thickness of
the platelets is of the order 1 nm and the aspect ratios are high, typically 100-1500.
The molecular weight of the platelets (about 1x10%) is considerably higher than that of
typical commercial polymers. The layers are stacked one above another and the inter-
layers are occupied by metallic cations, usually Na'. The silicate layers are coupled by
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weak dipolar forces or van der Waals forces. The sheets bear charge on the surface
and edges, this charge being balanced by counter ions which reside in the inner layer
spacing of the clay. One important consequence of the charged nature of the clays is
that they are generally highly hydrophilic species and therefore naturally incompatible
with a wide range of polymer types. A necessary prerequisite for successful formation
of polymer—clay nanocomposites is therefore alteration of the clay polarity to make the
clay “organophyllic”. It is made by ion exchange reaction. Na' ions residing in the inter-
layers can be replaced by organic cations such as alkylammonium ions, which makes or-
ganosilicates compatible to polymers. The organosilicates can be broken down into their
nanoscale structures and homogenously distributed in the polymeric matrix to form exfo-
liated nanocomposites [5]. The exfoliated structure is the most desirable for improvements
of mechanical properties, thermal stability and heat resistance. The polymer—clay nano-
composites exhibit improved tensile modulus, decreased permeability to gases, flamma-
bility reduction, chemical resistance and environmental protection [6].

Low density polyethylene (LDPE) is one of the most widely used polymers as
electrical insulation. LDPE-MMT nanocomposites show improved tensile strength
and modulus with good flammability resistance [7, 8]. The improved tensile strengths
were observed also at 70 °C [9]. In addition to higher heat resistance and flame retar-
dancy, the LDPE-MMT nanocomposites show the lower impermeability to gases and
vapours, what can be the effect of barrier properties [10]. The electric properties of
LDPE-MMT nanocomposites were rarely reported. Some results indicate that addition
of nanoparticles enhances partial discharge and corona resistance and affects the con-
duction mechanism of nanocomposites [ 10—12].

In the present paper, the space charge accumulated in LDPE/LDPE-MMT/LDPE
composite multilayer samples after thermoelectret polarization at higher temperature
was investigated. The space charge distribution along the sample thickness was meas-
ured using step electroacoustic method. The measurements were performed during
thermally stimulated discharge of the electret sample with the constant heating rate.

2. Experimental

Materials. Low density polyethylene GGNX 18-D003 (melt index 0.3 g/10 min)
was used as a matrix polymer. The MMT nanofiller in the form of granular concen-
trate C.30.PE (50% PE + 50% MMT) was supplied by Nanocor. A suitable amount
(1:7.3) of granular concentrate was added to LDPE matrix in order to obtain concen-
trations of 6 wt. % of MMT nanofiller. The compounds were mixed simultaneously
using internal mixer of rotating single screw extruder. Test specimens were prepared
by pressing at 170 °C for 1 min.

Samples. A schematic structure of a specimen is shown in Fig. 1. The thickness of
the specimen was typically ca. 210 um, consisting of 3 layers. The LDPE-MMT layer
ca. 90 um thick is placed in between two LDPE layers ca. 60 pm thick. Ag electrodes
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with the diameters of 12 mm were evaporated on the sample in vacuum. The inter-
faces were formed by laminating pure and composite LDPE films. The layers were

B | " N (Ba —4e

Fig. 1. Schematic diagram of a specimen

pressed firmly at 90 °C in order to avoid any cavities at interfaces. The electrical be-
haviour of the interfaces depends on microstructure and smoothness of the surfaces,
their physical properties as well as temperature and contact pressure. That is why the
sample preparation has been completed very carefully. Such three layered samples
were polarized at 90 °C by 10 min under dc voltage of 2.1 kV and slowly cooled down
under field to room temperature. Then the thermoelectret samples were discharged
thermally at constant heating rate » =2 K/min.

Space charge distribution method. The space charge profiles along the sample
thickness were measured using a step electroacoustic system illustrated in Fig. 2.
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Fig. 2. Schematic SEA setup for measurement of acoustic waves

The three-layered specimen is inserted between electrodes and a step-like voltage
us is applied to the sample to generate pressure wave. Its rise time is about 1 ns and the
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amplitude is 3 kV. The bias dc voltage U, was applied for calibration and for meas-
urements. The measurement system is placed in a temperature-controlled chamber
with a controlled linear temperature rise. In the presented system, a 0.4 mm thick
LiNbO; piezoelectric crystal was used as a transducer of acoustic waves. It enables
measurements at higher temperatures to be performed.

Space charge distributions were measured under dc electrical voltage Uy = 1.5 kV
at temperature range from room to 390 K. The output signal is voltage generated in
thick piezoelectric crystal by transmitting pressure wave and measured along R =50 Q
input of DSO. In the case of the step voltage applied to the sample and thick piezo-
electric sensor, the signal related to short circuit current response gives information on
electric field distribution. The measured signal ug(?) is distorted by measurement cir-
cuit and should be processed in order to get information on electrical field profiles. In
order to obtain quantitative information, the calibration has to be carried out. For this
reason, the electric field profiles were integrated. The maximum of the integrated sig-
nal corresponds to the sum of the applied voltage us+U,. The calibrated profiles of
electric potential distribution for various values of Ujare shown in Fig. 3.
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Fig. 3. Electric potential distribution obtained after integration of short circuit
signals proportional to the electric field. The positions of interfaces in 3-layered specimen
are marked with lines. The specimen was thermoelectrically charged under
dc voltage 2.1 kV at 90 °C for 10 min, u, = -3 kV

The calibrated profiles of the electric field and space charge distributions are ob-
tained from the first and second derivatives and of potential profiles respectively. Lo-
cation of the charge at position z can be described in terms of time because of the rela-
tion z = v, when the sample acoustic wave velocity is v. Perturbation forces generated
by step voltage u, depend on internal space charges in a sample as well as on polariz-
ing U, and step u voltages applied to the sample. The SEA measurements were per-
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formed under condition Uy =— 0.5u,. Under this condition, perturbation forces theo-
retically should not be related to external voltages and measured signal should give
information on internal electrical state of charged sample [13]. It can be seen from
Fig. 3 that in the case of U, = — u,, the signal at the top electrode equals zero. This means
that pressure signals from internal charges and external applied voltages are compensated.
This signifies that initial potential from internal charges equals ca. 1.5 kV.

3. Results and discussion

3.1. The SEA signals

The SEA signals measured from 300 K to 375 K for the layered sample are shown
in Fig. 4. It can be seen that positions of peaks are shifted in time with the increasing
temperature. The shift may be the result of the thermal expansibility as well as de-
creasing of acoustic wave velocity in Al delay line. These changes were taken into
account during interpretation of test results.
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Fig. 4. SEA signals are shifted in time with the increasing of measuring temperature,
ranging from 300 K to 375 K; uy,=—-3 kV, Uy=1.5kV

3.2. Space charge and electric field distributions

Figure 5 shows how the internal space charge distribution evolves with time dur-
ing thermally stimulated discharge process. Signals from charges at electrodes related
to applied voltages (Uy+ us) are not observed.



1194 T. KRAUSE et al.

electrode

v

charge density g [C/m]

bottom
electrode

time t [ns]

Fig. 5. Evolution of the space charge distributions during TSD at elevated temperatures.
Sample polarized under 2.1 kV at 90 °C by 10 min
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Fig. 6. Electrical field profiles along the LDPE/LDPE-MMT/LDPE composite
samples during thermally stimulated discharge

Accumulated charges are heterocharges because the sign of the charge near the
electrode is opposite to the electrode potential during polarization process. The hetero-
charges are dominant in each layer of a triple laminate specimen and in each stage of
discharging. The heterocharges originate from the bulk and not from the electrodes.
Various organic and inorganic impurities are the major contributor to heterocharges at
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low electric field [14]. Initially (300 K) the charge accumulated near electrodes can be
seen. Small space charges were observed near LDPE/LDPE-MMT interfaces. Positive
heterocharges accumulated in the left LDPE layer near electrode decay during dis-
charging and near the left LDPE/LDPE-MMT interface hetorocharge builds up. It can
be observed already at 330 K on the both sides of the interface. The similar behaviour
is observed near right LDPE/LDPE-MMT interface for negative heterocharges. The
accumulated charges decay gradually with temperature.

Slow decay of space charge causes decreasing of the electric field mainly in the
near electrode regions as it is seen in Fig. 6. The maximum electric field occurs in
LDPE-MMT layer of the specimen, where the space charge density is equal to zero. It
is probably the effect of charges recombination. The slow decay of space charges
shows that the nanostructure of MMT generates traps and interfaces which are barriers
for charge transport. Electrical properties of LDPE-MMT layer seem to have great
influence on space charge distributions.

3.3. Electric characterization of LDPE layers

The measurements of electrical conductivities and permittivities of LDPE and
LDPE-MMT nanocomposites were performed from 300 K to 396 K. The temperature
dependences of electrical conductivities are shown in Fig. 7.
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Fig. 7. The temperature dependences of conductivities of pure LDPE layer and MMT doped LDPE layer

A substantial increase of conductivity from 10'® S/m to 10" S/m in LDPE is ob-
served in the given temperature range, which is a well known phenomenon. However,
in the LDPE-MMT nanocomposite, only a slight decrease of conductivity from
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6x10" S/m to 2x10™" S/m can be seen. It indicates that concentration of charge carri-
ers in LDPE-MMT does not change. At low temperatures up to 350 K the conductiv-
ity of the LDPE-MMT prevails that of LDPED, while at higher temperatures, the
conductivity of pure LDPE is higher than in LDPE-MMT nanocomposite. Therefore,
the differences in conductivities can affect the observed changes in space charge and
electric field distributions. It seems that permittivities do not affect the observed dis-
tributions very much because differences in their values are not significant as it can be
seen in Fig. 8.
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Fig. 8. The temperature runs of relative permittivities of pure LDPE and MMT doped LDPE

3.4. TSD currents

Figure 9 shows short circuit TSD current for triple layer thermoelectret sample po-
larized at 90 °C by 10 min under 2.1 kV and next slowly cooled to room temperature
under the electric field. The thermogram shows peak at 385 K. This peak is related to
decay of heterocharges in LDPE stored at near electrode regions. They may originate
from low molecular mass impurities [15]. LDPE is partially polar because of organic
peroxide compounds, and ketonic carbonyl groups. Such kinds of impurities could be
polarized under the voltage to form heterocharges. The released charge during TSD is
about 40 pC/m” and is similar to the change of the charge accumulated near the elec-
trode. The measuring efficiency of various TSD processes depends on the mechanism
of charge decay. The current release by dipole reorientation has the 100% efficiency.
In the case of the excess charge decay by drift or conductivity, current efficiency is
poor. Decay of symmetrical or antisymmetrical distributions of space charge may give
no current in external circuit [16]. The distribution seen in Fig. 5 is symmetric and
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great amount of charge is stored near LDPE/LDPE-MMT interfaces above 390 K.
Therefore, the interfaces can act as barriers for charge migration where some charge
can be trapped during polarization.

TSD curret j, ., [pA/om’]

-3,0

310 320 330 340 350 360 370 380 390
temperature T [K])

300

Fig. 9. Thermally stimulated discharge current of triple layer specimen.

Thermoelectret sample polarized at 90 °C for 10 min under 2.1 kV

4. Conclusions

A heterocharge was accumulated at interfaces after thermoelectret polarization of

triple layer LDPE/LDPE-MMT/LDPE specimens. During thermally stimulated
process charge accumulated near electrodes decays first. The change of the charge
accumulated near electrode is similar to the released charge during TSD. The high
efficiency of decay process suggests dipole reorientation as the main discharge
process. The heterocharge stored at LDPE/LDPE-MMT interfaces is very stable. Such
interfaces create deep traps and barriers for charges. This phenomenon would result in
the reduction of the local electric field between the electrode and the bulk.

— r——_—
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Influence of thermal ageing on dielectric
response of oil-paper insulation
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Results of dielectric response measurements in frequency domain at various temperatures have been
presented for oil impregnated paper samples unaged and thermally aged containing various amounts of
moisture. The obtained results were used for defining respective master curves and activation energies.
Discrepancies of the results for similar samples are also discussed. Finally, statistical spread of the data
was presented and the influence of moisture content on the dielectric response of paper samples has been
discussed.

Key words: dielectric response; oil-paper insulation, thermal ageing; moisture content in oil-paper insulation

1. Introduction

Increase of moisture content in paper results in appreciable decrease of its electri-
cal strength. Similarly, electrical strength of oil depends on relative moisture content
as well. Increase of moistening in transformer insulation system results in decrease of
bubble effect initial temperature, a very dangerous phenomenon in transformers [1].
Moreover, the paper ageing rate almost linearly depends on its moistening [2—5].

Moisture can penetrate into transformer paper insulation not only from outside. It
is a product of cellulose degradation at high temperatures. Unfortunately, presence of
water additionally increases the ageing rate.

Paper insulation directly contacts with transformer winding, and is endangered to
the influence of hot spots. Paper thermal ageing near hot spots can destroy its electri-
cal strength and leads to transformer failure.

“Corresponding author, e-mail: jaroslaw.gielniak@put.poznan.pl
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2. Experimental

Objects of investigation. Transformer paper samples impregnated with transformer
oil were investigated. Their preparation included the following operations: drying,
moisturising, and impregnation with oil. Firstly, samples were dried at 80 °C in a vac-
uum-thermal chamber for 2—3 days. Their weights were continuously monitored. After
drying, the samples were kept in open atmosphere for absorbing moisture from air.
Weight changes of the samples were again monitored to obtain predefined levels of
moisture intakes. Then the samples were put into containers filled with unused mineral
transformer oil, NYNAS Nytro 10 GBN for impregnation. Measured moisture content
in the oil was 12 ppm. Three groups of samples were prepared with moisture intake
equal to 0.6%, 2.0%, and 4.0%.

Fig. 1. Container (a) and the stand (b) used to store the samples

Special steel containers (Fig. 1a) were designed for sample storage. The containers
were hermetically sealed and prepared to provide possibility for performing tempera-
ture treatment. Flexible bellows on the container body reduced inside pressure during
ageing at high temperatures. Also a metal stand was designed for holding the samples
inside the container. Fifteen samples with the same moisture intake were placed into
one container (Fig. 1b).

Paper and pressboard samples with moisture intake of 0.6%, 2.0% and 4.0% were
artificially aged. The ageing was carried out in a closed system at 130 °C. Total time
of ageing was about 800 h. A temperature distribution in the oven and along the con-
tainer was regularly observed using a thermal image from an infrared camera. Fur-
thermore, in order to maintain the same ageing conditions, container positions in the
oven were regularly changed. From each container (with unaged and aged samples),
three samples with similar moisture content were selected and investigated.

Measurement set-up. For the measurements, a paper sample was placed into a test
cell filled with oil. Similar oil was earlier used for impregnation of the paper. The test
cell was placed in a conditioned chamber. The test cell was designed for three-
electrode measurements as shown in Fig. 2. Object of investigation was connected to
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Fig. 2. Scheme of the test cell Fig. 3. IDA 200 instrument

IDA 200 instrument (Fig. 3). Dielectric response in frequency domain (FDS) was in-
vestigated in the frequency range from 0.1 mHz to 1 kHz.

