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Abstract

Thermally sprayed insulating ceramic coatings are typically utilized to protect material
against hot corrosion or wear. However, the ceramic coatings are also used as an electrical
insulation e.g. in applications where the operating conditions are demanding, e.g. very
high temperatures or harsh environments. A coating is formed layer-by-layer within a
process where a raw material, e.g. powder, is heated, accelerated and melted by high
temperature and high-velocity gas stream towards a substrate. The layered microstructure
of the coating differs strongly from the sintered bulk alumina, and thus their dielectric
properties differs as well. Since the previous studies in the literature are typically focused
on the dielectric properties of sintered alumina, there is a need to study dielectric properties
of ceramic coatings comprehensively. This is also required to increase the use of alumina
and spinel coatings as electrical insulation systems.

Atmospheric plasma spraying (APS) is a typical method to deposit oxide coatings,
e.g. alumina and spinel coatings. However, a more dense and well-adhered coatings
with better dielectric properties can be deposited by utilizing high-velocity oxygen fuel
(HVOF) spray method, which makes this interesting method compared to traditional
plasma spraying. In this thesis, most of the coatings were sprayed by utilizing HVOF
method but some of the studied coatings were deposited by atmospheric plasma spraying
or by rod flame spraying. Several different alumina and spinel raw materials were studied
to form wide perspective of the coating properties.

This thesis focuses on the dielectric properties of the alumina and spinel coatings
at different ambient conditions. In addition, suitable measurement methods for the
dielectric characterization of ceramic coatings were studied and developed. The dielectric
characterizations included following test series: i) short-term breakdown performance, ii)
long-term breakdown performance, iii) DC resistivity at low and high electric fields, and
v) relative permittivity and dielectric losses at low and high electric fields.

For all the studied coatings, a comprehensive dielectric characterization (short-term
DC breakdown performance, DC resistivity, relative permittivity and dielectric loss) were
made at controlled conditions (20°C/RH 20%). According to the results, the HVOF
sprayed coatings have superior dielectric properties in comparison to the rod flame sprayed
coatings. HVOF spinel coatings have in general better performance than HVOF alumina
coatings. The properties of the plasma sprayed coatings were at quite similar level with
the HVOF coatings but the breakdown performance of the plasma coatings were lower.

The differences between the different spray methods can be linked to different particle
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velocities since the HVOF coatings have the highest particle velocity and thus more dense
structure while in rod flame spray process the velocity is the lowest.

Due to the microstructural differences between a bulk and a ceramic coating, the
DC resistivities of the studied coatings are similar with that of bulk alumina only at
the lowest electric fields (typically below 0.5 V/um). At higher electric fields, resistivity
of the coatings decreases gradually indicating strong non-linear resistivity. According
to the high field DC conductivity studies, it is proposed that the coatings follow only
partly the space charge limited conduction (SCLC) theory as opposite to bulk alumina
which has been reported following the SCLC theory fully. The difference in conduction
behavior can be explained by the layered structure of coatings consisting of crystalline
and amorphous regions which exhibit different conductivities resulting in uneven DC
electric field distribution.

The role of microstructure can also be seen in the relative permittivity and dielectric
losses of the coatings. At the highest frequencies, the relative permittivities of coatings
are more or less constant being at similar level with bulk alumina. However, at the lowest
frequencies the relative permittivity rapidly increases which most probably indicates
interfacial polarization occurring at the crystalline-amorphous interfaces in the coating.
Also, the role of microstructure can be seen in the dielectric losses since the losses
of the coatings were higher than those of bulk ceramic. In addition, low-frequency
dispersion/quasi-DC conduction contribution can be seen in the dielectric losses in the
low frequency region which also can be linked to the layered microstructure.

The effect of temperature and humidity on the dielectric properties of HVOF, APS
and rod flame sprayed alumina and spinel coatings was studied. The breakdown strength
of HVOF sprayed alumina coating is at a similar level from 20 °C to 300 °C. From 300 °C
to 800 °C the breakdown strength decreases gradually reaching a value which is only
14% of the breakdown strength at 20°C. In addition, the results show that increasing
humidity does not directly affect the DC breakdown strength but it decreases the DC
resistivity several orders of magnitude and increases the relative permittivity and dielectric
losses notably. The DC resistivities of alumina coatings increased more significantly with
increasing humidity than those of spinel coatings. It can be concluded that both ceramic
coating materials exhibit moisture sensitive nature which is in coherence with literature.
In addition, this moisture sensitive nature of the coatings can be seen in the breakdown
voltage measurements when the oil immersion was utilized since the breakdown strength in
oil is in the order of two times higher than the breakdown strength without oil immersion.

In order to increase the use of thermally sprayed alumina and spinel coatings, their
long-term reliability needs to be known. When the long-term performance is known, a
possible service stress levels can be estimated. Long-term breakdown performance of
HVOF sprayed spinel and alumina coatings were studied with a long 1000 h test and
several shorter 168 h tests. According to the test series, a possible maximum service stress
level for the studied coatings could be in the range of 10 V/im which is approximately
25-30% of the short-term breakdown strength (Weibull «).
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CHAPTER ]_

Introduction

Thermal spraying is a coating process in which finely divided metallic or non-metallic
materials are deposited on the surface in a molten or semi-molten state to form a coating
[1-4]. The spray technique is a way of generating a stream of such particles [1-4]. First
thermal spraying techniques were developed to spray low-melting temperature materials
(e.g. tin or lead) in 1910. In the 1960s, the thermal spray technologies started to develop
rapidly since new materials were required in aeronautical and space industries [4]. Since
then remarkable developments have been made in spray coating devices and processes,
process diagnostics and controls, materials and new applications [4]. Nowadays, a wide
range of materials (e.g. metals, alloys, cermets, ceramics) can be thermally sprayed on
different surface materials utilizing different spray techniques [4-6]. The global market of
thermal spraying (revenue consisting of material, equipment and coating manufacturing)
was 9.8 billion US dollars in 2015 [7]. This is expected to grow at an annual growth
rate of 2% reaching 10.7 billion US dollars by 2026 [7]. Aerospace and industrial gas
turbine applications are about 60% of the overall global thermal spray market including
materials, equipment, consumables and coating services [5, 7]. The remaining 40% is
distributed over a large number of applications in oil and gas, biomedical, pulp and paper,
and electronics industries [5].

Thermal spraying is an effective and a rather low cost method in producing a protective
or an insulating layer on a component surface [8-12]. The method enables a tight deposition
on different substrate materials (e.g. metals, alloys, glass, etc.) which can have challenging
geometries. Typically, thermally sprayed coatings are utilized as heat or wear resistant
coatings since corrosion and wear problems are of great importance in several industrial
applications, e.g. in metal working industries many parts are coated against severe wear
and corrosion problems [3, 4, 6, 8, 13]. In an aircraft engine, several parts can be coated
against fretting wear, friction, or utilized for clearance control [3, 4]. The coatings can
also be utilized to restore worn or poorly machined parts to their original dimensions and
specifications [8].

In high temperature applications, the hot corrosion degradation of metals and alloys is

a serious problem in aggressive environment, e.g. in boilers, internal combustion engines,
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gas turbines [2, 4, 5], fluidized bed combustion, and industrial waste incinerators [3].
Since thermally sprayed oxide coatings endure heat and harsh environments very well, a
ceramic coating (a thickness of 100-2000 pm) can be deposited on component surface to
protect the component against the hot corrosion [2, 4]. In gas turbine components or aero-
engine parts, thermal barrier coatings (TBCs) are used to insulate the components which
operate at very high temperatures [2-6]. The coatings have low thermal conductivity
which enables them to act as a thermal barrier, thus decreasing the surface temperature
of a metal component [14]. In particular, oxide coatings like yttria-stabilized zirconia
(YSZ) or alumina (Al;O3) are the most suitable materials as a thermal barrier coating
(2, 4, 5, 15-17]. The YSZ is the most widely used material in TBCs since it has excellent
thermo-mechanical properties (i.e. good thermal stability, low thermal conductivity, high

coefficient of thermal expansion) [16, 17].

Alumina (Al;03) is a widely used electrical insulation material in high temperature
applications because it exhibits high hardness and refractory nature [18]. Thermally
sprayed alumina coatings are well suitable for industrial applications due to their high
hardness, elastic modulus, and good electrical performance [12]. In particular, alumina
based coatings (e.g. Al;03-TiO2) are utilized as wear resistant coatings in industrial
applications [6, 13, 19, 20]. Low amount of titania (e.g. 13 wt.-%) is sometimes mixed
with alumina in order to improve the mechanical properties [19]. Alumina coatings
can be utilized as an electrical insulation in several industrial applications, which are
e.g. solid oxide fuel cells (operating temperatures 500-800 °C) [6, 21, 22], electrostatic
chucks utilized in semiconductor wafer processing [10, 23], power electronic circuit boards
[11], corona-discharge devices (e.g. corona rolls in printing industry) [2, 23], ozonizer
tubes [2, 23], or in general in electronic devices [23, 24]. An alternative to alumina is
magnesium aluminate spinel (hereafter termed spinel), MgAl,0O4, which in general has
as good electrical performance as alumina coatings or sometimes slightly better [23].
Spinel coatings are utilized as an electrical insulation layer in solid oxide fuel cells, in
particular on metallic interconnects [10, 25, 26] or in multilayer electronic circuits [24],
or utilized as ceramic humidity sensors [27]. The use of alumina and spinel coatings
as electrical insulation is significantly lower than the use against hot corrosion or wear.
However, the utilization of the coatings as electrical insulation is estimated to increase in
the future since they are well applicable for very high operating temperatures or for harsh
environment applications. Furthermore, an insulating coating can be sprayed tightly on

the object surface which has challenging geometries.

