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Chapter 3 concludes with a discussion on earlier research on the dielectric properties of 
two relevant spraying processes. 

The measurement setup used in this thesis and the measurement procedure 
developed to perform the measurements, are described in detail in Chapter 4. The 
results of the measurements are presented and extensively analysed in Chapter 5. The 
first section of Chapter 6 is dedicated to a summary of the measurement results, with an 
emphasis on the observed tendencies. In the rest of the chapter, the measurement results 
are discussed. The thesis as a whole is summarized in Chapter 7. 
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which describes an ideal conductor. The energy range between the highest energy level 
of the valence band and the lowest energy level of the conduction band is called the 
band gap or the forbidden band. [3,4] 

Conductors often have an overlap between the valence band and the conduction 
band. On the other hand, in insulators there is a very large band gap between the valence 
band and the conduction band, as shown in Figure 2.1 (a). This large band gap makes it 
very difficult for electrons to jump from the valence band to the conduction band. In 
semiconductors the size of the band gap is such that some carriers can make the leap, as 
shown in Figure 2.1(b). [3,5] 

In insulators tunnelling is an important mechanism. It causes charge transport at 
high electric field strengths [6,7]. Tunnelling is a quantum mechanical property that 
states that there is a finite probability that an electron can cross a border wherefore the 
needed energy is larger than the energy of the electron. For more detailed information 
about the tunnelling phenomenon, the reader is advised to consult [3], p18-20 or more 
specialized literature. [3] 
 

 
Figure 2.1. Band theory of solids for (a) insulators and (b) semiconductors. 

 
The band theory of solids is based on an ideal crystal lattice structure without 

impurities or structural defects. The presence of impurities or structural defects causes 
localized states in the forbidden band, called electron traps. These electron traps make it 
more difficult for electrons to jump to the conduction band and may therefore improve 
the insulating properties. In amorphous materials the band theory has to be adapted. The 
different wave functions will still cluster into energy bands, but the edges of the energy 
bands will become rather foggy and electron traps will appear. [3,4] 

Electrons can jump from the valence band to the conduction band due to an 
increase in energy. An important energy form is thermal energy, this partially explains 
the dependence of conductivity on the temperature. [3,4] 
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four different mechanisms of polarization, each with its own specific properties and its 
own frequency range. [5,6] 

2.3.1 Interfacial polarization 

Interfacial polarization is the slowest polarization mechanism and thus only significant 
at low frequencies. This mechanism involves the motion of free charges, in contrast to 
the other mechanisms where bound charges are involved. Free charges in the dielectric, 
caused by contaminants or irregularities, will drift through the dielectric and accumulate 
at interfaces. These interfaces can be boundaries between different materials, but they 
can also be, for example, voids or crystal defects in the lattice structure of the dielectric. 
An important interface where interfacial polarization often occurs, is the contact 
between the electrodes and the dielectric. [6,11,13] 

A considerable contribution to interface polarization is given by hopping charge 
carriers. Hopping charge carriers are charge carriers that migrate between localized 
states, such as electron traps. The hopping itself is caused by thermal vibrations of the 
lattice. If an electric field is applied over the dielectric, it will be easier for the charge 
carriers to jump in a certain direction, leading to polarization of the dielectric. [3,10,14] 

Interfacial polarization always results in a distortion of the macroscopic electric 
field. Since this master thesis is about insulating coatings, interfacial polarization will be 
of great importance. [3,15] 

2.3.2 Orientational polarization 

Orientational polarization, also called dipole polarization, occurs in dielectrics with 
permanent dipoles, so called polar dielectrics [3]. This phenomenon is noticeable at 
frequencies up to 106 Hz in solids [9]. In the presence of an external electric field, the 
dipoles will rotate and become partially aligned with the electric field. This process is 
very dependent of the temperature. Orientational polarization is an important 
mechanism in polar dielectrics, such as most polymers, but it does not occur to a great 
extent in ceramics. [1,10,13,15] 

2.3.3 Ionic polarization 

Ionic polarization, also called atomic polarization, takes place in ionically bounded 
materials. The external electric field causes a relative displacement of the negative and 
positive ions. This mechanism is nearly temperature independent and is very important 
in ceramic materials. The effect of ionic polarization is the most significant in the 
frequency range around 1012 - 1013 Hz. Ionic polarization still occurs at higher 
frequencies than orientational polarization because the displacement of ions is a faster 
process than the rotation of dipoles. [1,9,10,15] 
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long period of time, causing breakdown at much lower electric field stress. 
Equation (2-26) shows that cracks and voids cause local higher electric fields. This 
leads to local discharges, causing physical and chemical degradation of the void surface. 
Due to consecutive discharges many fine degradation paths of a dendritic character can 
be formed, this phenomenon is known as treeing. Treeing leads to deterioration of the 
dielectric material and eventually to breakdown. [5,11] 

With increasing thickness, the electric field stress at which breakdown occurs 
will decrease. This is due to the fact that because of partial discharges, breakdown often 
occurs along faults in the dielectric. The incidence of faults increases with increasing 
thickness. [11,13] 

2.5.5 Space charge 

Electronic polarization, ionic polarization and orientational polarization are all uniform 
within the volume of the material. Space charge is a not-linear mechanism, influencing 
the local internal field and thus the breakdown behaviour of a dielectric considerably. 
Generally, space charge occurs whenever the rate of charge accumulation is different 
from the rate of charge removal [3]. Important causes for this space charge phenomenon 
are charges injected at the electrodes, charges trapped during the fabrication process of 
the dielectric and interface polarization, as discussed in Section 2.3.1. In Figure 2.9, the 
different processes causing space charge are summarized. [3,11] 
 

 
Figure 2.9. Different space charge accumulation processes. [11]  
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The effect of the injected charges on the local electric field is dependent on the 

polarity of both the charge and the neighbouring electrode at which the charge is 
trapped. When trapped charges have the same polarity as the neighbouring electrode, 
they are called homo charges. Thereby the field stress at the electrode will decrease, but 
in the central region of the dielectric, the field stress will increase. When trapped 
charges have the opposite polarity as the neighbouring electrode, they are called 
hetero charges. These charges will cause an increased field stress at the electrodes, but a 
decrease in field stress in the central region of the dielectric. [3,11]  
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Figure 3.1. Production process of ceramics. 