3. Results of investigations

3.1. Dielectric response of unaged and thermally aged paper

Figure 4 presents dielectric responses of chosen new and thermally aged paper-oil
samples. Unaged paper was prepared on 4.0% moisture intake, but in the Karl—Fischer
(K-F) measurement paper with 4.8% moisture intake was used. After ageing, paper
samples were again investigated by the K-F titration, and 3.8% of moisture was de-
termined.
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Fig. 4. Dielectric response of paper samples in frequency domain
at 20 °C; permittivity: a) real part, b) imaginary part
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The shift of dielectric response curves is probably connected with the increase of
moisture content in paper samples during ageing. Unfortunately measurements by the
K-F method showed decreasing amount of water in aged paper.

The dielectric responses of aged and new samples differ significantly. It clearly
shows that dielectric response of paper depends not only on moisture content and tem-
perature but also on ageing state or the substances formed during ageing such as low
molecular acids. However, further careful analysis is essential for better clarification
of the problem. Table 1 presents average moisture content for investigated paper sam-
ples.

Table 1. Average moisture content in paper samples before and after thermal ageing [%]

Moisture content Moisture content
before ageing after ageing
[%] [%]
0.6 1.7
2.0 1.7
4.0 2.5

Unfortunately, very dry aged samples (with 0.6% moisture intake) were probably
additionally moistened during transport, what manifests in the K-F titration results.
The remaining data in Table 1, however, show possible problems with accuracy of the
K-F titration method used for measurements.

3.2. Master curves and activation energy

Measured responses of the paper samples with various moisture intake at three
temperatures were utilised for obtaining their master curves. Figure 5 presents chosen
master curves of permittivity and losses of aged paper at 20 °C. All presented master
curves are derived from mean response of three similar samples.
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Fig. 5. Master curves at 20 °C for aged paper samples with various moisture content;

permittivity: a) real part, b) imaginary part
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At first it results from the figures that a real part of permittivity for aged paper is
not a good criterion for evaluating the moisture content. Initial moistening of the paper
has an immense influence on the ageing process. That is why two samples of the paper
with identical moisture content (1.7%) have different £” values. The moisture content
in aged paper should be rather determined based on the analysis of the imaginary part
of permittivity.

Table 2. Values of activation energy in aged paper samples

Average moisture intake Activation energy
[%] [eV]
0.6 0.9665
2.0 09116
4.0 1.0908

The activation energies with different moisture contents are given in Table 2. No
clear dependence of the activation energy for aged paper samples on the moisture in-
take is visible.

3.3. Discrepancies of the results for similar samples

In Figure 6, the results of measurements of dielectric response for two groups of
aged paper samples are presented, with moisture intake of 0.6% and 4.0% at 20 °C.
The differences in the results are not significant. They are small enough to distinguish
moisture degree of aged paper.
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Fig. 6. Complex capacitance in the frequency domain
of thermally aged paper samples with moisture intake 0.6% and 4.0% at 20 °C

Figures 7-9 show dispersion bars of diclectric responses for aged samples with
0.6%, 2.0% and 4.0% moisture intake. It is visible that dispersion bars decrease with
increasing of moisture intake in paper.
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Fig. 8. Dispersion of permittivity error bars of three aged paper samples
with moisture intake of 2.0%; permittivity: a) real part, b) imaginary part
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Fig. 9. Dispersion of permittivity error bars of three aged paper samples
with moisture intake 4.0%; permittivity: a) real part, b) imaginary part

Presence of the discrepancies in the results of measurements is probably con-
nected with slight differences in moisture content in samples due to various rates of
ageing of samples connected with the location of the sample in the container during
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ageing. These discrepancies in results of measurements diminish with increase of pa-
per moistening.

4. Conclusions

e Measurements of moisture content in thermally aged paper by the Karl-Fischer
titration underrates the values of water content.

e Paper dielectric response depends not only on moisture content and temperature
but also on ageing state or presence of substances formed during ageing.

e A real part of permittivity for thermally aged paper is not a good criterion for
evaluation moisture content,

e Initial moistening of the paper has a great influence on its thermal ageing.
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Reliable and undisturbed operation of electric and electronic circuits is mainly achieved through the
use of appropriate overload protection elements such as overvoltage surge arrestors. The stability of metal
oxide varistors which are used insures that the circuits are adequately protected. The point of adding the
varistor material with aluminium is the extension of the nonlinearity of /-V characteristic in high current
region. In this work, both the aluminium doping for ZnO varistors, and the effect of this doping on the
ageing processes in varistors were investigated. The current trend towards the production of better and
more robust surge arrestors which utilize mainly ZnO varistors motivated these studies. The fundamental
technological impediments include the repeatability of manufactured varistors and their susceptibility to
ageing factors such as current shocks, elevated operation temperature and the extended effect of the op-
eration potential. Improving the varistor imperviousness to ageing continues to be an imperative but, as
yet, unsolved problem.

Key words: ZnO varistors, Al additive; ageing; 1-V characteristics; TSDC, nonlinearity exponent

1. Introduction

In order to reduce the destructive effect of overvoltage in power networks, surge
arresters are used. These circuits utilize varistors, meaning resistors with variable re-
sistance (variable resistor — VR). Currently, varistors are widely used in both elec-
tronic circuits and power networks, often protecting costly devices or an entire instal-
lations. Those used in low power devices resemble small parallel-plate capacitors.

“Corresponding author, e-mail: mielcar@iel.wroc.pl
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Varistors used in high power equipment have a cylindrical shape, are tens of millime-
tres in diameter, and are encapsulated in ceramic, epoxy or silicone pipe enclosures.

Varistor fabrication technology has undergone continuous transformation. This
progress is stimulated by the desire to lower production costs and improve quality.
Lowering the exploitation costs through better protection against failures provides
a strong argument for the undertaking the research into varistor technology.

To have varistors working within their specifications is particularly important in ex-
ploitation of power networks. Low production costs and a high level of protection has
increased the range of varistor applications. The first sintered ceramic varistors were
made from silicon carbide (SiC). In the seventies, they were replaced by metal oxide
varistors (MOV). Nowadays, oxide based varistors serve as arrestors in a wide range of
voltage — from just a few volts to hundreds of thousands of volts [2]. They exhibit strong
non-linear current dependence on voltage and are capable of absorbing large quantities
of surge energy. Compared to other circuit protection systems such as electronic circuits,
they are less expensive and simpler to construct making them more reliable. However, in
order to market them effectively, their parameters must be repeatable and fall within
precisely specified limits. Understanding and controlling the effects which occur in
varistor ceramics, exceeds the range of a single discipline. Current research on this sub-
ject is focused on the problem of the conduction mechanisms, the role of the impurities
and on the degradation processes. A typical (non-linear) voltage—current (V—/) character-
istic of a varistor [3] is presented in Fig. 1. The principle of varistor operation is that
araise of the voltage across a varistor above the nominal value, causes an abrupt in-
crease in the overflow current and limits further increase in the voltage.

Q—*i&g-—-&;‘-—- Normnal Vit Operstion. ot SO0 g

D

o

Voltage - V

# o8 8 »w o ow B B B B B W W
Current - A

Fig. 1. The voltage—current characteristic of a typical varistor

Three distinct operation regions on the V—/ characteristic exist; a leakage region
(A), conduction (voltage clamping) region (B) and upturn (saturation) region. In the
leakage region, the resistance of the varistor is in the gigaohm range and the current
value at the applied working voltage is of the order of microamperes. The mechanisms
responsible for the operation of ZnO varistors are described below.
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The currents associated with thermal emission of electrons across the Schottky po-
tential barrier dominate varistor conductivity in the leakage region. The temperature
affects strongly the shape of the V—/ characteristic in this region. For a single barrier,
an exponential function describes the relation between the current density J and elec-
tric field strength F'[1]:

(1)

E _ Fl/Z
J=J, exp(ij

kT

where Jj is a current constant, £ is the proportionality coefficient, & is the Boltzmann
constant, £, is the height of the Shottky barrier, and 7 is the operation temperature of
the varistor.

In the conduction region, varistors reveal their surge protective properties. They
become low resistance devices. This part of the V—I characteristic can be described by
the following exponential dependence

I=kV® )

where k is a ceramic constant dependent on the type of the varistor, the nonlinearity
exponent o represents the slope of the characteristic on the double logarithmic scale

log([2 ]
II 1
V.

log| -2
g(m]

with arbitrary currents / and the corresponding voltages V' from this operation region.
The nonlinearity exponent of metal oxide varistors a few orders of magnitude exceeds
that of carborundum varistors (based on silicon carbide SiC). Depending on the fabri-
cation technology its value may reach 80.

Finally, the upturn region is characterized by a rise in dynamic varistor voltage in
line with the current. It is caused by an increase in the resistivity of ZnO grains related
to the saturation of free charge carrier concentration. The resistance of the varistor is
small (1-10 Q) and relation between current and voltage is again linear.

The individual operation regions of varistors correspond to the current ranges occur-
ring under real conditions. The operational voltages and the dynamic overvoltages fall into
the leakage region (A). The switching overvoltages correspond to the conduction region
(B). Supervoltages in the upturn region (C) may be caused by lightning surges.

The tendency of varistors to deteriorate resulting in a rise of the leakage current
and asymmetry of the V—/ characteristics are the major faults of these devices. They
are caused by varistor operation at elevated temperatures as well as overvoltage spikes
[4-6]. As surge arrestors, varistors should be reliable and maintain their originally

o=

3)
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declared specifications over an extended period of time. ZnO varistors are designed and
manufactured for specific work conditions described by maximum (continuous) operation
voltage V., nominal surge varistor voltage V,, nominal surge current /,, and the expected
shunt current. Exceeding these values during exploitation may result in the failure of the
arrestor. In particular, it puts the varistor at risk of degradation. In most cases, it leads to
arise of the leakage current resulting in self-heating of the varistor caused by excess
power released in the device. Due to a positive value of the thermal coefficient of conduc-
tivity of metal oxide ceramics [7], a heat induced discharge may occur. In more drastic
situations, ceramics may break or melt and a surface discharge may occur.

The common reasons for varistor degradation and failures due to ageing include:

e working voltage exceeding the maximum operation value (dynamic overvoltage
and ground fault),

e lightning surge current which significantly exceeds the nominal surge current,

e current spikes,

e prolonged overvoltage,

e clevated temperature,

¢ environmental factors such as ozone, nitrogen oxides, humidity, and pressure.

For a continuous and high level protections of the electric devices provided by ar-
restors, the varistors must exhibit repeatable characteristics and be stable throughout
the entire exploitation period. Usually this requires that any change in the varistor
characteristic voltage V', ,a (Which is a voltage at which the current flowing in the
varistor has the value of 1 mA [7]), caused by the earlier listed ageing factors, does not
exceed 10% of its initial value.

2. Sample preparation

The composition of the material used to prepare the samples for characterization is
given in Table 1. Materials of analytical purity were used for manufacturing the samples.

Table 1. Composition of the varistor

Compound Content [wt. %]
Bi,04 1
Sb,04 1
C0203 0.5
MnO 0.5
NiO 0.8
Cr,04 0.4
Zn0O 95.8

The processing included milling, mixing and homogenization, drying, granulation,
pressing, sintering (1250 °C for 1 h), deposition of the electrodes, and packaging. The
prepared varistors were 12 mm in diameter and 2 mm thick. Hydrogenated aluminium
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nitrate (AI(NOs);-9H,0) mixed with ground ZnO powder was used for the aluminium
doping of the varistor mass. The doping levels, as well as the dimensions of the sam-
ples prepared in this process, are listed in Table 2.

Table 2. Aluminium content and the parameters
of the investigated samples

No. Diameter | Thickness Al content

[mm] [mm] [ppm] | [g]

1 12 2.40 0 0

2 12 242 12 0.001

3 12 2.38 24 0.002

4 12 2.18 48 0.004

5 12 2.18 96 0.008

6 12 2.26 192 0.016

3. Experimental

Varistor samples were placed in a heat chamber, and a laboratory made system for the
investigation of passive elements was utilized. The system allows experiments to br car-
ried out at both constant and pulsed currents at maxima of 2 kV and 200 A. Computer
controlled, METEX multimeters were also used to measure the current and voltage.

Two ageing factors were used for provoking the degradation process:

e exposure of the samples to an elevated temperature of 115 °C,

e constant overvoltage resulting in a 50 LA current.

The ageing experiment was carried out over of a period of 24 h. Additionally, the
stabilized current was maintained in the varistor during the process. The procedure
allowed one to preserve the conductive paths within the volume of the varistor.

The system used for thermo-stimulated discharge current (TSDC) measurements
is described elsewhere [8]. Before the temperature scan, the sample was cooled in
a cryostat to 100 K at a constant electric field. The TSDC spectra were collected with
the temperature increasing at a constant rate (4 deg/min) from 100 K to 500 K.

4. Results and discussion

The ZnO-based varistor samples were subjected to a series of investigative proce-
dures. The goal of these studies was to determine their properties such as characteristic
voltage (V) ma), nonlinearity exponent, /-V characteristic curve, relaxation parameters
(location and height of the TSDC peaks, and activation energy for individual depolari-
zation processes) obtained in the TSDC measurements. The experimental results ob-
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tained from examination of the as-received structures provide a basis for evaluation
the influence of aluminium doping on varistors.

The investigations of the /-V characteristics were carried out using the constant
current method. The voltage was normalized to 1 mm thickness of the sample. The
results shown in Fig. 2, allow one to determine the parameters of the studied samples.
The I~V curves were used for determination of the nonlinearity exponents in the
0.1 LA—1 A current range. In this range, the samples with smaller aluminium concen-
trations (0 and 12 ppm) reach the highest values of the nonlinearity exponent. A sig-
nificant drop of this parameter is observed in the samples with 96 and 192 ppm addi-
tive concentrations. The investigated current range lies on the boundary between the
leakage region and the conduction region, and the effect of the Al additive on the
nonlinearity exponent may be related to an increase in the leakage current in the doped
samples.