Although numerous applications exist for thermally sprayed alumina and spinel coating
insulations, relatively few studies on the electrical performance of these coatings can be
found in literature. Furthermore most of these studies are focused only on the short-
term dielectric breakdown strength studies [9, 12, 23, 28-32]. In comparison to the
alumina coatings, the dielectric breakdown strength of bulk alumina is reported quite
comprehensively in the literature [33-42]. However, the microstructure of these two

material types differs significantly, and consequently also their electrical performance.



1.1.  Objectives of the thesis

In order to design electrical insulation systems based on thermally sprayed ceramics,
the electrical performance of these materials needs to be known comprehensively. The
performance is defined by dielectric parameters (e.g. permittivity, tan d, DC resistivity and
breakdown strength). However, these are not constant values but differ depending on the
form of electrical stress (e.g. DC, AC, frequency of AC, transients) and ambient conditions.
In addition, the long-term performance needs to be known in order to use an insulating
coating reliably in real applications since the long-term performance finally defines the
operating regions of an insulating system. Partial discharge (PD) measurements is also
a typical characterization method for insulation systems. Preliminary surface discharge
measurements showed that ceramic coatings withstood the discharges well, at least in
comparison to certain filled polymer materials. However, thorough surface discharge tests
would have required special test samples with ground and polished surfaces. Thus, it was
decided not to go on this and to leave this aspect outside the scope of this thesis. In this
thesis, the dielectric characterization of the studied coatings are performed as-sprayed
coatings without grinding, polishing or sealing. The focus of this thesis will be in the
short- and long-term breakdown performance, DC resistivity as well as permittivity and
dielectric loss.

Several different thermal spray methods exist but a common method to deposit
insulating alumina coatings is atmospheric plasma spraying (APS) while high-velocity
oxygen (HVOF) method is a more common method for the deposition of metals and
cermets [2, 4, 15]. However, several studies [9, 23, 43, 44] have shown that HVOF process
can be utilized to deposit alumina-based ceramics to produce dense and well-adhered
coatings. The dielectric properties of HVOF alumina coatings have been reported to be
even better than those of APS alumina coatings [23]. Due to aforementioned reasons, the
studied thermally sprayed coatings in this thesis are mainly deposited utilizing HVOF
method. In addition, the dielectric properties of APS and rod flame sprayed ceramic
coatings are studied in order to distinguish possible differences between the coatings

deposited by utilizing different spray methods.

1.1 Objectives of the thesis

The main objectives of the thesis can be summarized as:

e Development and evaluation of measurement methods and setups for dielectric
characterization (dielectric breakdown strength, DC resistivity, relative permittivity

and dielectric losses) of thermally sprayed ceramic coatings.

¢ Study and analysis of short-term and long-term breakdown performance as well
as the DC conductivity, relative permittivity and dielectric losses at low and high

electric fields for thermally sprayed ceramic coatings.

e Analysis of the role of microstructure on the dielectric properties of thermally

sprayed alumina and spinel coatings.
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e Analysis and development of suitable conduction models for thermally sprayed

alumina and spinel coatings.

e Study and analysis of the effect of temperature and humidity on the dielectric

properties of thermally sprayed alumina and spinel coatings.

1.2 Publications and author contributions

This thesis is written in the form of compilation dissertation based on the publications [P1]—
[P8] and other additional material. Dielectric characterization in [P1]-[P8] included DC
resistivity, DC breakdown voltage, relative permittivity and dielectric loss measurements
for all the studied materials at controlled ambient conditions. In addition to these,
following aspects are discussed. In [P3], different breakdown voltage test arrangements
were studied and suitable breakdown voltage measurement method was developed for
ceramic coatings. Publications [P1, P4, P7] discuss mainly the DC conduction behavior of
thermally sprayed alumina and spinel coatings at low and high electric fields. In [P5] the
role of electric field on relative permittivity and dielectric losses is discussed. Publications
[P2, P8] focus on the effect of temperature and humidity on thermally sprayed alumina
and spinel coatings. The role of microstructure on the dielectric properties is discussed in
all publications [P1]-[P8] but in detail this is done for one test series in [P6].

The author was the main author in all the associated publications [P1]-[P8] under
the supervision of Adjunct Professor Kari Lahti who has contributed to the publications
through guidance during the research work and by commenting on the publications prior
to the publishing. The author developed suitable measurement methods for ceramic
coatings, made the sample preparation tasks for dielectric characterization, performed
the measurements of dielectric properties (DC resistivity, breakdown voltage, relative
permittivity and dielectric losses), analyzed the results and wrote all the manuscripts.

Contributions from the other authors or organizations were as follows:

o All the studied HVOF coatings were manufactured by VTT Technical Research
Centre of Finland for the purposes of the HICC project. The studied atmospheric air
plasma sprayed and rod flame sprayed coatings were manufactured by Saint-Gobain

Coating Solutions also for the purposes of the HICC project.

e M.Sc.(Tech.) Ulla Kanerva developed and manufactured the experimental MgAl,O4
powder utilized in the HVOF coating studied in [P1, P2].

e The HVOF coatings were sprayed under the supervision of M.Sc.(Tech.) Tomi
Suhonen at VI'T in [P1]-[P8]. The material characterization [P1] was written by
M.Sc.(Tech.) Tomi Suhonen and later edited by the author. Optical and scanning
electron microscope (SEM) cross-sectional images were made by VT'T. M.Sc.(Tech.)

Jarkko Metsijoki made the material characterization for the studied coatings which
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includes the determination of the porosity from the cross-sectional images and gas

permeability measurements in [P1]-[P8].

o M.Sc.(Tech.) Tomi Suhonen and M.Sc.(Tech.) Jarkko Metsdjoki commented on the
publications [P1]-[P8] prior to the publishing.

e D.Sc.(Tech.) Ilkka Rytoluoto performed the structural analysis from the cross-
sectional images and wrote the analysis of that in the manuscript [P6]. In addition,
D.Sc.(Tech.) Ilkka Rytoluoto commented on the manuscript [P6] prior to the
publishing.

1.3 Structure of the thesis

This thesis is written as in the form of compilation dissertation based on the aforementioned
publications and other additional material. The thesis is structured as follows. Chapter
2 presents the background of the thesis giving a brief introduction to thermal spray
methods and material properties of alumina based coatings but the main focus is on the
dielectric properties of thermally sprayed alumina based coatings. Chapter 3 presents the
material characterization methods, the material properties of the studied coatings, and
the experimental of dielectric characterization methods. Three following chapters focus
on the results of the dielectric properties of thermally sprayed alumina and spinel coatings
and the affecting factors. Chapter 4 presents results and discussion on the short-term and
long-term breakdown performance of the studied alumina and spinel coatings. Chapter 5
gives an overview of the DC resistivity of all the studied coatings at low electric fields.
In addition, a comprehensive study of DC conductivity up to breakdown fields was
made for selected coatings. Chapter 6 presents results and discussion on the relative
permittivity and dielectric losses for all studied coatings at low electric fields, and for
selected coatings the electric field dependency of these properties is discussed. Chapter 7
gives the concluding discussion of the thesis topic and some future research topics are

proposed.






CHAPTER 2

Background: Thermal spray methods,
microstructure and dielectric properties of

ceramic coatings

This chapter introduces the fundamentals of thermal spray process of a ceramic coating
and the lamellar microstructure of ceramic coatings which differs significantly from the
structure of sintered bulk ceramic materials commonly utilized in electrical insulation
applications. Figure 2.1 presents the various factors which affect the properties of thermally
sprayed ceramic coatings. Furthermore, this chapter presents the current state-of-art of
the dielectric properties of the electrically insulating ceramic coatings focusing on alumina

and magnesium aluminate (spinel) coatings.
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Figure 2.1: The schematic presentation of factors which affect the properties of thermally
sprayed ceramic coatings. The highlighted properties (in bold) are studied in this thesis.
The figure is revised from [32].