 
In this master thesis, thermally sprayed ceramic coatings are studied. Thus the 

powder does not undergo the process of green forming and sintering. Instead the 
powders are thermally sprayed onto a substrate. This process will be further elaborated 
in Section 3.3. 
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Figure 3.2. Breakdown strength evolution with grain size for 99.8% pure aluminas B1 

and B2 compared to 99.99% pure alumina E0. [21]  
 
 

 
Figure 3.3. Breakdown strength evolution with alumina grain size for pure alumina E0, 

Ca- and Mg-doped aluminas. [21]  
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The different thermal spraying techniques differ in particle velocity and particle 
temperature, as shown in Figure 3.6. 
 

 
Figure 3.6. Different thermal spraying techniques. [20]  

 

3.3.1 Flame spraying 

In the flame spraying process, the coating material is injected into a gaseous oxyfuel 
flame and subsequently sprayed onto the surface of the substrate. Typical of flame 
spraying is the moderate particle temperature and the relatively low particle velocity. 
This results in a more porous and oxidized coating with a lower bond strength compared 
to other spraying methods. The oxides in the coating provide a wear resistant, hard 
coating, while the porosity can be advantageous in areas where lubricants are used (for 
example in bearings). If a high porosity is not desired, a subsequent fusion process is 
often applied. The feedstock of the flame spraying process can be powders, wires and 
rods. [25,27,28] 

3.3.2 High velocity oxygen fuel spraying 

High velocity oxygen fuel spraying (HVOF) is a variant of the flame spraying 
technique, often used in ceramic insulating coatings. The particle temperature is about 
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the same but supersonic particle velocities are reached. This high particle velocity 
results in very dense coatings with high bond strengths. [20] 

The oxidation rate of a thermally sprayed coating is mainly determined by 
in-flight reactions. When the time particles can react with the surroundings or when the 
amount of ambient oxygen decreases, the oxidation rate will decrease as well. So with a 
longer flame, and hence more oxygen burning within the flame and shortening the 
reaction time, the oxidation rate will decrease. A similar result can be obtained by 
higher particle speeds, and consequently by reducing overheating and shortening the 
reaction time. New developments in HVOF technology lead to even higher particle 
velocities and lower particle temperatures and thus resulting in denser coatings with 
lower oxidation rates. Disadvantages of the HVOF spraying method are the high noise 
level and the low deposition rate. [20,27,28,29] 

3.3.3 Arc spraying 

In arc spraying, also called electric-arc spraying, the feedstock of the process is a wire 
of an electrically conductive material. The distance between two oppositely charged 
wires of the feedstock  is gradually reduced until an electric arc between the wires 
appears. The arc melts the tip of the wires, while a compressed gas atomizes the molten 
particles and accelerates them to the substrate. Arc spraying is characterized by a 
relatively low particle velocity, resulting in a decreased coating density and an increased 
oxidation rate. [25,27,28] 

The arc spraying process is economically interesting because of the high 
deposition rates and the low costs. However, since only electrically conductive 
materials can undergo this process, it is not suitable for insulating ceramic coatings. [25] 

3.3.4 Plasma spraying 

Plasma spraying is an important coating technique regarding ceramic coatings. The 
feedstock particles are heated and accelerated by plasma. Plasma is an ionized gaseous 
cloud composed of free electrons, positive ions, neutral atoms and molecules [28]. The 
energy needed to create plasma, thus to ionize a gas, is mostly generated by a DC or an 
AC arc. The core temperature of the plasma cloud depends on the electrical power, the 
gas, the pressure and the spraying conditions. The typical temperature range is from 
3 500 K to 15 000 K. Because of these extremely high temperatures, any material that 
has a liquid phase can be melted in plasma. [20,25,27] 

The particle velocities involved in the plasma spraying process are typically 
higher than the particle velocities in the arc and flame spraying processes. This results 
in denser coatings with a finer coating surface roughness. The most common technique 
in plasma spraying is the atmospheric plasma spraying (APS), where the spraying takes 
place in ambient air. A more advanced technique is the vacuum plasma spraying (VPS), 
whereby a very homogeneous and oxide-free microstructure can be acquired. [25,27,28] 
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 The IDA 200 measurement device was connected to the samples by the 
electrode configuration, shown in Figure 4.3. The sinusoidal voltage is applied between 
the clamps with the red and the blue wire. The third clamp is the connection between 
the ground and the guard electrode, painted on the sample. 
 

 
Figure 4.3. The electrode configuration used for the measurements. 
  

4.3 Measurement procedure 

Before starting the measurements with the IDA 200, the device was calibrated with the 
associated calibration box. In every measurement, a sinusoidal voltage with a maximum 
peak voltage of 200 V was applied over the sample. The followed measurement 
procedure was different for the measurements below and above 100°C. 

4.3.1 Measurements below 100°C 

At temperatures below 100°C, the effects of temperature and relative humidity on the 
samples were examined. The different circumstances whereat the samples were tested, 
are shown in Table 4.3. Because of the risk of oxidation, there were no measurements at 
a temperature of 70°C for relative humidities of 60% or higher. For the same reason 
were at a relative humidity of 90% only measurements made at a temperature of 20°C 
and 30°C. At every condition, the electric properties of the samples were measured at a 
frequency of 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, 40, 50, 60, 100, 200, 500 and 1000 Hz. 
 Table 4.3 also shows the sequence of the different measurement conditions. The 
measurements were performed in this order, to prevent corrosion inside the samples in 
an early stage of the measurements. Before increasing the relative humidity, the samples 
were dried at a temperature of 120°C for two hours. 
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Table 4.3. Measurement sequence for measurements below 100°C. 
 20°C 30°C 40°C 50°C 60°C 70°C Drying 
20% 1 2 3 4 5 6 7 
35% 8 9 10 11 12 13 14 
45% 15 16 17 18 19 20 21 
60% 22 23 24 25 26  27 
75% 28 29 30 31 32  33 
90% 34 35     36 
 

In order to determine the acclimatization time between consequent 
measurements at different conditions, the stabilization behaviour of the samples had to 
be examined. The stabilization of the relative permittivity of the samples after drying, at 
a relative humidity of 40% and a temperature of 25°C, is shown in Figure 4.4, Figure 
4.5 and Figure 4.6, for the HVOF, the flexicord and the plasma sprayed sample, 
respectively. In the measurements made for this thesis, the samples were always 
measured in this order. Based on the stabilization behaviour, it was decided to let the 
samples acclimatize for at least four hours before performing the measurements. 
 

 
Figure 4.4. Stabilization of the HVOF sprayed sample at T=25°C, RH=40%. 
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Figure 4.5. Stabilization of the flexicord sprayed sample at T=25°C, RH=40%. 

 

 
Figure 4.6. Stabilization of the plasma sprayed sample at T=25°C, RH=40%. 

 
Every sample was measured three times at every condition. The electrodes were 

detached and re-attached before every measurement in order to eliminate coincidences 
due to the connection between the electrodes and the sample. The results shown in this 
thesis are the averages of those three measurements. 