T T T
16 1E5 1E4 1E3 001 0d 1 10
1IA]

Fig. 2. The I~V characteristics of brand new varistors with various levels of aluminium doping

A significantly higher leakage current is observed in as-recived samples doped at
96 and 192 ppm levels. At 250 V (per 1 mm of sample thickness), the leakage current
is greater by a factor of about ten when compared to less doped samples. This implies
that aluminium exerts a detrimental influence on the leakage operation region of the
varistors. Higher current values cause additional danger associated with selfheating.
As seen in Fig. 3, the temperature coefficient of ZnO resistivity is negative, and hence
the temperature rise further increases the current. It may eventually initiate the thermal
breakdown of the resistor. The nonlinearity exponents found from the I~V characteris-
tics are listed in Table 3. The results show that for as-received samples, higher alumin-
ium doping reduces the slope of the /-V characteristic in the leakage region. Compar-
ing the slopes on the /-V curves for samples with a different concentration of the
additive, clearly indicates the undesirable influence of aluminium doping in the leak-
age region and no effect in the conduction region.
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Fig. 3. Temperature dependence of resistance
for a ZnO varistor at the stabilized current of 50 HA

Table 3. Nonlinearity exponents ¢, and characteristic voltages V'
of as-recived varistor samples obtained from the /-V characteristics

Al Vi ma
o

[ppm] [V]
0 42 291
12 33 297
24 42 317
48 44 314
96 36 317
192 39 307

Figure 4 represents typical TSDC spectra for the ZnO varistor cores being investi-
gated. Three well separated peaks (o, B, and ) appear in the spectra of undoped varis-
tor material as well as in varistor material that has been slightly doped with aluminium
(12, 24, 48 ppm). This has been interpreted to mean that the low temperature peak (cx)
may be associated with electron trapping in the layers between the ZnO grains [9].
The next peak (B) is linked to electron trapping on the donor levels in the depleted
region of the Shottky barriers at the grain boundaries. Space charge and ion migration
cause the last peak (y). Highly doped samples, at the 96 and 192 ppm level, lack the
low temperature peak in the TSDC spectrum. This is associated with trapping in the
grains and indicates that aluminium additive may influence the relaxation process. The
characteristic values of both the current and the temperature for the three spectral fea-
tures in the TSDC spectrum of brand new samples are listed in Table 4. For purposes
of comparison, three calculation methods were utilized in order to determine the acti-
vation energies. The initial rise method and the Bucci method [10, 11] yield consid-
erably different values of the activation energy. The discrepancies are caused by the
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differences in both the calculation methods and the assumed simplifications. The val-
ues obtained are listed in Table 5.

1E-6
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1 L]
100 200 300 400 500
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Fig. 4. TSDC spectra for aluminium doped ZnO samples

Table. 4. Maxima in the TSDC spectra of as-recived samples
and their location on the temperature scale

Al Tnax [A] Thnax [K]
[ppm] a B y a B y
0 3.9x107' | 2.8x1071° | 6.6x107° | 170 | 253 | 428
12 | 12x107" | 4.4x107" | 1.6x107 | 151 | 237 | 435
24 | 45x107" | 6.6x1071° | 7.8x107° | 157 | 256 | 429
48 | 4.4x107" | 2.2x1071° | 9.5x107% | 164 | 243 | 420
96 - 2.6x1071° | 1.6x10® | - 251 | 428
192 - 2.8x1071° | 7.0x10°% | — 238 | 436

Table 5. Activation energies £, [eV] determined by the Bucci method,
the initial rise method and with the TSDFit computer software

Al TSDFit BFG initial rise
[ppm] a B a B y
0 0.59 0.59 0.14 | 0.12 0.4
12 0.87 0.87 0.04 | 0.06 | 0.57
24 0.60 0.60 0.08 | 0.12 | 0.26
48 0.50 0.50 0.15 | 0.10 | 0.11
96 0.35 0.22 - 0.05 | 0.14
192 0.43 0.43 — 0.06 | 0.15
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During the ageing processes, variations of the voltage across the varistor were
continuously monitored over a 24 h period. Figure 5 represents a typical result for an
electrothermally aged varistor. A drop in voltage is observed, confirming the existence
of degradation processes in the sample. The removal of the thermal factor yielded
a restoration of voltage, meaning that the varistor partially regained its initial proper-
ties. In order to find which factor has the decisive influence and what its character is,
three samples were exposed exclusively to thermal ageing at the same temperature
(115 °C) and over the same time period (24 h). For each sample, the original /- char-
acteristics were compared with those obtained after thermal ageing. The curves were
identical before and after the process. Hence one can conclude that thermal factor
alone does not cause deterioration of the varistor but accelerates degradation caused
by the electrical factor.

-

Fig. 5. The time dependency of the voltage across
a varistor undergoing an electro-thermal ageing process

After the electrothermal ageing, the sample parameters were investigated again.
The purpose of these measurements was to verify the sensibleness of aluminium dop-
ing and the influence of the impurities on the degradation processes in ZnO varistors.
The measurements of the /- characteristics as well as the measurements of the TDSC
were carried out. Ageing related changes have been identified. From the /-V curves,
the nonlinearity exponents in the 50 LA—1 A range and the characteristic voltages per
I mm sample thickness were obtained. The values are listed in Table 6. In the un-
doped sample one can clearly see the effect of ageing on the /-V characteristic. Sig-
nificant changes occur in both the leakage region and the conduction region of the
varistor. The ageing caused an increase in the leakage current and deterioration of the
nonlinearity exponent of the sample. Varistor degradation also increased the resistance
of the sample in the conduction region. The aluminium doped samples behaved simi-
larly in the leakage region. After ageing, the leakage current increases noticeably.
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However, the degeneration looks different for a greater current. Samples with doping
levels of 12, 24, 48 and 192 ppm do not exhibit degenerative changes in the conduc-
tion region. The sample doped at the 96 ppm level is an exception showing traces of
degeneration in this region. Degradation had no effect on the value of the characteris-
tic voltage. Independent of the doping level, the characteristic voltage remained at the
original level after the ageing. Aluminium doping improved the stability of the nonlin-
earity coefficient. The undoped sample had the largest percentage drop of the nonlin-
earity coefficient after the ageing. The remaining samples even improved this parame-
ter over their original values. However, there is no proportionality between the
percentage changes of the coefficient and the doping level. Samples doped at 12, 48
and 192 have the lowest drop of the nonlinearity exponent due to ageing. The TSDC
spectra of the aged varistors show degradation traces through the shift of the low tem-
perature peak toward lower temperatures. The effect of ageing on the activation ener-
gies is also noticeable. In the majority of the samples, the activation energy associated
with peaks o and B decreased. Table 7 contains the values of the maxima of TSDC
peaks and their locations on the temperature scales before and after the ageing.

Table 6. The nonlinearity exponents and the characteristic
voltages per 1 mm of as-recived and aged varistors

New sample Aged sample

Al

[ppm] Vima
o [V] « Vimal[V]

0 42 291 22 317
12 33 297 31 316
24 42 317 27 317
48 44 314 35 313
96 36 317 21 338
192 38 307 32 304

Table 7. Maxima in the TSDC spectra and the corresponding temperatures

Al [max [A] Tmax [K]

[ppm] a B y a | B y
0 4.7x107" | 3.5x107'° | 1.1x107 | 138 | 257 | 434
12 | 83x107 | 1.3x107'% | 1.4x107 | 135 | 245 | 462
24 | 45x107" | 4.3%x107'° | 1.5x1077 | 149 | 250 | 454

48 | 2.3x1071 | 1.5%107'% | 9.2x107® | 140 | 243 | 435

96 - 42x10710 | 1.6x107 | — | 245 | 425

192 - 1.9x107'° | 1.5x107 | — | 244 | 464

The activation energies of the individual depolarization processes are listed in Ta-
ble 8. All values were determined using the initial rise method.
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Table 8. Activation energies E, [eV] corresponding to the individual peaks
of the TSDC spectra for as-recived and aged samples

Al As-received sample Aged sample
ppi a | B| v | al| B| v
0 0.14 |1 0.12 | 04 | 0.09 | 0.06 | 0.2

12 0.04 | 0.06 | 0.57 - 0.09 | 0.31
24 0.08 | 0.12 ] 0.26 | 0.1 | 0.09 | 0.14
48 0.15 | 0.1 | 0.11 | 0.13 | 0.7 | 0.31
96 - 0.05 | 0.14 - 0.02 | 0.1

192 — 0.06 | 0.15 — 0.02 | 0.09

5. Conclusions

Samples exposed exclusively to thermal ageing (115 °C, 24 h) experienced no
degradation. Their /-V characteristics before and after ageing are identical. Only com-
bined electrothermal ageing caused degradation of the samples. In this case, the tem-
perature acted as an initiating and accelerating factor for the electrical ageing process.

Independent of the aluminium content, the ageing process had no effect on the
characteristic voltage V7 na of the investigated varistors. However, the aluminium
impurities increased the current values. In the highly doped samples (192 ppm), the
currents definitely have larger values.

The largest percentage drop of the nonlinearity exponent occurred in the undoped
sample. Nevertheless, because of an increase in the leakage current and a drop in the
nonlinearity coefficient, excessive doping levels are undesirable. High doping level
also causes that the characteristic voltage V; ,a becomes lower.

Electro-thermal ageing lowers the position of the low-temperature TSDC peak on
the temperature scale. Highly doped samples do not exhibit this peak at all.
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The influence of barium titanate as a filler
in impregnating epoxy resin
on chosen electrical parameters of obtained material
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The paper describes the influence of barium titanate BaTiO; used as a filler in impregnating epoxy
resin on electrical parameters of obtained material. The results of computer simulation of electric field
intensity distribution in area of 220 kV ac composite insulator show that in order to reduce the maximum
value of this field it is necessary to use the rod with the highest possible permittivity. It was assumed that
the increase of rod permittivity is possible by doping the epoxy resin, being one of glass-epoxy rod com-
ponents, with a filler having high permittivity. Barium titanate BaTiOs in micro- and nanograins was used
as a filler. Presumably, such a change in material structure, may negatively influence other electrical
parameters of the material, important in composite insulators construction. In order to check the filler
dispersion in epoxy matrix, microscopic observations of fractions of the obtained materials were per-
formed. In a wide range of frequencies, the permittivity and volume resistivity of the materials were
determined. The inception voltage of partial discharges on surface of materials was determined by the
electric, acoustic and antenna methods.

Key words: nanofillers; BaTiOjs, epoxy resin, permittivity

1. Introduction

Usually, a composite insulator is made of glass-epoxy resin rod with the relative
permittivity 5 and covering material (silicone rubber) with the relative permittivity 3.
The results of last years investigations show that a suitable modification of dielectrics
with nanofillers will presumably make steering of material permittivity possible.

The modification of dielectrics relies on introduction of suitable nanofillers to ma-
terial matrix. A nanofiller is a polycrystalline substance built-up of grains with

“Corresponding author, e-mail: zbigniew.nadolny@put.poznan.pl
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a diameter of at most hundred nanometres. The popularity of use of nanofillers grows
thanks to specific nanoscale phenomena and not present in materials with fillers of
micrometric grains. Thus, the use of microfillers may lead to obtainment of materials
with properties better or other than the properties of microfilled materials with the
same chemical composition. The right choice of a nanofiller permits to improve,
among others, electrical, mechanical or thermal properties of dielectrics. The best
known nanofillers are alumina Al,Os;, titania TiO,, silica SiO,, barium titanate BaTiOs,
zinc oxide ZnO and ferric oxide Fe,0;.

Electrical strength, resistance to partial discharges and appearance of conducting
paths due to partial discharges, dielectric loss factor, resistivity or permittivity are the
electrical properties which may be changed by nanofiller addition [1-12].

2. Objective and scope of investigations

The increase of permittivity, with preservation or improvement of other electrical
parameters and remaining of impregnating properties of epoxy resin, was the goal of
the researches. The increase of permittivity was realised by addition of barium titanate
in form of micro- and nanograins as a filler. In this way, three materials were dis-
posed: epoxy resin without filler, epoxy resin with micrograins of barium titanate and
epoxy resin filled with nanograins of BaTiO;.

A stress should be put on fact that the change of dielectrics permittivity in com-
posed insulating systems ameliorates electric field distribution and improves work
conditions of these systems. Still, it is important to remember that in the case of sim-
ple insulating systems, the conditions in triple junction (electrode—dielectric—air) may
become worse. An increase of electric field intensity in triple junction should be ex-
pected. It consequences in partial discharges inception voltage and flashover voltage
decrease. In order to carry out quantitative estimation of these effects, surface partial
discharges and flashover voltage of investigated materials were determined.

The permittivity and resistivity of obtained materials were determined in a wide fre-
quency range (from 0.001 up to 1000 Hz). On surfaces of obtained materials flashover
voltage and partial discharges inception voltage were measured. The latter was measured
with the use of classical electric, acoustic emission and ultra high frequency methods.

The observations of material fractures were performed with scanning electron mi-
croscope (SEM) in order to check the fillers dispersion uniformity in epoxy resin.

3. Investigation objects

The samples of impregnating epoxy resin without a filler, filled with micrograins
of barium titanate (64 wt. %), and filled with nanograins of barium titanate (32 wt. %)
were investigated. In order to measurably increase the permittivity epoxy resins, addi-
tion of the highest possible quantity of barium titanate was overtaken, at condition that
impregnating properties of the resin were preserved. As a consequence, epoxy resin
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samples with 64 wt. % of micrograins of barium titanate and with 32 wt. % of
nanograins of barium titanate were obtained.

Fig. 1. Samples of impregnating epoxy resin:
without filler (a), with nanograins (b)
and micrograins (c) of barium titanate

At least three samples of each material were fabricated. They were 2 mm thick
with the dimensions of 10x8 cm” or 10x10 cm” (Fig. 1).

4. Results

The main goal of researches was to obtain materials with increased permittivity at
50 Hz. However, the permittivity was determined with Programma IDA 200 device in
much wider range of frequency (from 0.001 Hz up to 1000 Hz). Average values of the
permittivities are shown in Fig. 2. As can be seen, they are steady in the whole range
of frequencies. At 50 Hz, unfilled epoxy resin has the relative permittivity equal to
3.9. The addition of nanofiller to epoxy resin caused the increase of permittivity to 5.4,
and the addition of microfiller increased the permittivity to 12.7.

—8—unfiled —¢—nanofiled —=A— microfilled ‘

100

Permittivity
=)

1

0,001 0,01 0,1 1 10 100 1000
Frequency in Hz

Fig. 2. Permittivity of investigated materials as a function of frequency
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The results obtained for samples of epoxy resin with the nanofiller are surprising
for two reasons. Firstly, expected growth of permittivity, usually caused by the use of
nanofillers, was not observed. Secondly, the increase of permittivity was not compara-
ble even to expected growth caused by use of the same amount of microfiller. Unex-
pected results of permittivity measurements inclined observations of the filler disper-
sion in the epoxy matrix. Inadequate dispersion of the filler in matrix influences the
properties of the material. The simplest microscopical method, observation of frac-
tures in SEM, was employed. A fracture of epoxy resin without a filler, being a basis
for comparison of the filler distribution, is shown in Fig. 3.

SEM MAG: 1.34 kx DET: SE Detector | - -
HV: 10.0 kV DATE: 12/14/06 100 pm Vega ©Tescan

VAC: Hivac Device: 155135 Fig. 3. Fracture of epoxy resin without fillers

T, S { E]
SEM MAG: 1.34 ki DET: SE Detector I - I - SEM MAG: 5.33 kx DET: SE Detector
HY: 10.0 kv DATE: 12/14/06 100 pm Vega ©Tescan HV: 10.0 kv DATE: 12/14/06
VAC: Hivac Device: TS5135 VAC: Hivac Device: TS5135

20 pm Vega ©Tescan

Fig. 4. Fracture of epoxy resin with barium titanate nanograins at two different magnifications

The fracture of the sample containing nanofiller grains is presented in Fig. 4. It is
evident that the distribution of barium titanate is nonuniform and nanograins form
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agglomerates of greater dimensions, up to more than ten microns. This phenomenon
was probably caused by lack in equipment used for the sample preparation. It was not
the case for epoxy resin with the microfiller, where distribution of grains is quite uni-
form as is shown in Fig. 5. Nonuniform distribution of filler nanograins has evidently
caused the surprising results of the measurement of electric permittivity.