Chapter 2. Background

2.1 Thermal spray methods

Thermal spray processes generally involve complete or partial melting of a coating
material. Although several thermal spray technologies exist, the basic principle of the
coating formation is similar in all the methods. In the thermal spray process, a torch
has a significant role since it converts the supplied thermal energy (chemical energy
for combustion processes or electrical energy for plasma based processes) into a stream
of heated gases and accelerates the particles. The spray torch is typically controlled
by a robot. Figure 2.2 presents the schematic idea of a thermal spray process and a
coating formation. The coating material is heated, melted and accelerated by the formed
high-temperature, high-velocity gas stream towards a substrate (e.g. grit-blasted steel
plate) or a coating surface. The particle or droplet deforms to generate a splat. Multiple
layered splats form a coating layer-by-layer as shown in Figure 2.2. The droplets may
be generated either by melting powder particles or by melting ceramic rods using high-
energy gas stream. The ceramic powders can be manufactured by several methods of
which so-called fused and crushed -method is the most typical technique. In addition to
that method, agglomerated and sintered powders can be utilized. However, the latter
technique produces more porous particles than the fused and crushed method although the
agglomerated and sintered powder particles have finer structure. As a result of the coating
formation, a dense and strongly adhered coating is formed by the rapid solidification of
splats when the heat from the hot particles is transferred to cooler substrate material.
However, a successful application of thermally sprayed coatings to engineering usage
strongly depends on the quality of the adhesion between the coating and the substrate
or the previously sprayed layers. Surface roughening improves the adhesion because the
adhesion is mechanically enhanced by shrinking of the splats around the peaks of the
roughened substrate. According to Amada and Hirose [45], the adhesion strength of
plasma sprayed alumina coatings can vary from 15.2 MPa to 18.8 MPa depending on the
grit-blasting angle. [1-4, 8, 10, 17, 18, 45-52]

As mentioned before, the thermal and kinetic energy of the flame can be produced
either by the burning mixtures of fuel gas and oxygen, or by using an electrical power
source. Thus, thermal spray methods can be divided into a few main groups based on the
energy sources [2—4, 44, 46, 48, 52]. The groups are plasma spray methods (atmospheric
plasma APS, vacuum plasma VPS, and low pressure plasma LPPS), combustion flame
spray methods, high velocity oxygen- or air-fuel methods (HVOF/HVAF), electrical arc
methods, detonation methods (D-Gun), and cold gas methods [2—4, 44, 46, 48, 52]. The
main differences between the different thermal spray techniques are the different flame
temperatures and particle velocities [4, 14, 18, 44, 48] presented in Figure 2.3. Because
a coating is formed of flattened and fast solidified droplets, the particle velocity affects
the obtained density of the lamellar microstructure of the coating significantly [44]. The
flame temperature determines which materials can be sprayed by certain thermal spray

technique, and due to the high flame temperature of atmospheric plasma spraying, ceramic
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Figure 2.2: The schematic principle of a thermal spray process of the ceramics is in the
top and a schematic idea of the coating formation from a powder particle to a droplet
and finally to the coating is in the middle right. The schematic figures are revised from
[4, 48]. In the photograph, alumina coatings are deposited by utilizing high-velocity
oxygen (HVOF) thermal spray process.

coatings are mainly deposited utilizing this technique [2, 4, 44]. In this thesis, the studied
ceramic coatings are sprayed by utilizing rod flame spraying, atmospheric plasma spraying
(APS) and high-velocity oxygen fuel (HVOF) spraying. The basic principles of these

techniques are presented in the following.

2.1.1 Atmospheric plasma spraying

The first plasma torches were developed in the mid 1950s forming the basis of the
plasma torches used today [4]. The conventional plasma spray method is atmospheric
plasma spraying (APS), where the plasma jet exits the torch in atmospheric environment
[4, 18, 48]. An electric arc generates plasma within the plasma torch. The electric arc is
burned between a rod-type cathode and a cylindrical anode nozzle [2, 4, 17, 18, 47, 52].
The arc ionizes the flowing process gasses (argon, hydrogen, nitrogen or helium) into the
plasma state [2, 4, 8, 15, 17, 18, 47, 52, 53]. Due to the high temperature of the plasma jet
(temperatures over 8000 °C), the plasma spray method is widely used to produce ceramic
and metal coatings [8, 15]. In particular, APS is a very suitable method for producing
oxide coatings due to the high melting points of oxides [2, 4, 15].

The plasma jet exits the nozzle at very high temperature which can be even from
12000 °C to 16 000 °C at its highest and the maximum plasma jet velocity can be from
250m/s to 500 m/s depending on torch design, plasma gases, and operating parameters
[2, 4, 15, 18, 52]. The plasma temperature decreases rapidly after exiting the nozzle

[18, 47]. Therefore, the ceramic powder particles are injected radially by carrier gas into the
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Figure 2.3: The flame temperatures of thermal spray processes presented as a function of
particle velocity. The dashed line presents the operation temperatures of the processes
suitable for spraying ceramic materials. The data is adapted from publications [4, 14, 18,
44, 48].

hottest part of the plasma jet where the particles are heated, melted, or partially melted,
and accelerated, before they hit on the substrate, flatten and solidify [2, 4, 8, 17, 52].
Finally, a coating forms from several splats [2, 4, 8, 17, 52]. Thus, this process results in
the deformation of the particles which spread like pan cakes or so-called splats [8, 17].
Figure 2.4 presents a schematic figure of a typical atmospheric plasma spray gun. The
coating is formed layer-by-layer by several passes of the plasma/particle jet over the
substrate [2, 4, 8, 17, 52]. The temperature of the substrate determines the cooling rates
of the splats [17]. In order to achieve a good quality coating, the careful optimization of
the spray parameters is essential. These parameters are the thermal properties of the
material, the morphology and size distribution of powder particles, substrate pre-heating
(achieved with the plasma jet), spray distance, powder feeder and injector, coating surface
temperature control [8, 17, 54]. Furthermore, the movement of the torch affects the
structure and the final properties of a coating since the relative motion of the torch over
substrate controls the coating thickness per pass and partially also the heat transferred
to coating and substrate [54, 55]. Due to this, the deposition of coatings on complex

geometries requires the designing of an optimized movement with a defined torch velocity
(54].

Plasma spraying is a very rapid process. Ctibor et al. [56] studied that there are
approximately 6 x 10° powder particles in a volume of 1cm?® of plasma jet traveling

towards the substrate surface with a velocity of tens to hundreds of m/s. The particle
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Figure 2.4: The schematic figure of the atmospheric plasma spray gun. The data is
adapted from publications [4, 8, 17].

velocity can vary from 30m/s to 600m/s in the conventional plasma spraying [8, 18,
47, 48, 50]. The obtained particle velocities of plasma methods are higher than those
of flame spraying, and this process results in coatings which are denser and have finer
as-sprayed surface roughness [52, 57]. Furthermore, the microstructure of plasma sprayed
coating is typically fine-grained [18]. However, the spray process is complex (e.g. electrode
degradation, the flowability of powders, etc.) which can cause difficulties making similar

deposition even with the same process parameters [4, 18].

2.1.2 Flame spraying

The flame spraying is chronologically the first spray technique, which was developed by a
Swiss engineer Maximilian Schoop in 1910 in order to work with low-melting temperature
metals, e.g. tin or lead [2, 4, 53]. The method was later extended to refractory metals
and ceramics with special arrangements [2, 48]. In the flame spray method, the chemical
energy of fuel gas and oxygen is released in a combustion process to generate the high-
temperature flame [2, 4, 48, 52]. The common fuel gases are propane, hydrogen and
acetylene but the oxygen-acetylene torches are the most commonly used [2, 4, 52].

The typical flame temperature is 3000 °C to 3350°C [2, 15, 18, 50] and the flame
velocities are in the range of 80-100m/s [2, 15]. Typically a coating material is melted
and the droplets or semi-molten particles are accelerated towards the substrate by the
expanding hot gas flow and air jets [4]. The flame length is limited and the particle
velocity is only in the range of 30-100m/s [2, 4, 48, 50]. Due to these factors, after the
flight the maximum temperature of the particles is only 70% —80% of the gas temperature
(typically ~2300°C) which is too low to melt ceramic materials [4]. However, the ceramic
cord or rod can be introduced in the flame in such a way that only the very tip of a rod
or cord is melted and then atomized by atomizing gas (typically air) [4, 52]. This leads
to higher material temperatures, even 95% of the gas temperature, which is enough to
melt ceramic materials [4, 52]. In addition, the velocity of the droplets atomized by air
jets is slightly higher (~150m/s) [4, 50, 52]. The schematic idea of the rod or cord flame
spraying is presented in Figure 2.5. Typically, powders, rods or cords are introduced

axially through the rear of the nozzle into the flame burning at the nozzle exit of the torch
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(2, 4, 52, 57] but powders can also be introduced perpendicularly to the flame [2]. The rod
or cord is pushed through the nozzle at controlled velocity [4]. The feedstock materials
are melted and the particles or droplets are accelerated towards substrate surface by
expanding hot gas flame and air jets [4, 57]. Figure 2.5 presents the schematic idea of the
rod flame spraying. In order to deposit a good quality coating, uniform motion of cord or
rod, adapted gas compostion, flow rate and the cord or rod diameter and composition

play a key role [4].

Wire or rod ‘
Oxyge[i > - ||
l

Air channel {

i |

Gag'nozzle Compressed air Coating ‘

Figure 2.5: The schematic principle of a rod or wire flame spraying. The figure is revised
from [4, 18].

From all the spray processes, atmospheric plasma spraying is the most well-established
method of producing ceramic coatings. However, plasma spraying is a rather expensive
method [4, 18, 52, 57], and due to this less expensive flame spray method utilizing a
ceramic rod can be an interesting alternative to produce ceramic coatings [57]. Costil et
al. [57] reported that the plasma sprayed alumina coatings exhibited denser structure
with thinner splats in comparison to rod flame sprayed alumina coatings and thus their
mechanical and thermal properties differ which can be advantageous depending on the
applications. However, the limitation of rod flame spraying is the relatively low velocity
of sprayed particles which results in more porous coatings [4, 15, 52]. Furthermore,
oxidation inclusions are also present because of the high degree of interaction between
fully molten droplets and the surrounding atmosphere which can reduce the quality of a
coating [4, 48, 52].