The measurements at temperatures below 100°C are performed inside the 
climate room of the high voltage laboratory of TUT. The climate room is designed as a 
Faraday cage, to prevent any influences of external fields. 
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4.3.2 Measurements above 100°C 

At temperatures above 100°C, the stabilization behaviour of the second HVOF sprayed 
and the plasma sprayed sample were examined. For the HVOF sprayed sample, 
measurements were made at a temperature of 120°C, 150°C and 180°C. Because the 
aim of these measurements was to examine the evolution of the dielectric properties of 
the samples as a function of the heating time, when heated up to these temperatures for 
the first time, the HVOF sprayed sample was dried at a temperature of 105°C after the 
painting of the silver electrode on the coating. Because the plasma sprayed sample was 
also used in the earlier measurements and thereby heated up to a temperature of 120°C, 
the stabilization behaviour of the plasma sprayed sample was examined at a temperature 
of 150°C. These measurements were made at the same frequencies as the measurements 
below 100°C. The dielectric properties were measured after a heating period of 0, 0.5, 1, 
2, 5, 7.5 and 10 hours. For the HVOF sprayed sample at a temperature of 150°C, there 
were also measurements made after a heating period of 23.5 and 25.5 hours. 

The measurements above a temperature of 100°C were performed inside an 
oven, shown in Figure 4.7, placed inside the climate room of the high voltage laboratory 
of TUT. During the measurements the temperature of that climate room was 30°C at a 
relative humidity of 20%. Before placing the sample in the oven, the sample was 
stabilized in the conditions of the climate room. The measurements were started when 
the oven, with the sample in it, had reached the relevant temperature. 
 

 
Figure 4.7. (a): the closed oven, (b): the electrode configuration placed in the oven. 

4.4 Processing of acquired data 

The values for Ra and Ca, the components of the equivalent circuit of a real dielectric as 
defined in Section 2.4.1, were measured by the IDA 200 measurement device. These 
values were used to calculate the relative permittivity and the loss index of the samples, 
according to standard IEC 60250. The vacuum capacitance C0 of a sample is calculated 
by 

(a) (b) 
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5.2 Measurements below 100°C 

5.2.1 Constant temperature, variating relative humidity 

HVOF sprayed sample 
Figure 5.1 depicts the relative permittivity of sample 653_14, with the ethylene-HVOF 
sprayed coating, at a temperature of 20°C as a function of the frequency for all 
measured degrees of relative humidity. It is shown that the relative permittivity 
generally decreases with increasing frequency and decreasing relative humidity. In 
Appendix A, figures presenting the relation between the relative permittivity and the 
relative humidity are shown for all samples at 0.01 Hz, 50 Hz and 1000Hz. 

Measurements performed at higher temperatures show higher values for the 
relative permittivity. This can be seen by comparing Figure 5.1 with the results of the 
measurements made at 50°C and 70°C, respectively shown in Figure 5.3 and Figure 5.5.  

With reference to the results shown in Figure 5.1, it can be noticed that at 20°C, 
in the relative humidity range from 20% to 60%, the relative permittivity steadily 
increases with decreasing frequency. At higher humidities, the increase is stronger for 
frequencies below 5 Hz. At 50°C, the strong increase in relative permittivity at the 
lower frequencies is also observed at a relative humidity of 60%.  The measurements 
performed at 70°C already show such an increase in relative permittivity at a relative 
humidity of 45% for frequencies below 0.1 Hz. 

In the results of the measurements performed at 20°C and 50°C, it can be 
observed that the increase in relative permittivity stabilizes at frequencies higher than 
10 Hz, even though the relative humidity increases. At 70°C no clear stabilization is 
noticeable, but it should be noted that the values for the relative permittivity whereat the 
stabilization occurred at 20°C and 50°C were only reached at a relative humidity of 
45% in these measurements. 
 The loss index of the HVOF sprayed sample at a temperature of 20°C is shown 
in Figure 5.2. The evolution of the loss index is comparable to the evolution of the 
relative permittivity. Generally, the loss index decreases with increasing frequency and 
with decreasing relative humidity. In Appendix A, figures presenting the relation 
between the loss index and the relative humidity are shown for all samples at 0.01 Hz, 
50 Hz and 1000 Hz. 
 By comparing Figure 5.2 with Figure 5.4 and Figure 5.6, the measurements of 
the loss index at 50°C and 70°C respectively, an increase in loss index with increasing 
temperature is observed. There tends to be a linear relation between the relative 
permittivity and the frequency at higher humidities. At a temperature of 20°C, the 
measurements at a relative humidity of 75% and 90% show such a behaviour. In the 
results of the measurements made at a temperature of 50°C, this behaviour is extended 
to a relative humidity of 60%. 
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Figure 5.1. Relative permittivity of sample 653_14 at a temperature of 20°C. 

 
 
 
 

 
Figure 5.2. Loss index of sample 653_14 at a temperature of 20°C. 
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Figure 5.3. Relative permittivity of sample 653_14 at a temperature of 50°C. 

 
 
 
 

 
Figure 5.4. Loss index of sample 653_14 at a temperature of 50°C. 

 



 43 

 
Figure 5.5. Permittivity of sample 653_14 at a temperature of 70°C. 

 
 
 
 

 
Figure 5.6. Loss index of sample 653_14 at a temperature of 70°C. 
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Flexicord sprayed sample 
In Figure 5.7, the relative permittivity of sample TS_EXT_123, with the flexicord 
sprayed coating, is shown at a temperature of 50°C. It can be observed that this sample 
shows a similar behaviour as the HVOF sprayed sample at the same conditions. 
However, the values for the relative permittivity are notably lower. 

There are two differences between both samples regarding the relation between 
the relative permittivity and the frequency. First, at a relative humidity of 60% the 
increase in relative permittivity with decreasing frequency is less severe for the 
flexicord sprayed sample. However, the increase at a relative humidity of 75% is 
similar. A second difference is the relative permittivity at lower frequencies. In Figure 
5.3, a stabilization of the relative permittivity at higher frequencies was noticed for the 
HVOF sprayed sample. With the flexicord sample there appears to be no such 
stabilization, but it should be noted that the values whereat the stabilization occurred in 
the HVOF sprayed sample, were not reached in these measurements. 
 Figure 5.8 depicts the loss index for the flexicord sprayed sample. It appears that 
also the measured values of the loss index of this sample are notably lower than the 
values measured for the HVOF sample. In the measurements of the HVOF sprayed 
sample, a linear relation between the loss index and the frequency was observed. A 
similar observation can be made of the flexicord sprayed sample, the main difference is 
that the measurements at a relative humidity of 60% only show that linear relation at 
frequencies below 1 Hz. 
 