SEM MAG: 1.34 kx  DET: SE Detector SEM MAG: 5.33 kx DET: SE De'teclr
Hy: 10.0 kv DATE: 12/14/06 100 pm Vega ©Tescan HY:  10.0 kv DATE: 12/14/06 20 ym Vega ©Tescan
VAC: HiVac Device: TS5135 VAC: HiVac Device: TS§5135

Fig. 5. Fracture of epoxy resin with barium titanate micrograins at different magnifications

The measurement of dielectric loss factor and volume resistivity was carried out
with electrodes sputtered on surface of material as is shown in Fig. 1.

| —=—unfiled —e—nanofiled —a— microfilled |

0,100

0,001 bbb b

0,001 0,01 0,1 1 10 100 1000
Frequency in Hz

Fig. 6. Average tan(9) of investigated materials as a function of frequency

The measured values of average tan(d) of three analysed materials are shown in
Fig. 6. At 50 Hz, the loss factor of unfilled resin was 60x10*. The addition of the
microfiller caused a slight growth up to 70x10~*, while the addition of the nanofiller
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increased tan(d) up to 90x10*. As can be seen, the addition of fillers caused only a
small growth of the dielectric loss factor.

The results of measurements of the volume resistivity are shown in Fig. 7. As can
be seen, irrespective of the filler grain size, their introduction to epoxy resin matrix
caused the decrease of the volume resistivity at most of one order of magnitude.
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Fig. 7. Volume resistivity of investigated materials in function of frequency

In systems layered in series, permittivity influences distribution of the electric
field. Basically, its intensity is higher in materials with lower permittivity. Thus, in
simple systems, the increase of permittivity of epoxy resin should cause the raise of
electric field intensity in air. Consequently, surface partial discharges inception vol-
tage and flashover voltage should decrease. For these reasons, partial discharges in-
ception voltage and flashover voltage were determined.

Both in the case of partial discharges inception voltage and flashover voltage, cy-
lindrical electrodes were placed in the middle of the investigated sample, 20 mm one
from another, as shown in Fig. 8.

High
voltage
electrode

Grounded
electrode

Material sample

Fig. 8. Electrodes set-up for partial discharges measurement

Flashover voltage was equal to 19.5 £ 0.7 kV on samples of epoxy resin without
a filler, 20.0 = 0.8 kV for samples with the nanofiller and 16.3 + 0.6 kV with the mi-
crofiller. As can be seen, the introduction of barium titanate nanograins did not cause
changes of the flashover voltage, whereas the use of microfiller reduced it by ca. 15%.
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In partial discharges inception voltage measurements, for the sake of security, the
maximum voltage value was equal to 13 kV, which is 80% of the lowest flashover
voltage on the surface of investigated materials.
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Fig. 9. Example of a partial discharge impulse on surface
of epoxy resin with microfiller, registered with UHF probe
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Fig. 10. Chosen partial discharge impulse recorded with an
acoustic sensor (a) and its analysis by continuous wavelet transform (b)
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The inception voltage of partial discharges developing on surfaces of investigated ma-
terials was determined by three independent methods: classical electric, acoustic emission
and UHF. In the cases of epoxy resin without filler and filled with nanograins of barium
titanate, up to 13 kV no partial discharges were observed. In the case of epoxy resin with a
microfiller, some partial discharges were recorded. The inception voltage, measured by the
applied method, was equal to 12.0 £ 0.9 kV. An example of a partial discharge impulse,
recorded with a UHF probe is shown in Fig. 9. Evaluated time parameters of the impulses
are typical of surface partial discharges [13].

A chosen impulse recorded with an acoustic sensor is shown in Fig. 10a, and its
joint time-frequency analysis (continuous wavelet transform spectrogram) is shown in
Fig. 10b. The frequency parameters of the signal confirm that it was generated by
a surface partial discharge [14].

Fig. 11. Oscillogram of partial discharges
obtained with classical electric method

An oscillogram of partial discharges obtained by the classical electric method is
shown in Fig. 11. It can be seen that the current impulses were generated on leading
edge of sinusoid positive and negative halves, which confirms that they were generat-
ed on material surface [14]. The biggest charges carried by a single discharge were up
to 100 pC. The partial discharges inception voltage and flashover voltage were the
lowest in the case of material with the highest measured permittivity (epoxy with
64 wt. % of the microfiller).

5. Conclusions

Doping of impregnating epoxy resin with barium titanate came out an efficient
way of increasing the permittivity. Addition of 64 wt. % of micrograins of the filler
caused growth of relative permittivity from less than 4 up to almost 13. Doping the
epoxy resin with micrograins of barium titanate caused higher increase of permittivity
than in the case of addition of nanograins. It was caused probably by the fact that mi-
crograins were dispersed better than nanograins. An additional factor influencing the
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permittivity of materials under investigation was a possibility of introducing a higher
amount of micrograins (64 wt. %) than that of the nanograins (32 wt. %) of barium
titanate to epoxy matrix with its impregnating properties preserved. However, the
most important factor was probably the increase of the density of polymer—filler bonds
in the nanocomposite, related to the growth of the matrix—filler interface. It could im-
pede movements of chain segments and of lateral chain segments, causing the de-
crease of permittivity resulting in considerably higher increase of permittivity of ob-
tained material when the microfiller was used.

The results of permittivity measurements were confirmed by the determined val-
ues of the partial discharges inception voltage and flashover voltage. In the case of
microfilled epoxy resin, these two quantities measurably decreased. This means that
the permittivity of this material was higher than the permittivity of remaining two
ones. Basic electrical parameters, important in aspect of insulating techniques, were
not considerably decreased.

Dielectric loss factor tan(d) increased from 60x10™* (epoxy without filler) to 70x10*
(epoxy filled with barium titanate micrograins) or 90x10™* (epoxy with barium titanate
nanograins). Volume resistivity decreased by about half order of magnitude.
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Application of the FDS method for assessment
of HV epoxy—mica—glass insulation

J. SuBOCZ'

West Pomeranian University of Technology, Szczecin

The mechanism of degradation of epoxy—mica—glass insulation has been investigated as well as its
kinetics depending on service conditions. The most important factor there is production quality. Basics of
dielectric spectroscopy in time and frequency domain and application of this method for estimation of HV
insulation condition were described. Research conducted on insulation models showed that good indica-
tors of insulation conditions are the value of charge and time of relaxation in low frequencies range.
An example of application of FDS measurements was given for estimation the quality of technology in
postproduction tests. The method is very accurate and allows identifying defective production technology
and insulation aged in service.

Key words: epoxy—mica—glass insulation; FDS, quality test

1. Introduction

The most commonly applied insulation structure in HV machines is thermosetting
composite epoxy—mica—glass. Depending on the technological advancement of a pro-
ducer, this composite is manufactured in the processes of impregnating successive
layers of mica and glass mat with epoxy resin or vacuum pressure impregnation (VPI).
Most difficulties in achieving the appropriate quality of the final product are in proc-
essing technology. To the most frequent defects belong gas caverns in an insulation
volume, insufficient adhesion of a resin to fibreglass and mica or improperly cross-
linked resin.

Measurements of long-time dielectric strength of composite layer insulation show
that even using materials of a very good quality cannot guarantee long period of insu-
lation operation if proper processing methodology has not been applied [1]. The pre-
sented examples (Fig. 1) confirm observations that first inclusions appear during the
production process. Their number and geometry depend on production technology and

*E-mail: jan.subocz@ps.pl
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its quality [2]. In the first case (VPI — Fig. 1a) the most common defect is delamina-
tion of interface resin—glass or mica. On the other hand, in impregnation technology
the usual defect is formation of inclusions (Fig. 1b). The other kinds of defects, also
having a vital role, appear in the structure of resin reinforcement interface and result
from physicochemical phenomena during cross-linking process.

Delaminations
of tape layers

Fig. 1. Examples of improperly manufactured HV composite insulation [1]

Quite complicated process of fabrication of insulation (e.g., the VPI method) may
lead to formation of “rubber” regions between the polymer liquid and completely po-
lymerised area. These regions stop the resin from flowing into free spaces of rein-
forcement. This situation, characteristic of the first stage of polymerisation, is irre-
versible [3].

A typical property of all kinds of composite insulations are internal mechanical
stresses. They can be formed during natural matrix shrinkage, during gelation but also
due to differences in thermal expansion of the matrix, reinforcement or filler. For ex-
ample, in fibreglass—resin structure, cutting tensions for 115 °C reach the value of ca.
20 MPa [4]. It was found [5] that during cooling down a composite from curing to
room temperature, for ca. 1 um distances between fibres, stretching stresses appear
with the values up to 50 MPa, which are higher than the composite strength. Internal
mechanical stresses are located mainly in the interface, which usually is the first place
where cracking starts, even for small distances between fibres. According to many
authors, the interface is the weakest point of the insulation structure, where environ-
mental exposure is concentrated [6]. The influence of internal mechanical stresses on
degradation of fibreglass based insulation was emphasized. Even small mechanical
stresses, up to 10% of the permissible value, can lead to initiation of partial discharges
(PD) [7].

2. Methods for production quality assessment

Understanding phenomena described above allows one to search for the best
methods of identification of the interface condition and assessment of resin cross-
linking level, both in the stage of production optimisation and quality control. Stan-
dard measurement techniques, used for many years, allow cavern detection (PD) or
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completely wrong resin processing (measurements of tand, insulation resistance, volt-
age test). In the case of assessing resin cross-linking level, an unambiguous method is
the differential calorimetric analysis (DSC). By this method, the thermal capacity AC,
and glass transition temperature of polymer matrix 7, may be determined. Both of
these parameters are strictly connected to morphological structure of the resin and
contain information on the hardener selection and the level of reaction between the
hardener and resin. For instance, in properly manufactured epoxy insulation of the B
class, the glass transition temperature 7, is in the range 145-155 °C. For classes F and
H these values are 185-190 °C and 210-215 °C, respectively. The obvious disadvan-
tage of DSC measurements is necessity to take material samples from final products.
Recently a method of identification of viscoelastic phase and space charge in the inter-
face of composite insulation, based on dielectric relaxation measurements in ultralow
frequencies (FDS) or in very long times (PDC) [8]. The basis for these methods is
modified equivalent circuit of insulation, which consists of one relaxation structure in
the range of high frequencies and of two such structures in medium (C,r) and low
(Cyr) frequencies (Fig. 2).

Fig. 2. The equivalent circuit of a composite insulation

In most cases, the dipole relaxation in composites of high molecular mass and appar-
ent phase boundary proceeds at asymmetric or continuous distribution of time constants, in
accordance with Jonscher’s universal response or the Havriliak—-Negami (H-N) laws [9,
10]. On the other hand, the measurements of PDC in those laminar materials have proved
that the distribution, following the fractional exponent law i(f) < #-n, —m) [8], always
accompanies relaxation processes. Thus, to reflect the nature of the processes, the equiva-
lent insulation composite model (Fig. 2) should have capacitors CLF, CMF and CHF,
which should satisfy the dipole relaxation requirements by Jonscher. Nonetheless, the loss
capacity CQDC represents the DC response according to Jonscher.

In the frequency domain, the equivalent circuit in Fig. 2 can be described with the
Havriliak—Negami function as follows [10]:

3 N
e(w)=)] Lﬂk+8&, —j[—]
k=1 (1 +(w7,)* ) WE,

)]
where: € (w), €. are the complex and optical dielectric permittivity, Ag — polarizabil-
ity, op — dc conductivity, 7— relaxation time, @, f, N — constants, @— pulsation.
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The theoretical grounds of the application possibility of the H-N equation to the
analysis of relaxation processes in thermosetting composites in LF and MF range are
given in [8]. Based on the model investigations, the criteria for the assessment of the
epoxy—mica—glass insulation quality with use of FDS measurements have also been
presented there. Values of times 7, 7y, dispersion of relaxation times ¢4 r, Ojr, po-
larizability A& r, A&yr and conductivity oy are basic coefficients characterizing insula-
tion. The hardening level of a resin and the presence of the viscoelastic phase can be
identified based on the coefficients 75, orr, A&r In the case of resin hardened im-
properly, when viscoelastic phase occurs, usually short times of the relaxation are
obtained (7 < 400 s) with relatively large values of the coefficients ¢;r, A&gr (0gr=0.6).
However, the aged resin is characterized with high polarizability A& and a wide dis-
persion of the relaxation times (o;r between 0.1 and 0.3). Viscoelastic phase, large
inhomogeneity and delamination are associated with the space charge which can be
characterized by the relaxation times on the level of several tens of seconds and the
dispersion coefficient ¢, in the range 0.5-0.9.

Application of Eq. (1) for assessment of composite insulation manufacturing qual-
ity needs measurements of capacitance C.,; and losses coefficient tano of windings in
the frequency range 0.1 mHz—100 Hz. Then, by the analysis of the characteristics of
electric permittivity of the insulation (¢’ = C.y/Cy) and analysis of its losses
(&” = £’tand), dipoles and space charge relaxation time 7, polarizability Ag, and con-
ductance o are determined.

3. Experiences in assessment of the epoxy—mica—glass insulation

3.1. Assessment of insulation of 6 KV motors stator coils

Application of FDS and PDC measurements for assessment of quality of final
products may be presented on an example of epoxy—mica—glass insulation of 6 kV
motor stator coils. It was the layer epoxy—mica—glass insulation and the coil had been
delivered to recipient within the order on larger quantity. The analysis of the real and
imaginary part of complex permittivity, based on Eq. (1), showed that in the range
10'-10° Hz large relaxation structure can be found, which predominates high and low
frequency relaxations. Calculated relaxation parameters (7= 0.023 s, =0.21, = 0.79,
o= 1.2x10"° S/m) prove, that these are dipole processes of the H-M model with wide
and asymmetrical dispersion. The value of time constant zindicates that this relaxation
structure is a large viscoelastic phase, as B relaxation of hardened resin is in the range
10°~10"* Hz, while time constant of space charge polarization in the phase interface is
ca. 10'-10°s.

In inappropriately cured thermosetting composites chemical reactions may occur.
They are very slow and can last even for a few years. Taking above under considera-
tion, the coil was tested again after 18 months of the seasoning at ca. 20 °C and rela-
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tive humidity RH ~ 70%. The analysis of losses (¢” = f(f)) showed that in the insula-
tion a space charge appeared, with the relaxation time = = 27.5 s (Fig. 3). Its value
was so high, that it had prevailed over other relaxation processes.
" ‘ space char‘ e

O )

relaxation
* T=27,9 sek Lf
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] DC conductivity N
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0,001 0,01 0,1 1 10
f[HZ]

Fig. 3. Analysis of losses characteristic of
6 kV motor coil after 18 months of seasoning

Based on technological processes, discussed above, it can be assumed that this re-
laxation comes from heterocharge in the interface, generated due to delamination or
chemical corrosion. The conclusion can be drawn that mounting this coil in a motor
would lead to significant decreasing its lifetime. Service experiences show that a few
hard starts of a motor connected with increase temperature of insulation up to 150 °C
is enough for insulation failure.

3.2. Assessment of insulation of 15.75 kV generator stator bar

Epoxy—mica—glass insulation manufactured by the MICADUR method has been
assessed, taken from stators bars of 230 MVA, 15.75 kV generator. The following
samples were examined:

e sample A — a new winding bar ready to be installed in a generator,

e sample B — a bar with regenerated insulation. It had been operated for several
years and had its antiarcing layer mechanically removed, insulation losses filled up
with chemosetting epoxy composite and new antiarcing layer put on it,

e sample C — a bar from stator winding, operated for several years.