2.1.3 High-velocity oxygen fuel spraying

The high-velocity oxygen fuel (HVOF) -torch was developed in 1958 but it was commer-
cialized at the beginning of the 1980s [1, 2, 4, 48]. The principle of this technique is very
similar to the Detonation gun -process (D-gun) developed in 1955 but the burning of the
fuel in oxygen is continuous in HVOF while it is repetitive in D-gun process [2, 4, 44]. The
flame temperature in HVOF process is similar to the temperature of flame spray processes
(Figure 2.3), and due to this the HVOF process is typically utilized to spray composites
with carbide reinforcements and metal or alloy matrices [2]. However, in the HVOF top

gun system, where the spray powder is injected axially and centrally into the combustion
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chamber, high particle temperatures can be achieved, and thus ceramic coatings (e.g.
Al503) can be successfully deposited with this method [9, 15, 23, 29, 43, 44, 47, 58].

In HVOF spraying, a fuel gas (e.g. hydrogen, propane, propylene) with oxygen
are injected into the combustion chamber of the torch where the gases are combusted
continuously [2, 44, 48, 51, 52]. Figure 2.6 presents the schematic figure of one type of
HVOF gun. The combustion of the gases produces a high temperature and pressure (from
3bar to 10 bar) in the chamber, and this causes a supersonic flow of the gases through
the nozzle [2, 15, 44]. Due to high back-pressures created by the combustion process, a
pressurized powder feeder is required [2, 18]. Thus, the powder material is injected via
a carrier gas (e.g. No, He, or Ar) into the combustion chamber [2, 18, 44]. The powder
with carrier gas is introduced axially (e.g. Praxair HV-2000 torch) or radially into the
jet of expanding hot gases where they are propelled forward, heated, and accelerated
onto a surface to form a coating [2, 52]. The particles melt completely or only partially,
depending on the flame temperature, particles dwell time, material melting point and

thermal conductivity [44].
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Figure 2.6: The schematic figure of the HVOF spray gun where the powder particles are
introduced radially into the jet. The figure is revised from [51].

The typical flame temperature of HVOF process is 2500 °C to 3200 °C depending
on the fuel, the fuel gas/oxygen ratio and the gas pressure [2, 18, 44, 50, 52] while
the flame velocity is 1500m/s to 2000m/s [2, 18]. Due to the high temperatures, the
combustion chamber, nozzle, and barrel are cooled by water [2, 47]. According to Sobolev
[50], Basu et al. [18] and Dorfman [14] particle velocity can be up to 800m/s in HVOF
process while Oksa et al. [44] reported that particle velocity can vary from 400m/s to
1000 m/s depending on the utilized nozzle type. The particle velocities are significantly
higher in HVOF process than in flame or atmospheric plasma spraying, and thus very
dense and well-adhered coatings can be achieved [4, 15, 18, 43, 47, 52]. In addition, the
microstructure of the deposited coatings is often very fine-grained [18]. Accordingly, the
abrasion wear resistance of HVOF sprayed alumina-titania coating is significantly higher
in comparison to the plasma sprayed coatings [59)].

The HVOF spraying is a very complex process which has several variables affecting the
coating formation and thus the coating properties [44, 58]. These variables are hardware
characteristics (e.g. nozzle geometry and spray distance) and process parameters (e.g.
fuel gas, gas flow density, and powder feedstock) [44, 58]. During the spraying, the powder

particles experience very high velocity (supersonic velocities) with fast heating up to the
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melting point of a material or above it [43, 44]. The high temperature may cause the
evaporation of the powder or some components of it, dissolution, in-flight oxidation of

particles and phase transformations (alumina coatings) [4, 18, 44].

2.2 Coating formation and the microstructure of thermally

sprayed ceramic coatings

The microstructure of thermally sprayed ceramic coatings is rather complex consisting
of lamellar structure as well as defects such as pores, cracks and unmelted particles
(2, 4, 28, 48, 60], see Figure 2.7. The coating microstructure strongly depends on several
spray parameters which need to be optimized carefully in order to achieve a good quality
coating [2, 4, 44]. The main spray parameters are i) the working parameters of the
utilized process (e.g. torch design, the shape and dimension of nozzle, mass flow rates,
the compositions and pressure of spray gases, gas consumption rates, etc), ii) powder, rod
or cord composition, particle size distribution, particle morphologies, and post-treatment,
iii) powder injection (axial or radial, injector position and orientation, internal diameter,
carrier gas flow rate, the deposition rate (combination of feed rate and robot speed),
the atomization gas flow rate for cord or rod, etc.), iv) spray distance and pattern,
v) the temperature control of substrate and coating during the pre-heating, spraying,
and cooling phases, and vi) substrate shape, size, thickness and surface preparation
[4, 8, 17, 44, 48, 54].

Although several parameters affect the formed coating, all of the aforementioned
aspects are not discussed in detail in this thesis, as the main focus of this thesis is not on
the spray technique. In the following, the coating formation is briefly discussed and the
formed microstructure is presented. The powder composition and particle morphologies
have an important role in the coating formation [4, 48]. Depending on the manufacturing

process, the powder particles can have angular shape (made by fused and crushed -method)

Figure 2.7: The cross-sectional SEM micrographs of APS alumina coating showing the
typical lamellar microstructure of thermally sprayed coatings as well as the pores and
microcracks of a coating [61].
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2.2. Coating formation and the microstructure of thermally sprayed ceramic coatings

or spherical shape (made by agglomerated and sintered -method) [4, 23, 25, 48, 62]. The
particle shape affects the aerodynamic behavior and furthermore the powder flowability
and powder feed rate [62]. If the flowability is poor, fluctuations exist at the powder feed

rate, which results in an inhomogeneous coating structure [62].

As discussed previously, the utilized spray technique affects the temperature and
velocities of powder particles, and consequently the formed microstructure. In addition,
the relative velocity of the particles versus surrounding environment (plasma or flame and
air) is not constant [56]. The temperatures and velocities of the powder particles depend
on the particle size distribution and morphology as well as their injection conditions [4, 62].
The particle size distribution should be as narrow as possible in order to limit the particle
trajectory dispersion which can cause particles impacting with different velocities, impact
angles, and temperatures [4, 48, 54]. In HVOF process, the typical size distribution of
alumina powder particles is from 5 pm to 25 pm [9, 23, 43] while in the plasma process
it is slightly higher being from 10 um to 45 pm [4, 23, 47, 53, 61]. Smaller particle size
is required in HVOF process than in APS process in order to ensure sufficient heating
and melting of the powder particles and efficient coating deposition [43]. In order to
reduce the porosity, large unmelted particles (sufficiently heated to adhere) or partially
melted particles must be avoided which can be made by choosing optimal the particle

size distribution and optimizing the particle injection carefully [4].

During the spraying, the powder particles are heated, melted (totally or partially) and
accelerated before impacting onto the surface of substrate at a high speed [2, 4, 17, 62].
The phenomena occurring at this stage determine the adhesion between a coating and a
substrate [2, 54]. The molten particles deform and spread like pancakes forming so-called
splats, which typically have thickness in the range of 0.5-5pnm [2, 17, 43, 63] and a
diameter of 200-400 um [17]. This spreading process of droplets is presented in Figure
2.8a where the lamellar microstructure of an alumina coating can be seen [64]. Heat from
hot particles is transferred to a cooler substrate causing the splats solidify rapidly and
shrink [17, 48]. The melting occurs in a few milliseconds and the solidification occurs even
faster within a few microseconds with strong temperature gradients and cooling rates in
the range of 1 x 10%-1 x 10 Ks~! resulting in sometimes metastable crystalline phases,
amorphous or partly amorphous phases [47, 48, 54, 62, 63, 65]. The lower surfaces of the
splats cool down faster than the internal parts. Due to this, the surfaces are normally
more amorphous while the internal parts are typically crystalline [2, 31, 66] which can
be seen in Figure 2.8b—c. The thickness of the final coating is reached in a few tens to a
hundreds of passes of the torch over substrate [2, 56].

In addition to the splats, the coating exhibits some unmelted powder particles, voids
and often also some cracks [2, 17, 18, 48]. Since the contact between layered splats
or between the first splats and the substrate can be imperfect, inter-lamellar pores or
sometimes called inter-lamellar cracks can be formed [4, 17, 54]. These inter-lamellar
pores are thin voids (the thickness of 0.01-0.1 pm [67]) which are formed between splats

and are a part of coating porosity [4]. The splat boundaries and pores of an APS alumina
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Figure 2.8: a) Cumulative process of spreading droplets on coating surface and the SEM
image of cross-section of alumina coating [64]. b) TEM image of low-pressure plasma
sprayed alumina coating which presents the layered splat-structure [31]. ¢) The close-up
TEM image presents the internal structure of splat with polycrystalline interior and
surrounding amorphous region [31].

coating can be seen in Figure 2.7. During the coating deposition voids, which are called
globular pores, are formed due to an imperfect contact between different splat layers
[4, 17, 64, 68]. The globular pores are distributed more or less homogeneously, and
their potential to worsen the coating properties is proportional to their size, amount,
distribution and inter-connections [4, 56, 68].

The rapid cooling and the shrinking of a splat leads to the generation of residual
stresses which can cause different cracks in the coating, see Figure 2.7 [2, 4]. Due to the
hindered contraction of the splats on the substrate or on the previously sprayed coating
layer, tensile quenching stresses arise within the splats during the solidification and are
mainly relaxed by micro-cracking (orthogonal to the splat) [2, 4, 17, 54]. Furthermore,
macro-cracks can be formed which are running through layered splats in particular at
their interfaces [4, 17, 54]. However, the spray pattern, the spray distance, the control of
the temperature of substrate before and during the spraying, and the temperature control
of coating allow tailoring the different residual stresses and their relaxation in the coating
and substrate [62].