 
Figure 5.7. Relative permittivity of sample TS_EXT_123 at a temperature of 50°C. 
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Figure 5.8. Loss index of sample TS_EXT_123 at a temperature of 50°C. 

 

Plasma sprayed sample 
In Figure 5.9, the relative permittivity of sample #184 alu, with the atmospheric plasma 
sprayed coating, is shown at a temperature of 50°C. In these measurement results, it can 
also be observed that the relative permittivity decreases with decreasing humidity and 
increasing frequency. The values of the relative permittivity are in general slightly 
higher than the values measured in the HVOF sprayed sample under the same 
circumstances. 

Also in the measurement results of the plasma sprayed sample, a clear increase 
in permittivity with decreasing frequency can be seen at lower frequencies. This 
phenomenon can be observed in the measurements made at a relative humidity of 60% 
and 75%, but also, although a less severe increase, at a relative humidity of 45%. At 
lower frequencies, the relative permittivity tends to stabilize around the same value as 
observed in the HVOF sprayed sample. 

The measured loss index of the plasma sprayed sample is shown in Figure 5.10. 
By comparing Figure 5.4 with Figure 5.10, it appears that the loss index measured in the 
plasma sprayed sample is slightly higher than the loss index measured in the HVOF 
sprayed sample. In the plasma sprayed sample, the relation between the loss index and 
the frequency is linear for the measurements performed at a relative humidity of 75% 
and 90%. At frequencies below 10 Hz, the measurements made at a relative humidity of 
45% have also this linear relation. 
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Figure 5.9. Relative permittivity of sample #184 alu at a temperature of 50°C. 

 
 
 
 

 
Figure 5.10. Loss index of sample #184 alu at a temperature of 50°C. 
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5.2.2 Constant relative humidity, variating temperature 

HVOF sprayed sample 
In Figure 5.11, the relative permittivity of sample 653_14, with the ethylene-HVOF 
sprayed coating, is shown at a relative humidity of 20% as a function of the frequency at 
all measured temperatures. It can be seen that the relative permittivity decreases with 
increasing frequency and decreasing temperature. In Appendix B, figures presenting the 
relation between the relative permittivity and the temperature are shown for all samples 
at 0.01 Hz, 50 Hz and 1000Hz. 

By comparing this figure with Figure 5.13 and Figure 5.15, the results of the 
measurements at a relative humidity of 45% and 75% respectively, it is shown that the 
relative permittivity increases with increasing temperature. This was also concluded in 
Section 5.2.1.  
 In Figure 5.11, it can be seen that at a relative humidity of 20%, the relative 
permittivity steadily increases with decreasing frequency. The results of the 
measurements performed at a relative humidity of 45% show that the measurements at a 
temperature of 70°C tend to have a stronger increase in relative permittivity at the 
lowest frequencies. Figure 5.15 illustrates that at a relative humidity of 75%, the 
increase in relative permittivity with decreasing frequency is strong in all measured 
temperatures in the whole frequency range. 

The loss index of the HVOF sprayed sample at a relative humidity of 20% is 
shown in Figure 5.12. It can be seen that also the loss index generally decreases with 
increasing frequency and with decreasing temperature. In Appendix B, figures 
presenting the relation between the loss index and the temperature are shown for all 
samples at 0.01 Hz, 50 Hz and 1000Hz. 

By comparing these measurements with the measurements made at a relative 
humidity of 45% and 75%, respectively Figure 5.14 and Figure 5.16, it can be observed 
that the loss index strongly increases with increasing relative humidity. This was also 
noted in Section 5.2.1.  

In Figure 5.12, it is shown that at a relative humidity of 20%, there is for each 
temperature a certain frequency range in which the losses are stable, even though the 
permittivity is not. It can be observed that that frequency-range shifts to higher 
frequencies with increasing temperature. By comparing Figure 5.12 with Figure 5.14, it 
can be seen that the frequency range whereat the loss index is stable shifts also to higher 
frequencies with increasing relative humidity. At a relative humidity of 75%, there is no 
such frequency range noticeable. 
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Figure 5.11. Relative permittivity of sample 653_14 at relative humidity of 20%. 

 
 
 
 

 
Figure 5.12. Loss index of sample 653_14 at a relative humidity of 20%. 
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Figure 5.13. Relative permittivity of sample 653_14 at relative humidity of 45%. 

 
 
 
 

 
Figure 5.14. Loss index of sample 653_14 at a relative humidity of 45%. 
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Figure 5.15. Relative permittivity of sample 653_14 at relative humidity of 75%. 

 
 
 
 

 
Figure 5.16. Loss index of sample 653_14 at a relative humidity of 75%. 
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Flexicord sprayed sample 
The relative permittivity of the flexicord sprayed coating at a relative humidity of 45% 
is shown in Figure 5.17. These measurement results are very similar to the measurement 
results of the HVOF sprayed coating made at a relative humidity of 20%. Hence, the 
relative permittivity of the flexicord sprayed sample at a relative humidity of 45% is 
remarkably lower than the relative permittivity of the HVOF sprayed sample under the 
same circumstances. 
 Figure 5.18 depicts the loss index of the flexicord sprayed sample at a relative 
humidity of 45%. By comparing this figure with Figure 5.14, it can be observed that 
also the loss index of the flexicord sprayed sample is remarkably lower than the loss 
index of the HVOF sprayed sample at the same conditions. 

In the measurements of the HVOF sprayed sample, a frequency range in which 
the loss index was more or less stable was observed at a relative humidity of 45%. The 
same observation can be made in the measurements of the flexicord sprayed sample. By 
comparing these two measurement results, a shift of the relevant frequency range to 
lower frequencies for the flexicord sprayed sample can be observed. 
 

 
Figure 5.17. Relative permittivity of sample TS_EXT_123 at relative humidity of 45%. 
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Figure 5.18. Loss index of sample TS_EXT_123 at a relative humidity of 45%. 

Plasma  sprayed sample 
In Figure 5.19, the relative permittivity of the atmospheric plasma sprayed coating is 
shown at a relative humidity of 45%. By comparing Figure 5.13 with Figure 5.19, it can 
be observed that the increase in relative permittivity with increasing temperature at 
lower frequencies is stronger in the plasma sprayed sample than in the HVOF sprayed 
sample. 
 The loss index of the plasma sprayed coating is depicted in Figure 5.20. It is 
observed that the loss index is generally higher than the loss index observed in the other 
coatings. Also in this sample, there is a frequency range in which the loss index is more 
or less stable. That frequency range is about the same as observed in the HVOF sprayed 
sample. 
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Figure 5.19. Relative permittivity of sample #184 alu at relative humidity of 45%. 