In a new insulation of a generator bar (Fig. 4, sample A) in VLF range the relaxation
with time constant 7= 3.4x10* s has been observed. The model research [8] and parame-
ters o 0.35, Brr-=1 derived from Eq. (1) show that this is VLF dielectric response result-
ing from current flow and ion mass transport. High value of time constant 7, and low
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conductivity & = 1.1x10"'® S/m indicate that in VLF range there is no space charge
relaxation or free terminal groups of resin and hardener, which have not gone through
reactions. The high value of polarizability (A& = 5.35) usually occurs in disordered
structures which is typical of a new epoxy—mica—glass insulation system in which no
relaxation of physical structure takes place. This kind of relaxation consists in decreas-
ing free spaces between molecules and improving polymer structure without chemical
changes. All these parameters lead to conclusion that insulation from sample A has
attributes of a new, properly manufactured composite insulation with correct structure
of resin—reinforcement interface, without delamination and presence of unreacted ter-
minal groups of the resin and hardener.

—o— Insulation of the new stator bar (A)
tg8 — o — Insulation of stator bar after regeneration (B)
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Fig. 4. Loss factor vs. frequency and the Cole—Cole relationships
for the new stator bar (A) and the bar after regeneration (B)

In the case of regenerated insulation (Fig. 4, sample B) in the MF range relaxation
was observed with the parameters 7, =43 s, oyr=0.64, Byr =1, A&y = 0.7, which
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comes from space charge. It is probably located in the interface between existing
epoxy—mica—glass composite and the new layer of insulation, or it may be a result of
improper hardening of the chemosetting resin during regeneration. In both cases, such
a charge may lead to electrical treeing after long period of operation. Therefore, in this
case it is recommended to control quality of insulation after next 1.5-2 years of opera-
tion with application of FDS or PD measurements.
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Fig. 5. Loss factor vs. frequency (a) and the Cole—Cole relationships (b) for the stator bar C

In FDS measurements for insulation from exploited generator bar (Fig. 5, sam-
ple C) taken in the frequency range 0.1 mHz—1 MHz, two main relaxation processes
were found.

The former one occurs in the VLF range, with the parameters 7, = 5.3 10° S, O4r
=0.47, Bir =1, Agr = 1.46 similar to relaxation observed in sample A and in previ-
ously obtained results for generator bar insulation after four years of operation [11].
The analysis of these results leads to conclusion, that in sample C structure changes
took place, typical of the early period of ageing, when resin structure is getting physi-
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cally stabilized and mechanical parameters are improved without any chemical reac-
tions.

The other process occurring in the HF range, linked with /3 relaxation of the resin,
is influenced mainly with side groups, ion contaminations contained in unreacted resin
and hardener. Very short relaxation times and relatively low polarizability (zyr =
3.9x107s, ar==0.7, Agyr~ 1.9) suggest that in this case dominating compounds are
side groups linked with resin without interaction from unreacted terminal groups of
resin and hardener. It can be concluded that in sample C polymer matrix is properly
hardened and in the insulation no space is present in resin—reinforcement interface or
amorphous phase with high polarizability, typical of deteriorated resin. It should be
pointed out that these conclusions have been verified with MDSC and DTMA tests.

Differences in relaxation processes in samples A and C result mainly from physi-
cal stabilization of insulation structure in sample C under vibrations and higher tem-
perature of operation (ca. 50 °C).
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Method of assessment of varnishes
modified with nanofillers

B. GORNICKA ", L. GORECKI

Electrotechnical Institute Division of Electrotechnology and Material Science, Wroclaw, Poland

The method of analysis and assessment of the results of investigations of nanofilled varnishes used
for electrical insulation have been presented. The proposed method enabled consideration of an effect of
the coating thickness. The investigation indicated that improving of the bond strength depends on loading
and the size of nanoparticles. The method of fabrication of composites with nanoparticles has an influ-
ence on their properties. Composites with fumed silica showed improved dielectric properties. Absorption
of water of all formulated varnishes with nanofillers decreases provided that some additives were incor-
porated.

Key words: impregnating varnish; nanofiller; bond strength; pulse resistance; electrical strength; water
absorption

1. Introduction

Incorporation of a small quantities of nanoparticles into a polymer dielectric
changes its properties. If the size of particles of the incorporated filler approaches that
of the polymer chain length, the particle stop to behave like foreign inclusion; space
charge densities are very small and the Maxwell-Wagner interfacial polarization is
negligible [1-6].

The impregnating varnishes used for electrical insulation modified due to improv-
ing their properties with various kinds of nanofillers were investigated. When analys-
ing the properties of varnishes modified with nanofillers it should be considered many
affecting factors, e.g.: a stage of curing (if nanofilled varnishes which showed higher
thermal endurance need to be cured in higher temperatures), an obtained thickness of
coating (how adding of a nanofiller influences the thickness of coating and other prop-
erties connected with the thickness), methods of fabrication of nanoparticles and load-
ing, methods of dispersing in varnish.
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2. Experimental

Two kinds of impregnating electroinsulating varnishes based on polyester (PE)
and polyesterimide (PES) resins were modified by incorporating 1-3% of two kinds of
nanosilica — fumed nanosilica with average grain size 7 nm and nanospheres of silica
with diameter ca 400 nm, zinc oxide, titanium dioxide, and montmoryllonite. The
composites were formed utilizing various methods of dispersing. The properties of
pure and nanoparticle filled varnishes were compared.

Three types of samples were used: steel panels coated by varnish (acc. to
EN 60455-2) for determination dielectric properties, helical coils (according to
EN 61033) for measurements of bond strength of impregnating varnish to an enam-
elled wire substrate and the cast pieces of varnish (according to EN 60455-2) for water
absorption testing.

3. Results
3.1. Loading of the nanofillers

The bond strength at higher temperatures of base varnish PES and 1 to 1.5%
fumed nanosilica loaded composite is shown in Fig. 1. Improving of its bond strength
at higher temperatures is up to ca. 20% and 30%, respectively.
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At 1% loading of nanospheres of nanosilica, the bond strength of nanofilled PE
varnish is almost not changed while at 3% loading improving of this properties is sig-
nificant, i.e. above 40% (Fig. 2). Thus the larger particles need higher loading (3%) to
improve their properties.

3.2. Thickness of coating

Some of the properties of electroinsulating varnishes, e.g. a breakdown voltage,
electrical strength or resistance to impulse voltage, strongly depend on the obtained
thickness of coating. Therefore exceptions from these proportionalities could be
considered as change of a feature of the material. An example of dependence of the
time of life under pulse voltage on the insulation thickness for series of various
composites of PE varnish with nanofillers is presented in Fig. 3. The same depend-
ence for series of nanofilled PES varnishes but after rejecting of three composites
with abnormal high endurance is shown in Fig. 4. These rejected composites, two
with nanosilica and one with zinc oxide demonstrated improved impulse voltage
endurance. For the three composites the “barrier effect” for partial discharges ero-
sion was obtained and the pulse voltage endurance were from 10 to 100 times higher
than those for a standard composite.
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Due to difference thickness effect from nanofiller effect a similar analysing of the
electrical strength was conducted. Linear coefficients of correlation between electrical
strength and thickness of insulation have been calculated. The results of testing PE
based varnishes with and without nanofillers are presented in Table 1.
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Table 1. The results of testing of electrical strength
of pure (No. 1) and nanofilled PE varnish

Thickness Dielectric strength
No. of coating [kV/mm]

[mm] 23°C| 155°C | 180°C

4 0.054 109.4| 78.8 69.6

11 0.057 103.7| 99.5 93.1

1 0.061 104.3| 90.9 67.1

5 0.062 96.2 68.5 65.3

12 0.064 1053 703 67.5

7 0.066 104.1 96.3 75.3

3 0.066 108.9| 719 64.0

2 0.077 89.9 66.9 64.7

14 0.083 922 355 23.9

13 0.094 84.8 44.5 30.9
Coefficient of all composites -0.86| —0.80 —0.84
correlation all except No. 5 |-0.92| -0.82 —0.84
between dielectric | all except No. 7 |-0.87 | —0.84 —0.85

strength all except

and thickness Nos. 5 and 7 -0.92| -0.86 -0.85

Table 2. The results of testing of electrical strength
of pure and nanofilled PES varnish

Thickness Dielectric strength [kV/mm]
No. of coating
[mm] 23°C | 130°C | 180°C
1 0.084 78.4 82.6 70.2
5 0.091 96.2 78.4 77.6
2 0.092 76.7 61.0 50.2
7 0.096 86.6 72.7 66.1
3 0.101 80.3 67.7 60.7
4 0.101 81.5 65.3 60.7
8 0.170 66.7 44.5 422
6 0.178 67.0 41.8 38.8
Coefficient of all composites -0.77 | -0.92 -0.84
correlation all except No. 5 -0.87 | -0.92 —0.87
between dielectric | all except No.2 | —0.83 | —0.97 —0.95
strength all except
and thickness No. 5 and 2 -091 | -097 -0.99

In the presented results, sample No. 5 (with TiO,nanoparticles) showed abnormal
low electrical strength while sample No. 7 (one from the samples with fumed SiO,)
showed improving of this property. The same calculation for series of PES varnish is
presented in Table 2. After excluding samples No. 2 (with ZnO nanoparticles) and
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No. 7 (one from the samples with fumed SiO,), the coefficient of correlation consid-
erably increases.

3.3. Absorption of water

Incorporation of nanofillers to varnish should diminish its liquid and gas perme-
ability due to the barrier effect. Our examination of water absorption of nanofilled
electroinsulating varnishes demonstrated that the method of fabrication of a composite
influences its properties. The composites were prepared using various methods of
nanoparticle dispersing — with an ultrasonic homogeniser (h) and a disperser (d). In
some experiments, the nanoparticles were prearranged by milling (m) as well some
additives were added, an air releaser (b) among others. The composites containing the
air releaser (b) showed lowered water absorption (Figs. 5 and 6).
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4. Conclusions

Impregnating electroinsulating varnishes based on polyester (PE) and polyesterim-
ide (PES) resins have been invrestigated with various nanofillers (nanosilica, metal
oxides and montmoryllonite), formed utilizing various methods of dispersing. Improv-
ing the bond strength depends on the size of nanoparticles and their contents; larger
particles need higher loading. The method of analysis of the results enabled considera-
tion of the thickness of the coating effect. Some composites with nanosilica showed
much better resistance to pulse voltage and slight increasing in electric strength, espe-
cially at raised temperatures. The nanocomposites containing the air releaser showed
lowered water absorption.
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Modification of the composition and technology
of the processing of ceramic-polymer insulators
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The nanosized filler influence on the physicochemical and electrical properties of the composite ce-
ramic-polymer (CP) material to be applied in outdoor line HV insulators has been investigated. Also the
results of the electrical and mechanical examinations of the CP insulators moulded with the use of the
dies made of PET have been presented. As a standard, the moulds for flask — moulding are made of PP
material what, because of its high adhesion causes some difficulties during forming of insulator and leads
to deteriorating the quality of the insulator surface.

Key words: electric insulation; composites; polymer materials; testing

1. Introduction

Polymer concrete composites (ceramic-polymer, CP) were developed in 1960
—1970 in USA and Japan [1]. Since 1980 their insulating power is exploited in both indoor
and outdoor high-voltage insulators to which they proved suitable equally to glass and
ceramic [1, 2]. They are mounted on power lines in many countries. Up to now ceramic-
polymer insulators are made in USA by ABB. In Poland, the original recipe of CP com-
posite was developed and patented in 1996 and applied for processing of post-insulator
cores by dust pressing method [3, 4, 5, 8]. The cores were suitable both with housings
made of the same PC material and with silicon elastomer housings. In turn, the NTI-
Pomiary Sp. z o.0. from Glogoéw applied this polymer concrete material for processing
post- and pull- (line and station class) indoor and outdoor insulators [9] (Figs. 1-3). CP
insulators are characterized by good mechanical durability and resistance to mechanical
hazard during transportation, mounting and exploitation. The surface of insulator housing
is hydrophobic and does not need any covering with glaze and clamps directly bonded to
the insulator body. As they provide uniform dielectric on HV terminations at the reduced
costs, they can be successfully and safely used to replace the porcelain.

*Corresponding author, e-mail: swierzyna@jiel.wroc.pl
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Fig. 1. Ceramic-polymer composite station class post
insulators: a) H6-125-11-CP; b) H6-125-11-CP with silicone
rubber covering, inner clamps galvanized, M12

Fig. 2. Ceramic-polymer composite line strain
insulators: a) L-CP-60, b) L-CP-60 with silicone rubber
covering; inner clamps: steel, twisted-in handle M16

Fig. 3. Ceramic-polymer composite line
post insulators: a) LW-CP 8/24, b) LW-CP 12/24;
inner clamps: galvanized, M16

2. Ceramic-polymer composite

Ceramic-polymer composite constitute binder (5-30%) and mineral fillers
(70-95%). Binder is composed of organic resin (monomeric or polymer), some
amount of improves and promoters of resin curing. Typically polyester, polymethacry-
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late or epoxy resins are used. As a filler, usually quartz powder with strictly selected
sizes of grains is applied. Chemical merit of these polymer composites constitute es-
ters of acrylic and methacrylic acids. The key component of these acids is methyl
methacrylate. The process of composite curing starts after addition of curing agent
which initiates polymerization at room temperature, without the necessity of heating
the mixture. The end product has reproducible parameters. Owing to long C—C—C
carbon chains formed during resin curing, the composite is resistant to weather and
other ageing agents, which makes it attractive alternative to porcelain in application
for outdoor insulators [6]. Electrical and mechanical properties of the developed com-
posite were tested. The testing was carried out on both material specimens and prod-
ucts, i.e. on models of insulators.

3. Moulds for ceramic-polymer insulators

Corrosivity of methacrylate compositions, oxygen inhibition and 6% volume
shrinkage, all of them are against using traditional metal moulds for moulding com-
posite insulators. That is why those insulators or their cores were fabricated with the
use of expendable moulds made of polypropylene (PP) foil (Fig. 4). Insulators made
with those moulds have dull, lustreless surface, thus installing them outdoor in hostile,
contaminated environment requires covering them with thin silicone films. This work
was focused on developing the method of fabrication of CP insulators suitable for
installation in hostile environments (II and III contamination zones) without covering
with additional protective films. Polyethylene terephthalate (PET) foil was used for
fabrication of moulds. Comparing to PP foil, the PET foil is characterized by better wet-
tability and during exothermal process of curing the composite closely contacts with its
walls, producing smooth, lustre surface of insulators. IEL OTiME was in position of ap-
plied of PET foil for fabricating moulds (Fig. 5) only because its employees managed to
master the difficult technology of processing characteristic shapes of insulator shed.

Fig. 4. PP mould for CP insulator

o U ”M | ’ ’ e

Fig. 5. PET mould for CP insulator
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4. Examination of ceramic-polymer composites

4.1. Test specimens

Two polymer-concrete composites based on methacrylate resins were developed
to execute specimens and models of insulators (Table 1). The composites differed in
mineral filler improving physical properties of insulators. Composite 2 contained a

filler with nonosized grains (aerosil 150).