Due to the process-dependent defects described above, thermally sprayed coatings
always have some degree of porosity [4, 43, 48, 63, 68, 69]. Porosity can be described as a
distribution of voids of two different kind: globular pores and micro-cracks, see Figure 2.7
[61, 64]. The determination of the porosity can be made by using several methods. The
typical method is image analysis which is made by utilizing cross-sectional micrographs
taken by optical or scanning electron microscopes (SEM) [12, 23, 56, 60, 68-70]. Although
the image analysis gives a good estimation about the porosity [69], the defined value does
not represent the volumetric porosity of a coating which would take into consideration the
unique shape of the voids and their connectivity between each others [60, 68]. However,

the shape and orientation of the pores can be defined by using three-dimensional images
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instead of the 2D images [56, 56, 64, 71, 72]. The 3D analyzing methods are not as widely
used as the methods based on the 2D images since the 3D imaging is more difficult task,
rather time-consuming and more expensive [64].

The porosity of HVOF sprayed alumina coatings is typically reported to be from
4% to 10% [11, 23, 73], while for plasma sprayed alumina coatings it is from 2% to 9%
[4, 12, 23, 28, 32, 73, 74]. However, Dong et al. [75] noticed that the porosity of plasma
sprayed alumina coatings increased (from 6.9% to 15.8%) with the increasing thickness
(154-546 pm) since more pores are distributed in thicker coatings. Kulkarni et al. [73]
noticed that plasma alumina coatings have large globular pores, inter-lamellar pores and
cracks, while HVOF coatings have well-adhered splats with finer porosity. Kulkarni et al.
[73] also noticed that the porosity of plasma sprayed alumina coatings increased from 8.4%
to 23.8% with the increasing powder particle size due to the reduced melting efficiency of
coarser particles in the plasma flame and due to the larger overall splat thickness.

Porosity affects a wide range of coating properties, e.g. elastic modulus, thermal
conductivity, and dielectric properties [28, 69, 76]. The high porosity can be even beneficial
if the coating is utilized as a thermal barrier coating since the high porosity decreases
the thermal conductivity of a coating [43, 63]. In wear and corrosion protection, high
porosity is commonly very harmful feature [43]. Due to this, the alumina coatings in
these applications are typically sealed using either organic (e.g. polyurethane- or epoxy-
based) or inorganic (e.g. aluminum phosphates) sealants [4, 13, 77]. However, high
porosity has been suggested to decrease the dielectric breakdown strength of alumina
coatings [23, 28, 76] but it has also been reported that porosity does not clearly affect
the breakdown strength of alumina coatings [12, 31]. Although porosity is one of the key
structural parameters to determine the microstructure of the ceramic coatings, also other

material properties need to consider in a comprehensive coating property analysis.

2.3 Phase transitions in thermally sprayed alumina coatings

Naturally, alumina normally occurs in its crystalline a-phase which is thermodynamically
the only stable form of alumina [63, 65, 78, 79]. Also, the powders utilized in thermal
spraying consist of mainly stable a-AlyO3 [23, 43, 65, 78, 80]. However, due to the rapid
solidification of a splat during the spray process, the coating consists of metastable AloOg
phases, i.e. 7, 0, and 6, and some amorphous regions [2, 43, 81-83]. Typically, thermally
sprayed alumina coating consists of metastable v-AloO3 as the main phase and stable
a-AlyO3 as the minor phase [4, 12, 23, 28, 43, 53, 65, 70, 74, 75, 78, 80, 82-93]. In HVOF
sprayed alumina coating the amount of 4-Al;O3 has been reported to be 75% [43], 79%
[23], 85% with high particle velocity [58] and 96% with low particle velocity [58]. In
plasma sprayed alumina coatings, the amount of y-phase is almost similar level with
HVOF coatings being 56% [90] and 65% [83].

The phase transformation occurs since during the solidification process the 7-Al;O3

is more easily and rapidly nucleated from the melt than a-AlsO3 because of its lower
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critical free energy for nucleation [53, 65, 84]. The nucleation energy depends on the
temperature and the size of the splat [2]. Typically, v-AloO3 nucleates first from the melt
and the cooling rate after solidification is sufficiently rapid to prevent transformation to
0-Al;03 or a-Al; O3, and thus the main phase in the alumina coatings is v-AloO3 [53, 65].
The alumina coatings commonly consist of some amount of a-Al;O3 [12, 23, 28, 43, 63,
74, 80, 83, 84, 90, 92]. This amount of a-AlyO3 can originate from the unmelted original
powder particles or particles which are melted only a little on the outer surface of the
powder particle [65, 83, 84]. However, Damani et al. [83] proposed that only a little of
the total amount of a-Al;O3 in the material is originated from unmelted original powder
particles and major part of a-Al;Og is nucleated directly from the melt.

Thermally sprayed coatings are manufactured with phase transformation being either
ignored or accepted [79]. Although the phase transformation occurs, the alumina coatings
are well acceptable for many applications [79, 80]. However, it needs to be emphasized that
the physical properties of 4-AlaO3 are generally inferior to those of a-Al,O3 [65, 85]. For
example, the 7-AlyOg is highly hygroscopic which can cause problems in the applications
utilized at high humidity conditions [2, 28, 29, 79]. The high amount of 4-Al;O3 in alumina
coatings is reported to increase significantly the relative permittivity and dielectric loss of

the coatings with increasing humidity [24, 28, 85].

2.4 Dielectric properties of thermally sprayed alumina based

coatings

In the present literature, studies on the electrical performance of thermally sprayed
alumina and spinel coatings are mainly focused on the dielectric breakdown strength at
room temperature conditions. DC resistivity, relative permittivity and dielectric loss of
the coatings are not widely studied and in particular studies of the long-term properties
or degradation of coatings are not much reported. The following sub-chapters present the
current state-of-the-art of the dielectric properties of thermally sprayed alumina based
coatings. Although the microstructure of alumina coatings differs from the structure of
bulk alumina, the dielectric properties of bulk alumina are discussed as a reference to the

alumina coatings.

2.4.1 Breakdown strength of thermally sprayed alumina coatings

One of the main dielectric parameters is the dielectric breakdown strength (BDS) and
the previous studies of the dielectric properties of thermally sprayed alumina and spinel
coatings are mainly focused on the breakdown strength at room temperature conditions.
In the breakdown voltage measurements, a sample is placed between the electrodes and
the voltage is increased either by a linear ramp or by step-wisely until a breakdown
voltage is reached. When the breakdown voltage is reached, a local narrow conducting

path forms which connects the electrodes of the dielectric material, and thus the material
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loses its insulating state and converts to a conducting state. For solid dielectrics, the
breakdown causes a permanent failure into the material.

Several theoretical breakdown models can be found in literature and some of them
are briefly discussed here. More information of the models can be found for example in
[94-100]. Breakdown mechanisms can be categorized according to the process which leads

to final breakdown [94, 96]. The breakdown mechanisms can be divided as follows:

e Thermal breakdown mechanism: when an insulation material is stressed, conduction
current and dielectric loss generate heat into the material. The process is balanced
through heat dissipation in accordance with the thermal properties of the material.
When the rate of heating exceeds the rate of cooling, unstable situation occurs
which leads to thermal runaway, and eventually the material breaks down. At
high temperatures, the electrical conductivity increases rapidly, and due to this the
breakdown at high temperatures usually occurs according to thermal mechanism
[97, 101, 102].

e In electronic breakdown mechanism, the charge carrier multiplication is due to
electronic processes. One of electronic breakdown mechanism is intrinsic breakdown
which is purely electronic since it occurs very rapidly (1 x 1078 to 1 x 1077 s) and
depends only on temperature [96, 99, 100]. The breakdown strength according to

this mechanism occurs at higher fields than thermal breakdown.

e FElectro-mechanical breakdown mechanism, where the breakdown occurs when me-
chanical stress (the electrostatic attraction of the electrodes) exceeds a critical value
which cannot be balanced by the elasticity of the dielectric (Young’s modulus).
When this high field is maintained, the field increases because of the decrease in
thickness and furthermore increasing the electrode attraction further. Local heating

and consequent softening or cracking causes the final dielectric collapse or fracture.

o Partial-discharge breakdown mechanism: solid insulation materials often have some
voids or cavities filled with gas, e.g. air. Since the permittivity of air is lower than
that of solid insulation, the electric stress in the void (air) is higher than in the
solid. When the applied voltage is increased, at certain level the inception voltage of
partial discharges can be exceeded. These discharges starts to degrade the material

and can eventually cause breakdown.

Although several breakdown mechanisms are presented in literature, the final break-
down is rarely caused by only one mechanism. Additionally, it needs to be emphasized that
breakdown strengths are higher than the operating electric fields under service conditions.
During a long time, material degradation can occur at the operating fields which can start
weakening the insulation properties eventually leading to a breakdown. Due to this, ap-
plied electric field, operating conditions, and history affects a real breakdown mechanism.