 
 
 

 
Figure 5.20. Loss index of sample #184 alu at a relative humidity of 45%. 
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5.2.3 Comparison of studied samples 

In this section, the different samples are compared under four different circumstances. 
These circumstances are chosen because they show the evolution of the mutual relation 
between the different samples, starting at the lowest temperature and the lowest relative 
humidity, increasing to the most demanding conditions. By observing the results shown 
in Section 5.2.1 and Section 5.2.2, it can be observed that the measured values are 
particularly influenced by differences in relative humidity. Therefore, the relative 
humidity is mostly referred to when comparing the samples. 
 Figure 5.21 compares the relative permittivity of the different samples at a 
relative humidity of 20% and a temperature of 20°C. In these conditions, the relative 
permittivity of the plasma sprayed sample, #184 alu, is the highest at each frequency. 
The curve of the ethylene-HVOF sprayed sample, 653_14, has the same form as the 
curve of the plasma sprayed sample, but the relative permittivity is slightly lower at 
each frequency. The relative permittivity of the flexicord sprayed sample, 
TS_EXT_123, is the lowest at all frequencies. Because of the flatness of the latter 
curve, the difference in relative permittivity is larger at the lower frequencies. 

The comparison of the loss index of the different samples in these conditions is 
depicted in Figure 5.22. The relation between the loss indexes of the different samples is 
similar to the relation observed between the relative permittivities. The only differences 
are the less flatness of the curve of the flexicord sprayed sample and the similar values 
for the HVOF and plasma sprayed samples at a frequency of 0.1 Hz and 0.5 Hz. 
 

 
Figure 5.21. Comparison of the relative permittivity at T=20°C and RH=20%. 
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Figure 5.22. Comparison of the loss index at T=20°C and RH=20%. 

 
In Figure 5.23, the relative permittivity of the different samples is shown at a 

relative humidity of 45% and a temperature of 40°C. Figure 5.24 depicts the relative 
permittivity of the samples at a relative humidity of 75% and a temperature of 30°C. 
The relative permittivity of the samples at a humidity of 90% and a temperature of 30°C 
is shown in Figure 5.25. By comparing these figures with Figure 5.21, the evolution of 
the three samples to more demanding conditions can be observed. 
 It appears that at a relative humidity of 45%, the difference in relative 
permittivity between the plasma sprayed and the HVOF sprayed sample is reduced at 
the higher frequencies. At the lower frequencies, the plasma sprayed sample shows a 
more strong increase in relative permittivity with increasing frequency, compared to the 
other samples. At a relative humidity of 75% or higher, the HVOF sprayed sample 
shows the same increase in relative permittivity at the lower frequencies. Therefore the 
HVOF sprayed and the plasma sprayed sample have a similar relative permittivity under 
these circumstances. It can be seen that the difference between these two samples and 
the flexicord sprayed sample is reduced with increasing relative humidity. At a relative 
humidity of 90%, the three samples have the same relative permittivity in the frequency 
range from 1 Hz to 10 Hz. At the other frequencies, the flexicord sprayed sample has a 
slightly lower relative permittivity compared to the other two samples. 
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Figure 5.23. Comparison of the relative permittivity at T=40°C and RH=45%. 

 
 
 
 

 
Figure 5.24. Comparison of the relative permittivity at T=30°C and RH=75%. 
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Figure 5.25. Comparison of the relative permittivity at T=30°C and RH=90%. 

 
The loss index of the different samples at a relative humidity of 45% and a 

temperature of 40°C is depicted in Figure 5.26. In Figure 5.27 the comparison of the 
loss indexes at a relative humidity of 75% and a temperature of 30°C is shown. Figure 
5.28 depicts the loss index of the samples at a relative humidity of 90% and a 
temperature of 30°C. 
 It appears that the evolution in the loss index is similar to the above observed 
evolution in relative permittivity. At a relative humidity of 45%, the plasma sprayed 
sample and the HVOF sprayed sample show similar values at the higher frequencies. 
The values at the lower frequencies are higher for the plasma sprayed sample than for 
the HVOF sprayed sample. At a relative humidity of 75% and 90%, both samples have 
a comparable loss index. It  can be seen that the difference in loss index between these 
two samples and the flexicord sprayed sample is reducing with an increasing relative 
humidity. 
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Figure 5.26.Comparison of the loss index at T=40°C and RH=45%. 

 
 
 
 

 
Figure 5.27. Comparison of the loss index at T=30°C and RH=75%. 
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Figure 5.28. Comparison of the loss index at T=30°C and RH=90%. 

 

5.2.4 Reliability of measurements below 100°C 

As explained in Chapter 4, every sample was measured three times in every condition. 
Every result shown in Section 5.2 is the average of those three measurements. The 
electrodes were detached and re-attached before every measurement in order to 
eliminate coincidences due to the connection between the electrodes and the sample. 
 The repeatability was very high in the measurements performed below a relative 
humidity of 60%. This is shown in Figure 5.29, where the measurement of the relative 
permittivity of the HVOF sprayed sample at a temperature of 40°C and a relative 
humidity of 45% is depicted. At higher humidities, the repeatability of the 
measurements was less high, but still well acceptable. This is shown in Figure 5.30, the 
measurement of the HVOF sprayed sample at a temperature of 30°C and a relative 
humidity of 90%. 
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Figure 5.29. Repeatibility of measurements at a relative humidity below 60%. 

 

 
Figure 5.30. Repeatibility of measurements at higher relative humidities. 

 
In order to determine the reliability of the acquired data, the measurements at a 

temperature of 30°C and a relative humidity of 20% were retaken after finishing all the 
measurements below 100°C. The comparison of the measured relative permittivity in 
those measurements is shown in Figure 5.31, Figure 5.32 and Figure 5.33 for the HVOF 
sprayed, the flexicord sprayed and the plasma sprayed sample, respectively. 
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 It can be observed that the relative permittivity of both the HVOF and the 
plasma sprayed sample are decreased after performing all the measurements below 
100°C. On the other hand, the relative permittivity of the flexicord sprayed sample is 
increased. 

The loss indexes of the HVOF sprayed, the flexicord sprayed and the plasma 
sprayed sample are shown in respectively Figure 5.34, Figure 5.35 and Figure 5.36. 
Comparing these results, a similar observation as above can be made. The HVOF 
sprayed and the plasma sprayed sample behave in a similar way. After the 
measurements, both samples show a decrease in the loss index at the higher frequencies, 
but a severe increase in the loss index at the lower frequencies. On the other hand, the 
loss index in the flexicord sprayed sample shows in the whole frequency range a severe 
increase in the loss index after performing the measurements below 100°C. 