Table 1. Compositions of polymer concretes based on methacrylate resins

No. Constituent Composite 1 | Composite 2

[g] [g]

1 |binder: methyl methacrylate 500.0 500.0

2 |promoters of resin curing 5.0 5.0

3 |mineral filler 1- SiO, 2500.0 2497.0

4 |nanofiller — aerosil 150 - 3.0

5 |UV stabilizer: TiO, and other additives 42.8 428

6 |adhesive agent 3.5 7.6

4.2. Methacrylate based CP composites resistant to electric arc

Methacrylate based CP composites were tested for resistance to electric arc ac-
cording to PN-74/E-04441 [10]. The testing was performed on a test stand which en-
abled one to apply to dielectric, insulating material the 12.5 kV test voltage. The mo-
ments ignition and extinction of arc were observed as well as the specimen
appearance. The times of arc duration are given in Table 2. The specimens after test-
ing are shown in Fig. 4.

Table 2. Resistance to electric arc of methacrylate-polymer concretes; mean time between the arc ignition
and intensive erosion of electrical insulating material of 10-point specimen [s];

Composition with a standard filler
258

Composition with a nanosized filler
260

532 b

Fig. 6. Methacrylate based CP specimen after testing for
resistance to electric arc: a) compound 1, b) compound 2
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As can be seen in Fig. 6, the specimen material experienced extensive erosion due
to formation of an electric path and increase of electric current in transformer secon-
dary circuit.

4.3. Resistance of methacrylate resin based CP composites to tracking current

For comparison, both methacrylate based CP compositions were subject to testing
for resistance to tracking as per PN-89/E-04442 [12]. The test was performed on flat
inclined specimen under high voltage as specified in aforementioned standard. Ac-
cording to this standard, the class of material is determined by the highest voltage
withstood by specimen for 6 h. To perform the test, the specimen (Fig. 7) was placed
in testing chamber and then the highest allowed 6 kV test voltage was applied and
maintained constant for 6 h. During testing, the bottom of the specimen was wetted
with 0.1% NH4CI contaminant (resistivity of 370-400 Q-cm). The contaminant was
fed at a uniform rate of 0.6 cm®/min. The test results and the mean value of the current
flowing in the high voltage circuit are given in Table 3. As during that time no breaks
of electric circuit occurred, the composites were evaluated as tested positive for resis-
tance to tracking. The specimens after testing are shown in Figs. 8 and 9.

Fig. 7. Electrodised specimen Fig. 8. The methacrylate CP Fig. 9. The specimen of
during testing for resistance specimen after testing for methacrylate CP with nanofiller,
to tracking currents resistance to tracking at 6 kV after testing for resistance
to tracking at 6 kV

Table 3. Resistance of methacrylate CP composites
to tracking performed at inclined specimen and high voltage

Material | Test voltage | Test duration | Mean current
No. [kV] [h] [A]

1 6 6.0 0.017 positive
2 6 6.0 0.015 positive

Evaluation
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4.4. Testing of methacrylate resin based CP composites for water diffusion

Both CP composites were subject to testing for water diffusion as per PN-IEC
61109:1999 [12]. The samples were drawn in groups of six by cutting out 6 specimens
from each material. Then they were immersed in a 0.1% NaCl water solution for
100 h. Then the specimens were subject to testing for 12 kV withstand voltage for
I min. No breakdown or flashover was allowed during the testing and the leakage
current was to be lower than 1 mA. Results of testing for water diffusion are presented
in Table 4.

Table 4. Results of testing for water diffusion

Tested material Leakage current Evaluation
[mA]

Composition 1 <0.1 Positive

Composition 2 <0.1 Positive

4.5. Testing of methacrylate resin based CP composites for liquid absorption

Both CP composites were subject to testing for liquid absorption as per PN-IEC 383-
1:1997 [13]. The fragments of insulator body were immersed in a 1% solution of fuchsine
in alcohol. The solution was maintained at the pressure of 15 MPa for 12 h. Then the
fragments were taken from the solution, washed in water, dried and broken. No signs of
penetration of the dyestuff were visible on freshly fractured surfaces (Fig. 10).

Fig. 10. Fragments of insulator
after testing for liquid absorption

5. Testing of ceramic-polymer composite insulator
units to PN-EN tests specifications

Methacrylate resin based ceramic-polymer composite composed of filler with or-
dinary (not nanosized) grains was used to execute insulators with the 500 mm creep-
age distance (Fig. 1). The insulators were moulded using newly developed PET
moulds and subject to mechanical and electrical tests.
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5.1. Testing for resistance to tracking and erosion

Insulators being under constant potential at power-frequency adequate to creepage
distance of 20 mm/kV [12] were subject to the 1000 h action of salt mist. The rate of
salt mist application was 0.4 + 0.1 I/m’h, the size of drops 5—10 um, salt mist concen-
tration: 10 + 0.5 kg/m’. The applied high voltage system was so as under effective
current of 250 mA, the drop of voltage in high voltage circuit was lower than 5%. The
testing was performed in such a manner that between consecutive applications of volt-
age the time intervals were sufficient to minimize effects from the previous applica-
tion. The most intensive discharges occurred during wetting of an insulator, i.e. during
the first 2 h of 8 h application of voltage after 16 h time interval. No conducting paths
or extensive erosion of electrical insulating material were produced during the test.

5.2. Electrical tests

The insulator units were tested as per PN-EN 60071-1:1999 [15] (wet power-
frequency voltage test). The 50 kV [13, 14] alternating voltages were applied to insu-
lators and maintained for 1 min. As no flashovers occurred, the test was evaluated as
passed. The examined polymer concrete insulator units passed successfully also the
lightning impulse voltage withstand tests as during application of 125 kV high voltage
no disruptive discharge occurred.

5.3. Mechanical failing load test

The tested insulators were mounted horizontally to test machine and a mechanical
bending load was applied (PN-EN 60168: 1999 P. 5.2.4 [16, 17]). The load which
moved perpendicularly to the axis of the examined unit was increased smoothly until
fail of insulator. The failing loads of the tested units were in the range of 5.4-5.9 kN
and were higher than the nominal flexural strength of that class insulators (4 kN).

6. Test results and discussion

Methacrylate resin based CP compositions both with conventional and nanosize
filler proved to have arc and tracking current handling capacities suitable for electroin-
sulating applications.

Methacrylate resin based CP insulators meet the insulator test specifications for
mechanical strength and current handling. Owing to their high electric permittivities
and fastness to exposure to hostile, excessive contaminated atmospheres, they can be
successfully and safely used in outdoor applications without covering with additional
protective film of silicone elastomer.



1250 Z. SWIERZYNA et al.

Mastering the PET foil technology of fabricating moulds for CP insulators will
enable replacing the porcelain insulators by CP ones in the most onerous climatic con-
ditions of II and IIl zones of contamination provided that CP insulators will meet
environment test specifications.
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Presented work concerns BIMEVOX (bismuth metal vanadium oxide) based solid electrolytes doped
with rare earth elements (lanthanum). Investigations of melting point and compositions of elaborated
materials were performed with the DTA and X-ray measurements. For determination of conductivities,
the impedance spectroscopy method was applied. The influence of the material composition (Bi;V,0y;
doped with La), sintering time and gas atmosphere (air, reducing) on the conductivity was examined.
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1. Introduction

The element of a solid oxide fuel cell (SOFC) having the greatest impact on the
fuel cell efficiency, production costs and stable operation, is the electrolyte. The most
suitable electrolyte should possess high ionic conductivity (at minimum 0.01 S/cm) at
relatively low temperature, impermeability for gases, good resistance to thermal
shocks as well as good thermodynamic stability, especially in reducing atmosphere.

Nowadays, stabilized ZrO, (zirconium oxide) is the most often used and known
type of the electrolyte for SOFC [1]. This material has suitable electrical parameters
and mechanical strength but its main disadvantage is very high working temperature
(800-1000 °C) limiting commercial application of this material. A real challenge for
scientists is to develop new materials with high conductivities (comparable to ZrO,)
and operating below 600 °C. Suitable candidates seem to be doped Bi,O; or CeO, but
those materials exhibit increase of departure from stoichiometric composition in oxy-
gen sublattice at low oxygen pressure. As a result, in CeO, based electrolytes the un-
wanted component of electronic conductivity appears and in the case of Bi,0; based
electrolytes this yields to decomposition to metallic bismuth [3-5]. Both electrolytes
are the subject of research in order to obtain the materials with properties which en-
able application in fuel cells. Numerous papers have been published on the properties
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of Bi,V,0,; doped with Cu, Co, Y, Mg, Ti, Zr, Sc [6—11]. Products synthesized in this
way belong to BIMEVOX family with stabilized high temperature y-phase of
Bi4V,0y;. The goal of research presented in the paper are investigations of BIMEVOX
doped with lanthanum and determination if La dopant influences the phase composi-
tion and conductivity of this material.

2. Experimental

The electrolyte materials Bi,V,0;; (molar fraction of Bi,O; — 68.5%) and those
doped with La (mass fraction of La — 1, 2, 3, 6, 8 and 10%) were fabricated by solid-
state reaction from stoichiometric amounts of chemically pure oxides: Bi,O; (Aldrich
99.9%), V,0s (Riedel de Hahn 99.5%) and La,0; (Aldrich 99.9%). The initial compo-
sition was mixed and milled in a ball mill for 24 h in dry condition. Obtained mixture
was dried at 400 °C for 1 h to completely remove remaining humidity and break up
any large agglomerates. The electrolyte samples had form of tablets which were
pressed at room temperature under 600 kG/cm”. Next multi step sintering process took
place and the samples were sintered for 1, 5 and 10 h at temperatures below melting
point of the materials. The melting points were determined by the differential thermal
analysis (DTA) [12]. The compositions were characterized by X-ray powder diffrac-
tion (Siemens D5000 goniometer).

Conductivities were determined by the impedance spectroscopy method at a wide
frequency range (20 Hz—1 MHz) with the HP 4284A LCR meter, 20 mV ., test signal
was applied [13, 14]. Measurements were taken on round shaped samples (1.3 mm
thick) in air and pure nitrogen atmosphere (O, < 30 ppm) as well as in vacuum
(10° Tr). Conductivity measurements were also performed during a short test
(2 h/650 °C) in pure reducing atmosphere. Propane—butane was used as a reducing
gas. The platinum current electrodes were applied directly on the sample.

3. Results and discussion

Melting points of synthesised compositions are listed in Table 1. It was observed
that the greater content of La dopant is, the higher melting point is measured. The
results of X-ray measurements show significant influence of La addition (0-10%) on
the phase composition of samples (Fig. 1). The X-ray spectra recorded for undoped
samples and for those doped up to 3% are very similar.

Differences seen after detailed analysis (Fig. 2) are probably caused by a phase
change o — vy which occurs for polymorphic modification BisV,0,;. In Figure 2A
(angle range 32—34.5°), the shift of the maximal reflection of Bi;V,0;, phase is shown
towards smaller 2@ angles together with increasing amount of dopant. Figure 2B pre-
sents disappearing of one of reflection and sharpening of the other one which shifts
towards smaller angles. Similar effect is observed for the angel range 56-57.4 (Fig. 2C).
One of the reflections disappears and the other one occurs for smaller angles 26.
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Table 1. Melting points of synthesized ceramics

Sample composition Melting point [°C]
BisV,0y; 870
Bi4V20|1 +1% La 885
BigV,0,; +2% La 890
BisV,0,; +3% La 890
BisV,0,; + 6% La 908
BisV,0,; + 8% La 920
BiyV,0,; + 10% La 935
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Fig. 1. X-ray spectra of the samples made of undoped mass Bi;V,0;; (0% La)
and Bi,V,0,; doped with 3%, 8%, 10% La
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According to expectations, the grain growth of the initial material (Bi;V,0,;) con-
nected with longer and longer sintering was observed (from 3 um for 1 h to 17 um for
20 h, Fig. 3). Described changes, seen in the spectra of investigated samples, result
from doping (1, 2 and 3% La) and prove that o phase in undoped sample exists. It can
be also stated that high-temperature y phase was stabilized as the amount of La dopant
was increased. It seems that 3% dopant content is optimum because further increase of
La fraction (6—10%) did not cause formation of new chemical compounds.

Fig. 3. Microstructure of undoped Bi,V,0;, sample (sintering time — from left to right 1 h, 5 h, 10 h)
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Fig. 4. Arrhenius characteristics of undoped Fig. 5. Arrhenius characteristics of undoped and La

Bi4V,0,; in dependence on sintering time doped Bi,V,0,; measured in air atmosphere
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Fig. 6. Arrhenius characteristics of undoped Fig. 7. Arrhenius characteristics of Bi,V,0;, doped
Bi;V,0y; in dependence on atmosphere with 3% La in dependence on atmosphere

The measurements of conductivity were performed by use of impedance spectros-
copy method in the temperature range 250—650 °C. Arrhenius plots obtained from



BIMEVOX materials for application in SOFCS 1255

calculation performed by taking into account conductivity measurements are presented
in Figs. 4-7. A significant influence of sintering time (grain size) on the conductivity
of samples was not observed (Fig. 4). The addition of La causes increase of conductiv-
ity of the initial material in the full range of temperature. For the compositions with
2% and 3% of La, typical changes of the characteristic slope on the Arrhenius plot
were not observed (different slopes for 0% La are responsible for phase changes
o—p and B—y). That could be the proof of the stability of the high temperature
v-Bi,V,04; phase with ionic conduction (Fig. 5). Although higher amounts of dopant
(6, 8 and 10% La) stabilize y phase, they also cause significant decrease of electrolyte
conductivity. Probably reason are new chemical compounds which block charge trans-
fer. For the further investigations of thermodynamical stability, materials with La con-
tent up to 3% were selected.

Based on measurements of the impedance of the initial material, which were made
in various atmospheres (air, nitrogen, vacuum, reducing gas — propane—butane), an
insignificant increase of conductivity of material in oxygen-free atmospheres for
higher temperatures was confirmed (Figs. 6 and 7). This could be caused by increased
amount of oxygen vacancies. Significant increase of conductivity in reducing gas at-
mosphere was observed at 650 °C and was caused by carbon deposition on the sample
surface (Fig. 8).

Fig. 8. BIMEVOX before (left) and after
measurement in reducing atmosphere (right)

Table 2. Conductivities of BIMEVOX at 400 °C and 650 °C

x1073 x1072
Sample composition ([si(;oflclr(r)l] ([Tti)s/glclr(r)l]
BigV,0y; 0.22E-3 1.63
BiyV,0,; + 1% La 0.46 6.50
Bi,V,0,, +2% La 1.41 2.94
BisV,0,, +3% La 1.94 2.83
BiyV,0,; + 6% La 4.63-6 7.60-4
BiyV,0,; + 8% La 1.87-5 1.05-3
BiyV,0,; + 10% La 1.40-6 1.66-4

Carbon originated from decomposition gas fuel in the absence of humidification.
However, the influence of atmosphere on composition and conductivity of samples
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doped with La was not observed. in Table 2, the conductivities measured at 400 °C
and 650 °C for: initial Bi,V,0,; and doped with 1-10% La are presented.