In addition, one breakdown mechanism can take over from the other over the time or the

19



Chapter 2. Background

actual breakdown can be a combination of two or several mechanism. Owate [33, 103]
noticed that the latter one can occur for bulk alumina because the proposed breakdown
mechanism was a combination of thermal and electro-mechanical processes. However,
Owate [33] emphasized that the rate of voltage rise, current-voltage characteristic, the
fracture patterns, micro- or macro cracks, the presence of melt, and the recrystallization
structures have decreasing effect on breakdown strength. In addition, Carabajar [104]
noticed that the microstructure of bulk alumina affects notably the breakdown strength
since the smaller grain size material had higher breakdown strength although the elastic

modulus, permittivity and toughness between the materials were similar.

According to literature [23, 29, 75], the presence of defects (voids, cracks, etc.) can
enable the dielectric breakdown of thermally sprayed alumina and spinel coatings at lower
fields. In addition, it has been proposed that the breakdown performance of the coating was
more related to the microstructure than to phase composition [9, 23, 29, 75]. In particular,
vertical cracks in coating microstructure enables the formation of critical failure path
and lower breakdown strength [29]. The breakdown mechanism of alumina coatings was
considered to occur according to thermal mechanism [23] or discharges/partial discharges
(9, 30] or as a combination of these two mechanisms [30, 75]. These observations are in
coherence with Moulson & Herbert [100] since they proposed that one possible breakdown
mechanism for ceramics is partial discharge mechanism due to the inhomogeneous and
porous nature of ceramics. As it has been discussed before, the partial discharges can be
formed in the voids and thus progressively deteriorate the insulation material, eventually

causing the material break down.

Figure 2.9 gives an overview of DC and AC breakdown strengths of bulk aluminas
and thermally sprayed AlyOs-, Al;O3-TiO2 and MgAl,O4 coatings from literature at
room temperature conditions [9, 12, 23, 28-36, 38-42, 75, 76, 102-109]. The breakdown
strengths of ceramic coatings are at a similar level with bulk aluminas. The very high
AC and DC breakdown strengths of alumina coatings in Figure 2.9 may be explained by
the insulation oil immersion utilized in the measurements [31, 75] since the breakdown
strengths of the alumina coatings measured without oil immersion are clearly lower
[12, 23, 28, 29, 32]. The insulation oil can easily penetrate into the porous and moisture
sensitive coatings, and thus enhances the breakdown strength of a coating. However, the
utilization of insulation oil in breakdown voltage measurements has not been observed to
affect the breakdown strength of sintered alumina [33-42, 102, 103, 105-108] since sintered
alumina exhibits dense and fully crystalline structure. Sometimes the measurement
arrangements or results are reported insufficiently in the literature, e.g. exact sample
thickness values are not given [37, 110] or the sample thickness is only given as a range, e.g.
200-300 pm [76]. Although sample thickness was not reported [37, 110], the breakdown
field of bulk alumina were given (Epq=15V/pm). These results are not presented in
Figure 2.9 due to the lack of exact thickness info but the obtained breakdown fields are

at similar level with the other bulk aluminas presented in Figure 2.9.
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Figure 2.9: a) DC breakdown strength of thermally sprayed AlsOs-, AloO3-TiO9 and
MgAl;Oy4 coatings [23, 28-30, 32, 75] and bulk Al,Oj3 [40, 41, 102, 104-106] as a function
of thickness at room temperature conditions. b) AC breakdown strength of thermally
sprayed AlsOs-, Al;03-TiOs- and Al,O3-MgO coatings [9, 12, 31, 32, 75, 76] and bulk
Al, O3 [33-36, 38, 39, 42, 103, 107-109] as a function of thickness at room temperature
conditions. The presented AC breakdown fields are assumed to be RMS values although
this was not always reported in the literature.

2.4.2 DQC resistivity/conductivity

Real insulation materials are never ideal and some conduction current always exists
although the conductivity of the material is very low or the resistivity is very high. The
DC resistivity of bulk alumina has been reported be high >1 x 102 Qm [34, 36, 42, 111].
However, the DC resistivity of thermally sprayed alumina coatings has been reported
varying from 1 x 105 to 1 x 10 Qm [11, 23, 28] and that of spinel coatings from 1 x 107
to 3 x 10' Qm [11, 23]. Pawlowski [28] noticed that the DC resistivity of plasma sprayed
alumina coatings increased 2—4 orders of magnitude when the coatings were heat-treated
1-3 days at 120 °C. After such heat-treatment, the resistivities of alumina coatings varied
from 2 x 10! to 6 x 102 Q2 m being at a similar level with the resistivity of bulk alumina
[28].

At low electric fields, the voltage-current relation is linear and the conductivity of
most insulation materials is thus ohmic [94, 98]. This ohmic conduction is due to the
thermally generated charge carriers [94]. However, when the applied field is increased
to a high level, the conductivity is usually field-dependent [98]. If the field is increased
further and unstable situation occurs, the irreversible breakdown takes place [94, 98].

At high fields, the DC conduction behavior of solid insulation materials can be
explained by theoretical conduction mechanisms [94, 95]. Charge injection from electrodes
can be described either by Schottky or Fowler-Nordheim injection mechanisms [94, 112].
The latter one describes how the electrons can tunnel from the metal electrode into
dielectric due to the strong electric field when the potential barrier between a metal
electrode and a dielectric becomes very low [94, 98]. Typically, the Fowler-Nordheim
mechanism occurs at very high fields which are close to the intrinsic breakdown field
[94, 112].
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At slightly lower electric fields, another electrode-limited conduction mechanism called
Schottky injection can occur [94]. In Schottky emission, a barrier between a metal
electrode and a dielectric is formed due to the electrostatic attraction [94, 98]. This
attraction changes the barrier slowly due to the potential energy of the electron [94]. The
charge injection over the metal-dielectric barrier (Schottky) results in current density

which can be defined as:

— BVE
J = AppT2exp (%) (2.1)
_ |z
Bs = drereg (22)
In(J) = Do vE + (ZZn(ARDT - “50> (2.3)
KT KT

where the Agrp is the Richardson-Dushman’s constant, k is the Boltzmann’s constant, 3
is the Schottky’s constant, &, and g( are the relative and vacuum permittivity respectively,
q is the electronic charge and ¢q is the effective work function as well as the height of
the barrier [95, 99]. In order to validate if the Schottky mechanism is involved in the
conduction process, the measured data can be plotted as In(.J) versus E/2 (Schottky plot),
which should result in a straight line with a slope (3s/kT) in the case of Schottky emission
[94]. This relation can be seen in Equation 2.3 which is a rewritten form of the equation
2.1. However, at low field strengths space charges and surface inhomogeneities typically
causes deviations [94]. The theoretical value of the real part of relative permittivity
can be evaluated from the slope using Equation 2.2, and thus a comparison between a
theoretical and a measured high frequency permittivity can be made.

At high electric fields, one of the bulk-limited conduction mechanisms is Poole-Frenkel
which is a bulk-limited analogue to Schottky mechanism [94, 96, 98]. At low fields, the
charge carriers are trapped in potential wells [94-96]. When the electric field is increased,
the field lowers the potential barrier and the trapped electron can escape from neutral
donor and acceptor levels to localized energy states [94, 96, 112]. The current density of

Poole-Frenkel conduction mechanism in a dielectric containing shallow traps is defined as:

J = Joexp <_¢’PFO—I£PF vE) (2.4)
q3
Brr = = 20; (2.5)
TErED

where the Jj is the pre-exponential current density, ¢ ppg is the trap barrier height when
E =0 and Bpp is Poole-Frenkel coefficient which is defined in Equation 2.5 and it is twice
that of the Schottky coefficient [96, 112]. The theoretical relative permittivity can be
defined from the slope (3pr/kT) of the Schottky plot (In(J) versus E'/2) and this can be

22



2.4. Dielectric properties of thermally sprayed alumina based coatings

compared with the measured real part of relative permittivity. The physical base of Poole-
Frenkel model is very simplified and the analysis must be made as an-order-of-magnitude
calculation [94, 98, 112].

Space charge limited current (SCLC) -mechanism is another bulk limited conduction
mechanism and it describes how the conduction current behavior changes with an increas-
ing applied electric field [94, 112]. In order to validate this mechanism, experimental J-E
data can be plotted in a double logarithmic scale in order to obtain different conduction
regions which are presented in Figure 2.10 [94, 112]. According to this mechanism, at low
field strengths (field below the transition field, Erg), the voltage-current relation is linear
due to the thermally generated charge carriers [94, 112]. The current density of ohmic

conduction for dielectric with a thickness, d, is defined as:

U
J = e (2.6)

where ¢ is the electronic charge, n is free charge carrier density, u is the charge carrier
mobility, and U is voltage applied over the dielectric [94, 96]. Thus, the current density
is directly proportional to the voltage [94]. Correspondingly, the slope is unity in a plot
of logJ — logE (see Figure 2.10) [94, 112].
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Figure 2.10: Relationship between electric field and current in accordance with the space
charge limited current —theory. The figure is revised from [94].