It should be noted that the flexicord sprayed sample showed visible corrosion 
after performing all the measurements below 100°C, as shown in Figure 5.37. The 
visible corrosion was first detected after the measurements at a relative humidity of 90% 
and a temperature of 20°C. So if the measurement results are influenced by the 
corrosion, what can be expected regarding the different behaviour of the flexicord 
sprayed sample, mainly the last two measurements are affected. 

 

 
Figure 5.31. Relative permittivity of sample 653_14 before and after the measurements. 
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Figure 5.32. Relative permittivity of sample TS_EXT_123  before and after the 

     measurements. 
 
 
 

 
Figure 5.33. Relative permittivity of sample #184 alu  before and after the 

        measurements. 
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Figure 5.34. Loss index of sample 653_14 before and after the measurements. 

 
 
 
 

 
Figure 5.35. Loss index of sample TS_EXT_123 before and after the measurements. 
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Figure 5.36. Loss index of sample #184 alu before and after the measurements. 

 
 
 
 

 
Figure 5.37. The flexicord sprayed sample, TS_EXT_123, after the measurements. 

  The orange spots are corroded. 
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5.3 Measurements above 100°C 

The plan for this measurement series was to perform the same measurements as made in 
Section 5.2.2, but for temperatures higher than 100°C: at 105°C, 120°C, 150°C and 
180°C. The measurements would be made in the oven, which would be placed in the 
climate room at a constant humidity. However, while trying to determine the stabilizing 
time of the samples at these temperatures, no clear stabilization was observed. Therefore 
it was decided to change the original plan to the examination of the stabilization 
behaviour at temperatures above 100°C. The flexicord sprayed sample was not used in 
these measurements, because of the severe corrosion and the lack of a new sample. 

5.3.1 Stabilization of HVOF sprayed sample 

As mentioned in Chapter 4, a new sample was used for these measurements to prevent 
any influences, as oxidation, from the earlier measurements. Figure 5.38 depicts the 
evolution of the relative permittivity of the HVOF sprayed sample after certain time 
periods at a temperature of 120°C. It can be seen that the relative permittivity decreases 
the longer the sample is in this condition. There is no noticeable stabilization after a 
time period of ten hours. The evolution of the relative permittivity at a temperature of 
150°C is shown in Figure 5.39. At this temperature the measuring time has been 
extended to 25.5 hours. By comparing the measurements after 23.5 and 25.5 hours, it 
can be observed that the system appears stabilized. The evolution in relative permittivity 
at a temperature of 180°C is depicted in Figure 5.40. It can be observed that the 
decrease in relative permittivity is less quick, but also in these conditions there is no 
noticeable stabilization of the system after a measuring time of ten hours. 
 

 
Figure 5.38. Permittivity of sample 653_14 with increasing heating time at 120°C. 
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Figure 5.39. Permittivity of sample 653_14 with increasing heating time at 150°C. 

 
 

 
Figure 5.40. Permittivity of sample 653_14 with increasing heating time at 180°C. 
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The evolution of the loss index of the HVOF sprayed sample at a temperature of 
120°C, 150° and 180°C is depicted in Figure 5.41, Figure 5.42 and Figure 5.43, 
respectively. The same tendency, as observed in the permittivity, can be seen in the loss 
index, it decreases the longer the system is heated. There is no noticeable stabilization 
after a time period of ten hours. After 23.5 hours, the difference in loss index between 
consequent measurements with a time difference of two hours is very small , what 
indicates an evolution to a stabilized state. 

 

 
Figure 5.41. Loss index of sample 653_14 with increasing heating time at 120°C. 
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Figure 5.42. Loss index of sample 653_14 with increasing heating time at 150°C. 

 

 
Figure 5.43. Loss index of sample 653_14 with increasing heating time at 180°C. 

 
After each heating cycle, the relative permittivity and the loss index of the 

sample were measured in a reference environment. This was at a temperature of 30°C 
and a relative humidity of 20%. In Figure 5.44 and Figure 5.45, it appears that the 
relative permittivity and the loss index were decreased after each heating cycle. It can 
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be observed that the heating cycle at 150°C had the most influence on these quantities. 
The relative permittivity and the loss index were measured again a week after the last 
heating cycle. After this time period, the loss index showed a slight increase. 
 

 
Figure 5.44. Permittivity of sample 653_14 after heating cycles. 

 
 

 
Figure 5.45. Loss index of sample 653_14 after heating cycles. 
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5.3.2 Stabilization of plasma sprayed sample 

The substrate of the HVOF sprayed sample is carbon steel. In order to assess the 
influence of the substrate, also the stabilization behaviour of the plasma sprayed sample, 
coated on a stainless steel substrate, was determined. Because of the stainless steel 
substrate, less oxidation was expected. Thereby the sample used for the measurements 
below 100°C, was also used for these measurements. In the earlier measurements, the 
sample has been heated up eight times for two hours to a temperature of 120°C. 
Thereby the stabilization behaviour at a temperature of 150°C was examined in these 
measurements. 

Figure 5.46 and Figure 5.47 show respectively the evolution of the relative 
permittivity and the loss index with an increasing heating time. It can be seen that these 
measurements show the same evolution as observed in the sample sprayed on carbon 
steel. Both the relative permittivity and the loss index decrease with an increasing 
heating time and there is no noticeable stabilization after a heating period of ten hours. 

The measurements of the relative permittivity and the loss index in the reference 
environment are depicted in Figure 5.48 and Figure 5.49, respectively. Both the relative 
permittivity and the loss index appear to decrease after the heating cycle at 150°C, as 
observed in the measurements of the HVOF sprayed sample. The measurements before 
the heating cycle at 150°C are not the same measurements as depicted in Figure 5.33. 
For the measurements shown in these figures, the sample was measured again after 
another heat treatment at 120°C. 
 

 
Figure 5.46. Permittivity of sample #184 alu with increasing heating time at 150°C. 
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Figure 5.47. Loss index of sample #184 alu with increasing heating time at 150°C. 