4. Conclusion

Addition of La,0; increases melting point and conductivity of BiyV,0; by stabili-
zation of high-temperature, good ionic O*" conductive y-Bi;V,0; phase. The type of
conductivity (ionic or electronic) will be determined in the future works. For materials
with La content higher than 3%, the decrease of conductivity was observed.

New electrolytes (up to 3% La content) are thermodynamically stable when placed
in pure nitrogen and vacuum (10~ Tr) and during short test (2 h) in pure reducing
atmosphere (propane—butane, 650 °C).

The electrical and stability measurements allowed estimating the possibility of ap-
plications of elaborated materials in SOFC.
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The influence of electric field
on HFC-245fa condensation
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Condensation of HFC-245fa on a vertical cylindrical surface of a heat pipe has been studied experi-
mentally. The temperature of the heat pipe evaporator decreased under the electric field (ac and dc). Heat
transfer enhancement was observed when the electrode placed in a condenser section of the pipe was
under a high voltage. The heat pipe thermal conductivity increased about 6-8% dependently of a magni-
tude and kind of high voltage. The best results were obtained for the straight polarity of the electrode.

Key words: heat pipe; condensation;, EHD heat transfer enhancement

1. Introduction

The mechanism of electrohydrodynamic (EHD) enhancement, one of methods of
active heat transfer enhancement, is widely used to improve heat transfer and fluid
flow [1]. The electric field can enhance the heat transfer in single and two-phase sys-
tems.

In the investigations, an electric field was used to improve and control a heat pipe
performance. In a heat pipe, the heat transfer depends of condensation and evaporation
processes on the pipe surfaces. These processes occur in an inner surface of the pipe.
A thermosyphon was used — a heat pipe with the condensing working fluid flowing to
the evaporation area under the gravitational force. In previous studies of the authors,
heat pipes were tested with other working fluids such as deionized water, R-141b [2]
and R-365/227 [3]. The condensation section of the pipe was under the electric field
operation and the evaporator was grounded. The enhancement of heat transfer during
condensation has been expected for the heat pipe working with HFC-245fa.

Many examples are known of utilizing the electric field to enhance the condensa-
tion [1] but most of reports concerned external condensation on flat and cylindrical
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surfaces. According to Didkovsky and Bologa [4], Yabe et al. [5], Sunada et al. [6]
and Yamashita and Yabe [7], condensation heat transfer was significantly improved
by EHD for a variety of working fluids such as R-113, R-123 and other organic sub-
stances. A prototype EHD condenser was successfully built and tested by Yamashita
et al. [8]. The EHD-assisted external condensation of R-134a on smooth horizontal
and vertical tubs was investigated by Cheung et al. [9]. Butrymowicz et al. [10] de-
scribed a novel EHD method of condensate drainage from horizontal finned tubs (ex-
periments with R-123).

The heat transfer mechanism involves an effective removal process of liquid con-
densate from the heat transfer surface, minimizing the film thickness by utilizing the
EHD-induced forces. However, this requires a careful design of the electrode to yield
a maximum enhancement at minimum power consumption.

2. Experimental

A dielectric heat pipe (DHP) has been constructed, where the condensation section
was separated from the evaporation section by a high voltage insulator. Measurements
of DHP characteristics and testing of DHP performance were conducted within the
system presented in Fig. 1.

PPV

I

Fig. 1. Schematic of experimental arrangement for the DHP testing

Dielectric heat pipe consists of an evaporator (1) being a segment of a copper pipe
with the dimension 22x1 mm and 2%30 ¢m long, an electric insulator (2) composed of
two parts of a teflon-epoxy pipe 30 cm long, with the dimension 4010 mm and a
condenser (3) made of a bronze pipe with the dimension 26x3 mm 93 cm long. Six
copper fins was put on the external surface of the condenser. The whole condenser
was placed in a steel pipe with the dimension 125 mm, where flows cooling air. The
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tested pipe was placed in a vertical position to enable the gravitational flow of conden-
sate from the condenser to the evaporator.

Heat was delivered to the evaporation section (1) by means of an electric heater
which was placed on the outer surface of the evaporator. Electric power of the heater
was controlled by an autotransformer (4). Power measurement was made by means of
a wattmeter (7). Additionally, the power supply system was connected with a voltme-
ter (6) and an ammeter (5). Heat flux transferred from the working fluid to the DHP
condenser (3) was taken out to the surroundings by forced convection. Copper fins
were placed along the outer surface of the condenser for increasing the cooling area.
The condenser was put into the duct (12) where the cooling air flows. The ventilating
fun (13) sucks air in the room and then after heating up, it is exhausted through the
wall outside the building. The fun flow was controlled by an autotransformer (11).

Two air temperature sensors Pt 100 (10) were mounted into the air duct (12). The
pipe surface temperatures were measured by means of K-type thermocouples (9). The
pressure sensors (8) were installed in a condenser and an evaporator. The measuring
data was recorded using a data acquisition system Agilent HP 34970A type (14) and
PC (15).

A high voltage source for DHP was the high voltage transformer in the case of ac
or electric feeder in the case of dc+ and dc— polarity. High voltage was applied to a
copper rod introduced axially into the condensation section. The rod (16) (bar elec-
trode) had the diameter of 8 mm.

3. Results of experiment

In order to check how electric field affects the performance of DHP operating with
HFC-245fa, the measurements of thermal characteristics for the pipe model have been
made. After applying a high voltage to the bar electrode inside the condenser, the ra-
dial component of electric field (perpendicular to the liquid—gas interface) was forced.
In this way, an electric field can effect vapour and liquid of working fluid in DHP
condensation section.

The DHP working with HFC-245fa was tested for transferred heat in the range of
300-500 W. The following measurements were done: the temperature distribution on
the pipe surface, heat transferred through the pipe, pressure inside the pipe, voltage
applied to the electrode. Experiments were taken for a fixed value of heat transfer and
various voltages: ac and dc (for both polarities) in the range of 0-20 kV. For voltages
higher than 25 kV, the breakdown was observed.

Under the electric field (ac and dc), the temperature on the evaporator decreased and
the difference between temperatures of the evaporator and condenser decreased as well.
The strongest effect of electric field was observed for dct. Decreasing temperature in the
evaporator can be connected with enhancement of condensation heat transfer in presence
of electric field. The augmentation of condensation flow let to intensive evaporation and
consequently a decrease of temperature of electric heaters was observed.
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Decreasing of the difference of temperatures between the evaporator and con-
denser for fixed heat transfer causes that the DHP thermal conductivity (1) increases.
The DHP thermal conductivity is the ability of the pipe (with a given length and di-
mension) to transport heat for a given difference of temperatures between the evapora-
tor and condenser sections:

A= & (1)
ATF
where: A is the DHP thermal conductivity, W/(m'K), O — heat transported through

DHP, W, F — cross-section area of DHP, m*, L — DHP length, m, AT difference of
temperatures between the evaporator and condenser sections, K.
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Fig. 2. The relative thermal conductivity of DHP versus the heat transfer (dc+)
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Fig. 3. The relative thermal conductivity of DHP versus the heat transfer (ac)

Figures 2 and 3 show a relative thermal conductivity of DHP; the thermal conduc-
tivity for the pipe under high voltage was compared to the thermal conductivity with-
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out voltage. By increasing the electric strength (i.e. the applied voltage), the thermal
conductivity of DHP could be increased. Analyzing results of the experiments, we can
find that the heat pipe performance could be enhanced by dc+ electric field. Maximum
augmentation of the thermal conductivity was about 8% and it was observed for volt-
ages exceeding 15 kV (which corresponds to the electric field strength 1600 kV/m on
the condenser surface).

Enhancement of heat transfer was observed also for ac electric field and the
maximum augmentation of the thermal conductivity was about 6%. Similarly as for
dc+, the effect of electric field was observed for voltages exceeding 15 kV (for the
electric field strength 1600 kV/m on the condenser surface).

4. Conclusions

The effect of electric field on condensation of HFC-245fa on a vertical, cylindrical
surface has been studied experimentally. The condensation was observed on the inner
surface of the heat pipe. Electric field influenced not only condensation of HFC-245fa
(working fluid in the heat pipe) but the performance of the whole heat pipe. After ap-
plying high voltages (ac and dc) to the bar electrode inside the condenser, decreasing
of temperature in the evaporation region was observed. It caused that the thermal con-
ductivity of the heat pipe increased maximally about 6-8%, depending on the kind and
magnitude of electric field. The highest augmentations were observed for dc+ electric
field. The effect of electric field could be connected with the destabilization of liquid-
vapour interface in a condensation region of the heat pipe.
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Novel method of charge mobility assignation
in liquid dielectrics by streaming electrification
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The mobility of charge carriers is the parameter used for describing conductivity caused by the elec-
trification activity. It is studied for substances of various states of aggregation, in the range including
gases, liquids and solid bodies, for conductors, semi-conductors and dielectrics. The knowledge of this
value is of great significance for the research work on insulation liquids. Transformer insulation oils,
where due to the range of interest this issue is especially significant, serve as a good example. The paper
presents a new method of the research on the mobility of charge carriers in insulation liquids, based on
the application of the streaming electrification measurements of such liquids.

Key words: mobility, streaming electrification, oil insulation

1. Introduction

In insulation liquids, despite the fact that they are dielectrics, an infinite number of
charge carriers exist. Their behaviour in the electric field is of significance in the de-
scription of the mechanisms of conductivity, loss, breakdown, charge injection from
the electrodes, currents limited by a spatial charge and electroconvection phenomena.
The parameter used for describing the behaviour of charge carriers is their mobility. In
practice, a lot of methods are used for investigating the charge carrier mobility in con-
ductors, semi-conductors and insulators. Their application results from the usefulness
of the particular methods. In insulation liquids, the research work in this scope was
developed by Adamczewski [1]. The research was based on examining the phenome-
non of conductivity induced by an external ionizing factor. An observation of the phe-
nomenon of the currents limited by the spatial charge was carried out as well. Also the
research work on the charge injections from the electrodes was of great significance.
The methods based on the measurements of the Hall phenomenon, so widely used in
the research on carrier mobility in semi-conductors, did not find their application in
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the research on charge mobility in dielectric liquids. However, the mobility measure-
ment method, based on the observation of the electrokinetic phenomena, the so-called
electrophoresis phenomenon, was found useful. The method is based on the measure-
ment of electrokinetic potential {. It may be determined through the observation of
movement of solid particles in liquid affected by the electric field applied [2, 3].

The paper presents the suggestion of determining the charge carrier mobility in
liquid using for measurements a different electrokinetic phenomenon — the so-called
flow potential.

2. Streaming electrification

The flow potential occurs when, on the border of the solid and liquid phases, their
mutual relocation takes place causing the disruption of the charge double layer on
their border. The electrostatic charge that is generated may be of a high value and
constitute hazard to the apparatus in which it occurs. Such hazard was observed in
power transformers with a forced insulation oil flow. Due to a considerable hazard to
the insulation caused by the static electricity generated, thus also economic aspects,
these issues have been investigated in a wide range of the occurring phenomena [4, 5].
They can be presented on the example of the research tests carried out in a model
laboratory system with a spinning disk [6, 7] (Fig. 1).

Fig. 1. Diagram of the measuring system with
a spinning disk: 1 — motor, 2 — shield,
3 — measuring container, 4 — spinning disk,
5 — electrometer, 6 — electrostatic voltmeter,
7 — insulators

On the interfacial surface (the solid phase of the disk and the liquid under study),
a double layer of charges is formed due to a selective adsorption of ions. The activity
of centrifugal forces at the disk rotation causes its disruption. The charge generated
can be the source of the current measured with an electrometer or charge the capacity
of the disk—measuring container and be measured with an electrostatic voltmeter. Hy-
drodynamic conditions, at which the electrostatic charge generation takes place, de-
pend on the disk size, its rotations and on the properties of the liquid under study. Fig-
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ures 2—5 show selected characteristics that determine them. They were calculated for
insulation oil the properties of which are shown in Table 1.

Fig. 2. Dependence of the Reynolds number Fig. 3. Dependence of the laminar layer thickness on
on the rotational speed and the disk diameter ~ the Reynolds number and the spinning disk diameter

Fig. 4. Dependence of ¢,/qg, on the Reynolds Fig. 5. Dependence of the electrification current on the
number and rotational speed of the disk Reynolds number and rotational speed of the disk

The dependence of the Reynolds number on rotational speed and the disk diameter
is shown in Fig. 2. The range of the presented values Re refers to turbulent flows.
Then, on the border of the solid and liquid phases, it is possible to distinguish a lami-
nar sublayer, which, further on, moves into the turbulent area. Its thickness, depending
on the hydrodynamic conditions, is shown in Fig. 3. It decides, among others, on the
change of volume charge density, which in the laminar sublayer is of value ¢, and
lowers to value ¢y in the turbulent flow area. The dependence of these changes is
shown in Fig. 4, and the electrification current value measured in the external circuit is
shown in Fig. 5.
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3. Liquid electrification in the disk system

A lot of models have been published which try to present quantitatively the elec-
trification process of the liquid under study [8]. One of the most common models is
the Abedian—Sonin model, which for the disk system can be presented in the form [9]:

— O-qu + quOSt _ quwS

1 L 1
EE, ) o M

where: o is the liquid conductivity, V' — liquid volume in the measuring container,
&, — relative permittivity of the liquid under study, & — vacuum permittivity, D,,
— the molecular diffusion coefficient in liquid, S, — disk surface, d — average thickness
of the laminar sublayer on the disk surface.

The calculation of the electrification current from the Abedian—Sonin model re-
quires the knowledge of the definite parameters characterizing the liquid under study,
such as density (p), conductivity (o), viscosity (V), permittivity (&,), molecular diffu-
sion coefficient (D,,), volume charge density (g, and g,). Also the knowledge of the
parameters characterizing hydrodynamic conditions such as the Reynolds number,
laminar sublayer thickness (0), shearing stresses (7,) is necessary. The measurement
of such values as p, o, v, &,does not cause a metrological problem. However, the mo-
lecular diffusion coefficient (D,,) is usually calculated from Adamczewski’s depend-
ence [1], and the knowledge of charge density ¢, requires, first of all, the measure-
ment of the charge g, volume density. It can be determined from the measurement of
voltage generated on the patulous outlet of the disk system:

U=-2 )

where: V' — volume of the liquid under study, g, — volume charge density in the liquid
under study, C — electric capacity of the disk system.
A mutual relationship between charges ¢, and g, is described by the dependence:

G _yy O
9 SA

3)

where: 4 — Debye’s length (1 = (D,.&¢,)/0)"?), S — contact surface of the disk and the
container with the liquid under study, - thickness of the laminar sublayer on the disk
surface.

Therefore, determining the density of the volume charge ¢,, on the border of solid
and liquid phases requires only the calculation of the thickness of the laminar sub-
layer o
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5= 11.7v )

0.33 0.50
v (%
(DJ ( p j

where: V—kinematic viscosity of the liquid, D,, — molecular diffusion coefficient,
p— liquid density, 7, — shearing stresses

t, =0.1Re "’ p(@R)’

Using these data and dependences in the Abedian—Sonin model makes it possible
to calculate the current generated in the disk system.