At higher fields (Region 2 in Figure 2.10), the conduction is no longer ohmic because
a charge can inject from the electrode into the bulk but the charge has difficulties moving
further through the material [94, 112]. Thus, a space charge is formed in the vicinity of
the electrodes and throughout the bulk and this charge will limit the further movement
of charges which is known as SCLC [94, 112]. When the applied field has reached the
level of Erp (see Figure 2.10), the space charge limited current dominates over the ohmic

component [94, 112]. In a simple case of one carrier injection and transport, the current
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density of space charge limited injection can be defined as:

9 U?
J = PR (2.7)

where ¢ is permittivity in vacuum and &, relative permittivity of a dielectric. Thus, the
current is proportional to the square of electric field and the slope is two in a plot of
logJ — logE (Figure 2.10) [94, 96]. When the applied field has reached the trap-filled
limit field, Er gy, all traps in the dielectric are filled and the slope increases from two (see
Region 3 in Figure 2.10). At the fields above Expy,, the trap-free space charge conduction
might take place and the slope is two (Region 4 in Figure 2.10) if the breakdown did not
occur before this region was reached [94].

Talbi et al. [107] and Neusel et al. [111] made comprehensive studies in order to
define a suitable conduction mechanism for bulk alumina. They concluded that the DC
conductivity of bulk alumina follows the SCLC mechanism [107, 111]. In addition to
these studies, conduction mechanism studies were performed on porous alumina thin films
and the material followed SCLC mechanism [113]. However, similar conductivity studies
have not been conducted for thermally sprayed alumina based coatings and thus one aim

of this thesis is to find suitable conduction mechanism for the coatings.

2.4.3 Permittivity and dielectric loss

All real dielectric materials contain some mobile charge carriers and the conductivity is
proportional to the number of charge carriers. The electrical behavior of such dielectric
can be modeled for example as an RC parallel circuit which is presented in Figure 2.11.
One way to characterize an electric insulation is to measure the capacitance and the
dielectric loss of the material. Dielectric loss can be defined by the energy dissipated in a
dielectric under certain electrification. The dielectric loss is due to various polarization
mechanisms related losses (like molecular friction) and due to conduction [96]. When AC
field is applied across the parallel plate capacitor, where the distance between the plates
is d, the total current density can be expressed as:

dD LAE

Jr=J+—=J+¢

7 g (2.8)

where J is conduction current density, D is electric flux density, F is electric field, and

*

g* is complex permittivity [96, 114]. Complex permittivity is commonly expressed as

relative permittivity €, which can be given by:
i = (et ger) (2.9)

where 6; is the is real part of the relative permittivity (sometimes called dielectric
is the loss factor [96, 114].

When the DC conductivity of a material is very low, the complex relative permittivity

"
constant), &,

of the material can be defined by using Equation 2.9. However, the conductivity of
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Figure 2.11: Parallel plate capacitor under AC field and its equivalent circuit when DC
conductivity will contribute to the imaginary part of the relative permittivity. The dashed
square presents resistance, R,, in the RC-model. The figure is revised from [96, 114].
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thermally sprayed insulating coatings can vary significantly and compared with a typical
high voltage insulation material it is not very low. When the DC conductivity is high, the
conductivity o will notably contribute to the imaginary part of the complex permittivity
[96]. Thus, o will contribute to Ry, in the equivalent circuit which can be seen in Figure 2.11.
Then, the complex relative permittivity can be expressed as:

= (s—:;' + U) (2.10)

WEep

where 5; is the real part of the permittivity and the corresponding capacitance, C)p, in the
equivalent circuit represents the capacitance per unit area of the material [96, 114]. 5: is
the loss term due to polarization, ¢ is DC conductivity, w is the angular frequency and
€0 is vacuum permittivity [96, 114]. Any dielectric measurement result always includes
both loss components caused by both polarization and conduction.

Figure 2.11 also gives the vector presentation of the total current density passing
through the dielectric under AC field. When the real and imaginary parts of the per-
mittivity and conductivity are placed in Equation 2.8 the total current density is given
as:

Ir ) =iuen £ -5 (" )+ Z )| B (2.11)

weg

where the first term is a capacitive current due to the polarization processes [96]. The
second term is a resistive current due to polarization losses and the third term is a resistive
current due to the conduction losses [96]. For typical high voltage insulation materials
e.g. dielectric polymers, the o is extremely small and the last term in Equation 2.11 can
be neglected but this cannot be made for thermally sprayed coatings.

The real and imaginary parts of the permittivity can be linked together by using the
dissipation factor, tand [96, 99, 114]. Tt can be defined as:

"
el + o/weg

tand = (2.12)

&
This loss tangent can also be seen in Figure 2.11. The dissipation factor defines how

much the dielectric differs from an ideal one. As it can be noticed from Equation 2.12, in
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dissipation factor the losses of the material are related to the real part of the permittivity.
If both real and imaginary parts of the permittivity change remarkably with the frequency,
the evaluation of the losses over frequencies using tand is challenging. Due to this, the
loss values in this thesis are presented as the imaginary part of the complex relative
permittivity.

Notable differences between the real part of relative permittivity of bulk alumina
and thermally sprayed alumina coating cannot be noticed in the literature which can be
seen in Table 2.1. In addition, no significant difference can be seen between the relative
permittivity of plasma and HVOF sprayed alumina coatings. However, the measuring
frequencies were quite high, and thus the microstructural differences between bulk and
coating in the referred literature cannot be seen as clearly as they may be noticed in the
DC conductivity or in the slow charging or polarization phenomena at lower frequencies.
In this thesis, the real part of relative permittivity and the dielectric loss are measured as
a function of frequency in order to distinguish the low frequency polarization mechanisms,

e.g. interfacial polarization.

Table 2.1: The relative permittivities, /., from literature measured at room temperature.

Material el Measuring frequency (Hz) Reference
Bulk alumina 9-10 1x10° [36, 100, 107]
Bulk alumina 7 1x10° [41, 105]
Bulk spinel 8-8.5 1 x 10° [115]
APS spinel 11.4 100 [85]
APS spinel 8.4 1 x 10° [85]
APS alumina 6-8 1x10? [28]
APS alumina 11-23 1x10? [85]
APS alumina 5-8.7 10x10° (73]
APS alumina 9.2 10x10% [47]
APS alumina 7.8 1x10%-1.8x10° [64]
APS alumina® 8.5 0.1x10° [90]
APS alumina®  7.65 1x10° [90]
APS alumina®  10.5 0.1x10% [90]
APS alumina® 8.8 1x10° [90]
HVOF alumina  6-8 10x10% [9]
HVOF alumina 7.9 10x10° [73]
HVOF alumina 7.8 1x10° [47]

@) The term is also called dielectric constant in the literature.
®) During the spraying, the plasma arc current was 300 A.
<) During the spraying, the plasma arc current was 600 A.

Although the relative permittivities of aluminas are not reported as a function of
frequency, other aspects have been noticed to affect the permittivity of bulk alumina.
Moulson et al. [100] noticed that the lower purity alumina (85%) had lower relative
permittivity (£.=8.2) and the higher purity alumina (99.9%) has higher permittivity
(e/=9.8-10.1). However, Malec et al. [38] reported the highest relative permittivity (10.5)

was observed for the lowest purity alumina (92%) and the lowest permittivity (9.5) was
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for 96% alumina while the relative permittivity of 99.9% alumina was in between the
aforementioned two values being 10. Due to this, it can be concluded that the relative
permittivity of bulk alumina is not always linearly dependent on the purity.

Gao et al. [90] noticed that spraying parameters affect the microstructure of plasma
sprayed alumina and consequently the relative permittivity. When the plasma arc current
was lower (300 A), the alumina coating mainly consisted of a-Al;O3 and the relative
permittivity was lower than when using higher plasma arc current (600 A) [90]. The
high plasma arc current coating consisted mainly of 7-Al;O3 which explained the higher
relative permittivity [90]. Brown et al. [85] noticed also that the plasma sprayed alumina
coating consisting mostly of a-phase exhibited lower relative permittivity than the coating

with a high amount of v-phase.

2.4.4 Effect of humidity on the resistivity and the relative

permittivity of alumina coatings

The sintered bulk alumina and alumina powder utilized in thermal spray consist of
thermodynamically stable a-Al;O3 as the main crystalline phase but due to the rapid
solidification during the spraying the alumina coatings exhibit metastable y-phases as a
main phase [12, 23, 28, 43, 63, 70, 74, 75, 84, 90, 91]. This -Al;O3 is highly hygroscopic
[23, 28, 85] which can be one reason for the significant increase of the relative permittivities
and losses of the coatings with increasing humidity [28, 47, 85]. However, the high amount
of y-phase in alumina coating cannot only explain the moisture sensitivity since the
DC resistivity of MgAl,Oy4 coatings, which have stable crystalline phases, decreased
several orders of magnitude with increasing humidity as well as the resistivity of the
studied HVOF alumina coatings [23]. Thus, it may be hypothesized that the special
microstructure with pores, voids, different interfaces, etc. together with the hygroscopic
nature of the materials can explain the moisture sensitive nature of the alumina and
spinel coatings. However, the effect of humidity and temperature on the DC resistivity,
permittivity and dielectric loss of thermally sprayed alumina or spinel coatings is not
comprehensively studied. Due to this, one aim of this thesis is to study the effect of
temperature (20-60 °C) and relative humidity (20-90%) on the DC resistivity, permittivity
and dielectric loss of thermally sprayed alumina and spinel coatings.
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CHAPTER 3

Experimental: Material and dielectric

characterization of the studied coatings

This chapter presents the studied coating materials and the experimental measurement
methods which have been utilized in the experiments made for the associated publica-
tions [P1]-[P8]. The dielectric characterization was made for as-sprayed coatings. This

characterization includes the following measurements:

e Breakdown strength measurements which are made by linearly ramped DC & AC
voltage and step-wisely increased DC voltage. In addition, voltage endurance tests

are performed.
e DC conductivity measurements at low and high electric fields.

o Relative permittivity and dielectric loss measurements at low and high electric
fields.