 
 
 
 

 
Figure 5.48. Permittivity of sample #184 alu before and after heating cycle at 150°C. 
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Figure 5.49. Loss index of sample #184 alu before and after heating cycle at 150°C. 
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6.2 Discussion of measurement results 

In Chapter 5, it was observed that the relative permittivity, the dissipation factor and 
hence the loss index are dependent on the frequency. This is a consequence of the 
frequency dependence of the different polarization mechanisms and can be described by 
the Debye equations. This relation is thoroughly discussed in Sections 2.3 and 2.4. The 
shift of the polarization mechanisms to higher frequencies with an increase in 
temperature can be modelled by the Arrhenius equation and is described in Section 
2.4.3. The sensitivity of thermally sprayed Al 2O3-coatings to humidity was also 
observed in the literature. The explanation of this behaviour is discussed in Section 
3.3.7 and summarized in Figure 3.7. 

It should be noted that the results shown in Section 5.2.2, the measurements at a 
constant relative humidity and variable temperature, do not show the pure effect of 
temperature on the dielectric properties of the samples. The reason for this is the 
increase in absolute humidity with an increase in temperature at a constant relative 
humidity. In the Mollier diagram, it can be seen that the absolute humidity is 
9 g water/kg air at a temperature of 20°C and a relative humidity of 60% and at a 
temperature of 40°C and a relative humidity of 20%. The relative permittivity and the 
loss index of the HVOF sprayed sample at these conditions are compared in Figure 6.1 
and Figure 6.2, respectively. It can be observed that both the relative permittivity and 
the loss index actually decrease with an increase in temperature at a constant absolute 
humidity. The same observations can be made in the other examined coatings, as 
depicted in Appendix C.  
  

 
Figure 6.1. Permittivity of sample 653_14 at a constant absolute humidity of 9 g/kg. 
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Figure 6.2. Loss index of sample 653_14 at at a constant absolute humidity of 9 g/kg. 

 
 In Section 5.2.1, a stabilization in relative permittivity at the higher frequencies 
was observed for the HVOF and the plasma sprayed sample, even though the relative 
humidity increased. At a frequency of 50 Hz, the relative permittivity appeared to 
stabilize around the value 80. This is the typical value for the relative permittivity of 
water at 50 Hz [38]. The observed linear relation between the frequency and the loss 
index in these measurements is a typical sign of dominating conductive current over the 
other parts of the resistive current and thus an indication of lossy insulation. 

In Table 6.1, the relative permittivities and the loss indexes of different materials 
are compared. The values for the measured coatings are the results at 1 kHz, a 
temperature of 20°C and a relative humidity of 20%. It should be noted that the values 
for the other ceramic materials are literature values at a frequency of 1 MHz. However, 
with reference to Figure 2.8, there is no big variation in relative permittivity or loss 
index expected in the frequency range between 1 kHz and 1 MHz for materials where 
orientational polarization does not extensively occurs. 

Table 6.1 shows that the values for the relative permittivity of the measured 
coatings are similar to the values of other ceramic materials, such as alumina, porcelain 
and glass. On the other hand, the loss index of the measured coatings is clearly higher 
than the loss index of the other materials. Particularly the values for the HVOF and the 
plasma sprayed coating are striking. It can also be observed that the relative permittivity 
and loss index is typically higher in ceramic materials than in polymers, such as 
polyethylene. 
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Figure 6.3. Cross-section of the HVOF sprayed sample. 

 

 
Figure 6.4. Cross-section of the flexicord sprayed sample. 

 

 
Figure 6.5. Cross-section of the plasma sprayed sample. 

 









 81 

REFERENCES 
 

[1] J. Gerhold, "Dielectric properties," in Handbook of Applied Superconductivity, 
Volume 2, Bernd Seeber, Ed.: Taylor & Francis, 1998, pp. 1121 - 1137. 

[2] Ruben D. Garzon, High Voltage Circuit Breakers: Design and Applications.: CRC 
Press, 2002. 

[3] G. G. Raju, Dielectrics in Electric Fields. New York: Marcel Dekker Ltd, 2003. 

[4] Joseph Callaway, Band theory of solids.: AccessScience, ©McGraw-Hill 
Companies, http://www.accesscience.com, 2008. 

[5] D. J. David and Ashok Misra, Relating Materials Properties to Structure with 
MATPROP Software Handbook and Software for Polymer Calculations and 
Materials properties.: CRC Press, 2001, pp. 379 - 408. 

[6] K. F. Etzold, "Dielectrics," in RF and Microwave Passive and Active Technologies, 
Mike Golio and Janet Golio, Eds.: CRC Press, 2008, ch. 27, pp. 1 - 8. 

[7] Mario Rabinowitz and Steven A. Boggs, Electrical insulation.: AccessScience, 
©McGraw-Hill Companies, http://www.accesscience.com, 2008. 

[8] Michael B. Heaney, "Electrical Conductivity and Resistivity," in Electrical 
Measurement, Signal Processing and Displays, John G. Webster, Ed., 2003, ch. 7, 
pp. 1 - 14. 

[9] John B. Goodenough, Electric insulator.: AccessScience, ©McGraw-Hill 
Companies, http://www.accesscience.com, 2008. 

[10] Fred D. Barlow and Aicha Elshabini, Eds., Ceramic Interconnect Technology 
Handbook.: CRC Press, 2007. 

[11] Ilkka Rytöluoto, "Application of polypropylene nanocomposites in metallized film 
capacitors under DC voltage," Department of Electrical Engineering, Tampere 
University of Technology, Tampere, Master of Science Thesis, 2011. 

[12] James H. Calderwood, Permittivity.: AccessScience, ©McGraw-Hill Companies, 
http://www.accesscience.com, 2008. 

[13] R. Bartnikas, "Dielectrics and Insulators," in Electronics, Power Electronics, 
Optoelectronics, Microwaves, Electromagnetics and Radar, Richard C Dorf, Ed.: 
CRC Press, 2006, ch. 29, pp. 1 - 20. 

[14] William B. White, "Basic Science of Advanced Ceramics," in Handbook of 
Advanced Ceramics, Shigeyuki Sömiya, Ed.: Elsevier, 2003, pp. 3 - 80. 

[15] Robert D. Waldron, Polarization of dielectrics.: AccessScience, ©McGraw-Hill 
Companies, http://www.accesscience.com, 2008. 

[16] Hannes Ranta, "Long-term electrical properties of polypropylene nanocomposites 
for high voltage capacitor applications," Department of Electrical Engineering, 
Tampere University of Technology, Tampere, Master of Science Thesis, 2008. 
 



 82 

[17] Tony Blythe and David Bloor, Electrical Properties of Polymers, 2nd ed. United 
Kingdom: Cambridge University Press, 2005, ch. 6. 

[18] Dale E. Niesz, Ceramics.: AccessScience, ©McGraw-Hill Companies, 
http://www.accesscience.com, 2008. 