4. Measurement of the charge carrier mobility

Electrostatic charge generation in the disk system can be also verified by the
measurement of the current on the system outlet. Combining the results obtained in the
voltage and current systems makes it possible to calculate one of the parameters from
the Abedian—Sonin model. When this parameter is the molecular diffusion coefficient
(Dp), then by using Einsten’s dependence:

Suo = (5)

we obtain the possibility of determining the charge carrier mobility in the liquid under
study. The measurements of the electrification current and the voltage generated were
taken for fresh transformer oil. Table 1 shows the properties of the oil under study and
the parameters of the measuring system.

Table 1. Properties of the oil under study
and the parameters of the measuring system

Property, parameter Unit Value
Density (p) kg/m® 874
Viscosity (V) m?/s 2.38:107°
Permittivity (&,) - 2.239
Conductivity (o) Q'm! 4.2x107"
Disk radius (R;) m 0.0675
Container radius (R,) m 0.075

The dependences of the electrification voltage on the disk rotational speed is
shown in Fig. 6, and the dependence of the electrification current on the disk rotational
speed is shown in Fig. 7.
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Combining the dependence for the electrification current (1) with the dependence
for the electrification voltage (2), through Einstein’s dependence (5), the charge carrier
mobility in insulation oil was calculated. The results are shown in Fig. 8.

1e-7 E T T T T T d T

gl

180 240 300 360 420 480 Fig. 8. Charge carrier mobility at various
n, obr/min rotational speeds of the disk

The average value of the carrier mobility, obtained at various rotational speeds of
the disk, is marked with a horizontal line. A considerable correspondence, of the value
occurring in literature, of about (1x10~° m*/Vs) was obtained.

5. Summing-up
The obtained results of the charge carrier mobility in insulation oil prove that the

research on the streaming electrification can be found useful for the evaluation of the
conductivity phenomenon in such liquids. However, the method suggested still re-
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quires verification, first of all with the application of pure hydrocarbons. Insulation
oils are liquids of a very complex chemical constitution, which makes it difficult to
compare the research results obtained.
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Polyaniline—multi-walled carbon nanotube shell-core
composite as an electrode material in supercapacitors

E. ZAWADZKA, R. KULINSKI, B. SZUBZDA", B. MAZUREK

Electrotechnical Institute, Division of Electrotechnology and Materials Science, Wroclaw, Poland

Polyaniline—multi-walled carbon nanotubes (PANI/MWCNTSs) composite has been synthesized by in
situ oxidizing polymerization of aniline in water dispersion of MWCNTs and has been tested as a super-
capacitor electrode material. Supercapacitive behaviour of the shell core composite has been investigated
by a cyclic voltammetry and galvanostatic charge-discharge tests. In order to obtain information about the
composite composition additional thermoanalytical tests have been carried out including mass decrement
and heat stream in function of temperature. The research is aimed at utilization of the specific structure of
the shell core composite type for designing new materials with promising properties which could find
application as supercapacitor electrode materials.

Key words: supercapacitor, carbon nanotubes; polyaniline; shell core composite

1. Introduction

The storage of electric energy is a crucial problem which has to be dealt with in
the nearest future. Solutions are sought which should permit for a prolonged storage of
energy gained from unconventional, renewable energy sources (solar energy, wind
power). There is also need for transit stores capable of quick, short-term storage of
excess energy and its quick return. In the present paper, we deal with the second type
of store-houses. An example of such solution can be emergency power supplies of
UPS type, as well as systems used in electric vehicles which are designed to regain
and store the energy of braking [1-3]. For this task supercapacitors are perfectly suited
because they have a relatively high power and can provide much energy in a short
time. There are two basic types of supercapacitors which differ in mechanisms of col-
lecting charges. The first type capacitors use an electrical double layer which is cre-
ated mainly on activated carbon materials. The other type are the so-called pseudo-
capacitors in which the collecting of charges is related with a transport of electric
charge in metal oxides [4] and conducting polymers [4, 5].
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From a simple notation of the energy W:
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where: €= && — electric permittivity [F/m], £ — electric field strength [V/m], V' = Sd
— dielectric volume in which energy is contained [m’] it results that the amount of the
collected energy is limited by the spatial energy density (1/2)&E* and the volume be-
tween electrodes. This leads to the idea, tested and applied in practice, to produce
electrodes of a materials with high porosity and high value of physical area, even up to
several thousand of m’/g, such as e.g. activated carbons. In this case, a dependence is
fulfilled that the bigger the physical area of carbon electrode, the higher is its capacity
and energy. It turned out, however, that oxides and conducting polymers, having rela-
tively small physical area (several dozen to one hundred m*/g) have also high values
of capacity and energy. This phenomenon is not fully clarified yet, despite a con-
stantly growing number of papers concerning this issue [7]. Material for electrodes
should also possess high mechanical strength as well as high thermal and electrical
conductivity. Such properties are characteristic of carbon nanotubes, hence the con-
cept of producing composite electrodes such as conducting polymers reinforced with
nanotubes [6—11].

It is proved that addition of carbon nanotubes (CNTs) to polymer matrix dimin-
ishes the main disadvantage of electroconducting polymer (ECP), which is poor stabil-
ity during cycling [12, 13]. CNTs. Since they have been discovered by lijima et al.
[14], play a significant role in nanoscience. Their unique mechanical, electrical and
chemical properties made them useful in many fields of science. They are used,
among others, as field emmiters [15], nanoelectronic devices [16], nanotube-based
composites [17], and else.

Ajayan et al. were first to prepare composite of CNTs and conducting polymer [11].
Such composites were made by mechanical mixing MWCNTs in epoxy resin. CNTs
were used as components of many composites: with PPy (polypyrolle)/CNT, PE-
DOT/CNT (poly(3,4-ethyledioxythiopene)) used as organic light emitting diodes [18],
poly(3-octylthionene)/CNT, PPV/CNT (poly(phenylenevenylene)) used in highly effi-
cient photovoltaic cells [19, 20], and PAN (polyacrylonitrile)/CNT, PANI (polyani-
line)/CNT used as capacitor electrode materials [21-23].

In this paper, we described synthesis of “shell-core” PANI/MWCNTs composite,
fabricated by in-situ oxidizing polymerization and its application as an electrode in
a supercapacitor. In such a composite, a semiconducting nanostructure is enclosed in
a conductor casing. Such spatial connection of a filler and a polymer matrix gives
considerably more possibilities of extrapolating their mutual interaction and control-
ling the properties of an output composite [24]. The product quality is less influenced
by the dispergation degree of cylindrical tubes in comparison to the spherical and la-
mellar fillers, since dispersion depends mainly on the orientation of the filler particles,
and secondly on the separation degree of the particles. In the case of investigated sys-
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tem, the most of nanotubes have the orientation along their structure what can be used
as an advantage for the composite. The multi-walled nanotubes used in the experiment
were chosen with regard to their higher thermal and chemical resistivity in comparison
to uni-walled ones [24, 27].

Polyaniline (PANI) is a very stable conducting polymer with good damping and
antistatic properties, resistant to most of organic solvents. However, its mechanical
strength is low and its processing is difficult, because the use of too strong cutting
forces or too high temperatures may lead to the loss of conductive properties. The
conductivity of polyaniline depends on its oxidation degree. This can be improved by
choosing an appropriate method and conditions of synthesis (oxidizing polymeriza-
tion, electrochemical polymerization, synthesis of conducting salt PANI-HCI) or
modification of the ready polymer (doping with sulfonic acid) [10].

Conductivity in polyaniline takes place along the main chain, statistically placed
perpendicularly to nanotubes (by the “shell core” structure), which may give interest-
ing results due to the spatial orientation of CNTs. The polyaniline conductivity can be
controlled in the phase of polymerization or processing. Polyaniline in a glassy state
can be easily pulverized and combined with other polymers as dry blendes for easier
processing or plastics refining [9, 25].

The total covering of a nanotube with a polymer is a difficult task. Polyaniline is
a good material for such purpose due to its environmental stability and due to the fact that
its conductivity can be controlled by doping. In the process of nanocomposite creation it is
helpful to make use of a compatibilizer which increases the efficiency of covering the
nanotube surface with a polymer. The role of such an agent can be played by non-ionic
surfactants of co-polymerizing monomers. Non-ionic surfactants additionally raise the
degree of nanotube dispersion, thus helping to break up their aggregations [10, 24, 25, 28].

2. Experimental

The in situ method of polymerization was used in which anilines are oxidized in wa-
ter dispersion of multi-walled nanotubes. The initial amounts of all components were cal-
culated to give a composite with of the weight composition 0.75 PANI/0.25 MWCNT.
MWCNT was introduced into an aqueous solution of a block co-polymer of ethylene
oxide and propylene oxide (PEO-PPO, non-ionic surfactant) and exposed to ultra-
sound action. A non-sedimenting dispersion was obtained which was then cooled
down to ca. 0 °C. Further, cooled down aniline (ANI) was instilled and the solution
was stirred with mechanical mixer at this temperature. A polymerizing agent (oxidant
— ammonium persulfate) was introduced into the cold solution which was then left to
enable the reaction to proceed. The raw product was transferred onto a soft quantita-
tive drain and washed several times with distilled water and ethanol to remove resi-
dues of the compatibilizer and excessive amount of polymerizing agent. The compos-
ite purified in this way was dried 8 h at 60 °C in vacuum and next 12 h in the ambient
air. The ready composite had a form of a black, compact but brittle sediment.
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The following materials have been used: multi-walled nanotubes, MWCNT 90%,
Aldrich, block co-polymer PEO-PPO, Pluronic F-68, Sigma, aniline, ACS reagent
>99.5%, Sigma-Aldrich and ammonium persulfate, APS reagent grade 98%, Sigma-
Aldrich. Electrochemical tests were carried out in a model supercapacitor cell in
which electrodes have been formed of the described composite, comminuted to the
fraction <100 um. The electrolyte was 1 M solution of H,SO,, and cellulose served as
the separator. The measurements were made using a device ATLAS 0531 Electro-
chemical Unit & Impedance Analiser.

3. Results and discussion

3.1 Characterization of the PANI/MWCNT composite

The data on the composite structure and degree of MWCNT dispersion in aniline
was obtained based on photographs made with electron scanning microscope VEGAII
from TESCAN. Figure 1 shows a disordered, porous surface of the composite, with
visible longitudinal structures of maximum length of 6 um and the diameter >100 nm.
These structures are single carbon nanotubes, some of which are not fully covered
with a polymer. Spherical aggregates of various sizes, with diameters ranging from
0.5 pm to 2 pm are other visible elements of the composite. These are polyaniline
particles which cover nanotubes to various degrees or appear in concentrations inde-
pendent of MWCNT.

| Fig. 1. SEM images of PANI/MWCNT composite
(1:2000)

Det: SE Detector SEM MAG: 2.00 kx PR i e
Name: Nanorurki 2000x 14.08.08. 1if 50 pm VEGAW TESCAN g’

Thermoanalytical investigations provide information on mass alterations (TG) and
energy variation during processes (DSC) taking place while heating up the sample.
The results are particularly helpful for the improvement of the technology of fabrica-
tion of composites, showing a real proportion of components and degree of contami-
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nation. They also provide practical data (for example thermoresistivity). The meas-
urements were made with use of a thermoanalyzer DCS/TGA1 from the Mettler
Toledo, with the air flow of 50 cm’/min and the rate of increasing the temperature of
10 °C/min.
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0 10 20 30 40 50 60 70 80 90 miin.

Fig. 2. Thermogram PANI/MWCNT

In the curve of mass diminution (TG) for the composite PANI -MWCNT (Fig. 2)
two inflexions are visible. The first one at ca. 325 °C corresponds to decomposition of
polyaniline, and the other one, narrower, above 700 °C, to decomposition of nano-
tubes. Temperature 325 °C is a limit of thermal stability of the composite (thermore-
sistivity). From the TG curve, the composition of the composite PANL:CNT = 0.7:0.2
was determined. Hence, the remaining 10% of the composite mass are contaminations
removed during matrix degradation. The presence of PANI does not influence the
resistivity of nanotubes, and neither brings about side effects. This is confirmed by the
course of comparative curves for pure nanotubes. Based on those curves, it is possible
to determine the purity of MWNTs (98%) as well as to learn that degradation occurs
as a result of carbon oxidization to CO and CO,, because almost 100% of the sub-
stance vanishes.

3.2. Capacitative properties of PANI/MWCNT

Cyclic voltammetry test was carried out at the rate of potential increase 1 mV/s to
the value of 1.1 V. From the shape of the voltammetric curve (CV) it results that the
capacity of a condenser is composed of the capacitance of a double electrical layer and
the so called pseudocapacitance, related with the transfer of electric charge — expected
for ECP. In experimental conditions, the Faraday process shows the largest exchange
of charges for the cell potential 500 mV and is practically closed for the potential
600 mV (Fig. 3a).
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Fig. 3. Diagrams of: a) cyclic voltammetry, scan rate 1 mV/s, b) capacity in the function
of electrode potential for the composite PANI/MWCNT in 1M H,SO, electrolyte

This result is confirmed by galvanostatic measurements of the capacitor capacity.
In Figure 3b, it can be seen that the capacitor reached its highest capacity when the
potential difference was 500 mV. In the experimental conditions, the capacitance
value during discharge was then 22 F/g in conversion to the mass of both electrodes.
The measurements were taken for the constant value of current intensity for charging
and discharging at the capacitor voltage amounting 100—600 mV. The assumed value
in this investigation of the current intensity for charging and discharging was different
for each voltage, and its value in amperes amounted 1/5 of the voltage value. The
characteristics of the capacitor operation obtained in this way were used to calculate
its capacitance (Fig. 3b) and to check the repeatability of its properties in sequential
cycles (Fig. 4).
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Fig. 4. Diagram of the galvanostatic measurements of the condenser charging and discharging
for the composite PANI/MWCNT in 1 M H,SO,, i = 100 mA

Resistivity of pure PANI, pure MWCNT and PANI-MWCNT composite was
measured with a Keithley electrometer 6517A and HP multimeter 34401 A under simi-
lar conditions at room temperature. For PANI it equals 2.0x10® Q[¢m, for MWCNTSs it
is 0.9 Qrem, and for PANI/MWCNT composite — 5.0 Qlem.

4. Conclusions

Based on the TG/DSC measurements, it was concluded that the presence of nano-
tubes in the composite does not reduce the thermoresistivity of polyaniline. The po-
lymerization of aniline in the presence of carbon nanotubes proceeds with the same
efficiency as in the case of a pure monomer.

The degree of covering of nanotubes with polymere matrix, visible in SEM pic-
tures, can be improved in the phase of synthesis of the composite by means of
a stronger compatibilization of components. The structure imperfections negatively
influence the properties of the composite as far as its supercapacitor applications are
concerned by decreasing the participation of capacitance constituent which results
from the separation of charges on the electrode/electrolyte boundary.

The capacitor capacitance amounted during the experiment ca. 20 F/g in conver-
sion to the mass of both electrodes, what can be regarded as a very promising value
for further investigations. Similarly promising are: stability of properties during con-
secutive cycles of charging and discharging and low resistivity.

It is shown, as expected, that addition of MWCNTSs to PANI increases conductiv-
ity of the composite.
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