[19] Kevin G. Ewsuk, "Ceramic processing," in Encyclopedia of Chemical Physics and 
Physical Chemistry - 3 Volume Set, John H. Moore and Nicholas D. Spencer, Eds.: 
Taylor & Francis, 2001. 

[20] Arvind Agarwal, Srinivasa Rao Bakshi, and Debrupa Lahiri, Carbon Nanotubes, 
Reinforced Metal Matrix Composites.: CRC Press, 2010, pp. 17 - 70. 

[21] J. Liebault, J. Vallayer, D. Goeuriot, D. Treheux, and F. Thevenot, "How the 
trapping of charges can explain the dielectric breakdown performance of alumina 
ceramics," Journal of the European Ceramic Society, vol. 21, pp. 389 - 397, 2001. 

[22] M. Touzin, D. Goeuriot, C. Guerret-Piécourt, D. Juvé, and H.-J. Fitting, "Alumina 
based ceramics for high voltage insulation," Journal of the European Ceramic 
Society, vol. 30, pp. 805 - 817, 2010. 

[23] Tadeusz Wierzchon and Tadeusz Burakowski, Surface Engineering of Metals: 
Principles, Equipment, Technologies.: CRC Press, 1998. 

[24] A. A. Seireg, Friction and Lubrication in Mechanical Design.: CRC Press, 1998. 

[25] Michael T. Powers et al., Eds., Materials Processing Handbook.: CRC Press, 2007. 

[26] I. Zhitomirsky, "Electrophoretic and Electrolytic Deposition of Ceramic Coatings 
on Carbon Fibers," Journal of the European Ceramic Society, vol. 18, pp. 849 - 
856, 1998. 

[27] Lin Xie, Kiyoshi Funatani, and George E. Totten, Eds., Handbook of Metallurgical 
Process Design.: CRC Press, 2004, pp. 833 - 856. 

[28] Mel Scwhartz, Innovations in Materials Manufacturing, Fabrication and 
Environmental Safety.: CRC Press, 2010, pp. 385 - 444. 

[29] Maria Oksa, Erja Turunen, Tomi Suhonen, Tommi Varis, and Simo-Pekka 
Hannula, "Optimization and Characterization of High Velocity Oxy-fuel Sprayed 
Coatings: Techniques, Materials and Applications," 
www.mdpi.com/journal/coatings, 2011. 

[30] R. Ahmed, N. H. Faisal, A. M. Paradowska, and M. E. Fitzpatrick, "Residual Strain 
and Fracture Response of Al2O3 Coatings Deposited via APS and HVOF 
Techniques," Journal of Thermal Spray Technology, vol. 21, pp. 23 - 40, January 
2012. 

[31] Filofteia-Laura Toma et al., "Comparative Study of the Electrical Properties and 
Characteristics of Thermally Sprayed Alumina and Spinel Coatings," Journal of 
Thermal Spray Technology, vol. 20(1-2), pp. 195 - 204, January 2011. 
 
 



 83 

[32] E. Turunen et al., "On the role of particle state and deposition procedure on 
mechanical, tribological and dielectric response of high velocity oxy-fuel sprayed 
alumina coatings," Materials Science and Engineering, Elsevier, pp. 1 - 11, 2005. 

[33] Bertil Helgee and Peter Bjellheim, "Electric Breakdown Strenght of Aromatic 
Polymers - Dependence on Film Thickness and Chemical Structure," IEEE 
Transactions on Electrical Insulation, vol. 26, no. 6, pp. 1147 - 1152, December 
1991. 

[34] W. Hauschild and W. Mosch, Statistical techniques for high-voltage engineering. 
London, United Kingdom: Peter Peregrinus Ltd, 1992, pp. 257 - 294. 

[35] "IEC Standard 60672-2, Ceramic and glass insulating materials - Part 2: Methods 
of test," 1999. 

[36] G.E. Services, "IDA 200 - Insulation Diagnostic System, User's Manual". 

[37] "IEC Standard 60250, Recommended methods for the determination of the 
permittivity and dielectric dissipation factor of electrical insulating materials at 
power, audio and radio frequencies including metre wavelengths," 1969. 

[38] Davide Tommasini. (2009, June) [Online]. http://cas.web.cern.ch/cas/Belgium-
2009/Lectures/PDFs/Tommasini.pdf (last acces: May 17, 2012) 

[39] J. S. T. Looms, Insulators for high voltages. London, United Kingdom: Peter 
Peregrinus Ltd., 1988, p. 26. 





 85 

 
Figure A.4. Loss index of 653_14 at 0.01 Hz as a function of relative humidity. 

 

 
Figure A.5. Loss index of 653_14 at 50 Hz as a function of relative humidity. 

 

 
Figure A.6. Loss index of 653_14 at 1000 Hz as a function of relative humidity. 

 



 86 

 
Figure A.7. Relative permittivity of TS_EXT_123 at 0.01 Hz as a function of 

       relative humidity. 
 

 
Figure A.8. Relative permittivity of TS_EXT_123 at 50 Hz as a function of relative humidity. 

 

 
Figure A.9. Relative permittivity of TS_EXT_123 at 1000 Hz as a function of 

       relative humidity. 
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Figure A.10. Loss index of TS_EXT_123 at 0.01 Hz as a function of relative humidity. 

 

 
Figure A.11. Loss index of TS_EXT_123 at 50 Hz as a function of relative humidity. 

 

 
Figure A.12. Loss index of TS_EXT_123 at 1000 Hz as a function of relative humidity. 
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Figure A.13. Relative permittivity of #184 alu at 0.01 Hz as a function of relative humidity. 

 

 
Figure A.14. Relative permittivity of #184 alu at 50 Hz as a function of relative humidity. 

 

 
Figure A.15. Relative permittivity of #184 alu at 1000 Hz as a function of relative humidity. 
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Figure A.16. Loss index of #184 alu at 0.01 Hz as a function of relative humidity. 

 

 
Figure A.17. Loss index of #184 alu at 50 Hz as a function of relative humidity. 

 

 
Figure A.18. Loss index of #184 alu at 1000 Hz as a function of relative humidity. 
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Figure B.4. Loss index of 653_14 at 0.01 Hz as a function of temperature. 

 

 
Figure B.5. Loss index of 653_14 at 50 Hz as a function of temperature. 

 

 
Figure B.6. Loss index of 653_14 at 1000 Hz as a function of temperature. 
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Figure B.7. Relative permittivity of TS_EXT_123 at 0.01 Hz as a function of temperature. 

 

 
Figure B.8. Relative permittivity of TS_EXT_123 at 50 Hz as a function of temperature. 

 

 
Figure B.9. Relative permittivity of TS_EXT_123 at 1000 Hz as a function of temperature. 
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