3.1 Studied materials and material characterization

Table 3.1 presents the detailed material information of the studied coatings. The ex-
perimental powders utilized in HVOF coatings were manufactured by VTT Technical
Research Centre of Finland. The commercial alumina and spinel powders utilized in
HVOF coatings were from different suppliers (Praxair, Fujimi, Mesoscribe, Millidyne).
Figure 3.1 presents the SEM images of the powders of MgAl,O,4 coating (HVOF4) and
Al;O3-MgO coating (HVOF8). The studied HVOF coatings were deposited by VTT.
Since the main objective of this thesis is to study the dielectric properties of the coatings,
the spray parameter optimization was done by VTT’s thermal spray experts. The chosen
parameters represent current state-of-the-art. The atmospheric plasma sprayed and flame
sprayed coatings were manufactured by Saint-Gobain Coating Solutions as well as the
raw materials utilized in these coatings. The process parameters were also optimized at
Saint-Gobain. The coatings were deposited on 2.5 mm thick stainless steel substrates

(100 mmx 100 mm) which were grit-blasted before coating deposition. However, one type
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Table 3.1: The studied materials of this thesis. HVOF6A and HVOF6B coatings are deposited from the same commercial alumina powder.

Plasma samples are deposited by utilizing atmospheric plasma spraying. Flame sprayed coatings are deposited from a cord.

o pom” pse?  ppse GP?  dom®)  dp? o
Name Powder Method® (%) (%) (%) (im2)  (um)  (jm) Publication
HVOF1 experimental Al,O3-MgO™ a&es 0.9 0.6 1.4 3.0 - 130 £+ 3.1 [P5]
HVOF2 commercial AlyO3 - 1.9 1.0 1.9 5.7 209 208 £ 3.9 [P5]
HVOF3 commercial Al,Og - 1.7 1.0 3.0 19.2 288 281 + 9.1 [P5]
HVOF4 commercial MgAl,Oy f&c 1.3 1.3 2.4 3.2 195 196 + 3.4 [P5]
HVOF5 commercial AloO3 a&s 6.0 1.7 3.7 11.1 215 228 4+ 6.2 [P4, P7]
HVOF6A  commercial AlyO3 f&c 1.4 1.1 2.2 - 115 114 £ 3.9 [P3]
HVOF6B  commercial Al;O3 f&c 1.4 1.4 1.4 3.2 333 307 £ 6.1 [P7, P§]
HVOF7 experimental 100% Al;O5 a&es 2.9 1.0 2.6 7.7 255 237 4+ 10.2 [P6, P7]
HVOEFS8 90% Al,03-10% MgO ales 3.0 1.2 3.1 4.8 195 193 £ 8.0 [P6, P7]
HVOF9 75% Aly03-25% MgO al&es 2.5 1.2 3.1 3.9 190 184 £ 7.9 [P6, P7]
HVOF10  60% AlyO3-40% MgO a&es 3.1 1.1 3.0 13.3 235 241 £ 13.8 [P6]
HVOF11  50% AlyO3-50% MgO a&es 24 1.1 3.8 6.3 257 215 £ 24 [P6, P7]
HVOF12  35% Aly0O3-65% MgO a&s 2.3 1.6 3.8 15.5 191 234 £ 10.0 [P6]
HVOF13  experimental MgAl;Oy al&es 0.3 0.6 1.7 5.9 342 362 £ 10.0 [P1, P2]
PlasmaA  commercial Al,Og f&c 2.3 2.4 3.6 - 245 271 £ 11.4 [P7, P§]
PlasmaB  experimental MgAl,Oy f&c 1.7 - - 13.1 - 333 £ 10.8 [P2]
FlameA commercial Al,O3 cord 2.7 3.8 4.8 - 235 225 + 4.4 [P8]
FlameB  commercial MgAl;Oy4 cord - - - 19.9 - 360 £+ 8.1 [P2]

@) Powder manufacturing process, a&s is agglomerated and sintered, and f&c is fused and crushed.

Y po is porosity defined from cross-sectional images taken by optical microscope (OM).

°) psE is porosity defined from cross-sectional images taken by SEM using secondary electron detector (SE).

4) ppsE is porosity defined from cross-sectional images taken by SEM using backscattered electron detector (BSE).

©) GP is gas permeability.

1) doyy is coating thickness determined by using cross-section images taken by OM.

9) d,y, is coating thickness determined by utilizing magnetic measuring device followed by standard deviation of the measuring results.

h) Composite powder which formed into a spinel during the spraying process.
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igku

Figure 3.1: The SEM images of differently manufactured powders with a magnification of
x 1000 a) Fused and crushed MgAl;O4 (coating HVOF4), b) agglomerated and sintered
10% MgO-90% Al;03 (coating HVOFS).

of HVOF sprayed alumina coating (HVOF6A) was sprayed on grit-blasted carbon steel
substrates. Grit-blasting ensures a good adhesion between the ceramic coating and the
steel substrate.

The microstructural characterization of the coatings was made utilizing the image
analysis of cross-sectional micrographs. The porosities of the coatings were determined
by analyzing cross-sectional micrographs taken by optical microscopy (OM, 320x magni-
fication) and by scanning electron microscope (SEM, 1000 x magnification) using both
secondary electron detector (SE) and backscattered electron detector (BSE), see Table 3.1.
The porosities were determined as the ratio of total area of voids to the total image area.
Figure 3.2 shows the steps of image analysis for porosity evaluation from SEM images.

In addition to the image analysis, the gas (nitrogen) permeability (GP) was measured
for the coatings, providing an indirect measure of the porosity since higher gas permeability
indicates higher porosity. For the test, a coating was deposited on a standardized porous
round AISI 316 substrate with the diameter of 25.4mm and the thickness of 3.2mm.
Practically, the porous substrates have zero resistance to the gas flow. In the test, the

specimen was placed in a test cell where the gas pressure was increased in steps [4]. The

Original |~
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el din)

_ Thresholded (zoomed out)
Lyt L g 5o

Figure 3.2: a) The original SEM/BSE cross-section image of HVOF sprayed alumina
coating (HVOF6A), b) the porosity determined by contrast difference, and c¢) the zoomed-
in image for more detailed adjustment of threshold values.
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volumetric gas flow through the specimen was measured by a flow meter, and thus the
viscous gas permeability coefficient can be calculated [4].

Although image analysis is widely used tool for porosity determination, it is not an
exact determination method since the recognition parameters are defined more or less
manually. Due to this, the analyses made at different laboratories do not give exactly
same result. Also, one SEM image covers only a quite small section of the coating and
does not reflect the possible variation in the microstructure of a coating with a thickness
of several hundreds of micrometers. Due to the aforementioned aspects, porosity is also
determined by using other methods. Gas permeability values can give a more realistic
view of the actual porosity of the material. However, sometimes high gas permeability can
indicate that large number of long vertical cracks exist in the coating (HVOF3, HVOF10,
HVOF12) which are not necessarily noticed in the porosity determinations and can only
be observed by eye [P5, P6]. In addition to the GP measurements, it is valuable to
perform image analysis visually as well as computationally by PC.

For the studied coatings, the thickness was determined either by using magnetic
measuring device (Elcometer 456B) or from cross-sectional images taken by optical
microscopy (Table 3.1). The high standard deviation in thickness is partly due to the
grit-blasting made for the steel substrates in order to ensure good adhesion between the
ceramic and the steel. This effect can be seen clearly in Figure 3.3 where the cross-section
image of HVOFG6A is presented.

Carbon steel substrate —

Figure 3.3: The cross-section image of HVOF sprayed alumina coating (HVOF6A) taken
by optical microscope presenting the thickness variation of the coating [P3].

3.2 Sample preparation and measurement conditions

For permittivity and DC resistivity /conductivity (below 1kV) measurements, a round
electrode (=50 mm) was painted on the sample surface using a silver paint (SPI High
Purity Silver paint). In addition, a shield electrode was painted around the measuring
electrode to prevent possible surface currents, see Figure 3.4a). At high field DC conduc-

tivity measurements, smaller silver painted electrodes (@=11 mm) were prepared on the
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sample surface without guard rings. Breakdown measurements were performed both with
silver painted electrodes and in certain cases without any embedded electrodes. When
the silver painted electrodes were utilized, the diameter of the electrode was 11 mm and
a guard ring was not utilized, see Figure 3.4b. According to experiments, the surface
currents were minimal in comparison to the current through the sample and the variation

between the parallel samples.

a) HVOF7 © “b) HVOF8

shield electrode
silver painted electrodes @=11 mm

silver painted
electrode
@=50 mm

ceramic coating ceramic coating

Figure 3.4: Photographs of the electrode arrangements utilized a) in DC conductivity
below 1kV voltage levels and permittivity measurements, and b) in breakdown and DC
conductivity above 1kV voltage levels. The photographs are taken after the measurements.
[P7]

After painting the electrodes, the samples were at first dried at room temperature for
~30min followed by a heat-treatment at 120 °C for two hours. After the heat-treatment,
the samples were conditioned in a climate room at the conditions of 20 °C, RH 20% for
at least 12h before the measurements. All the measurements were also carried out at
controlled conditions in the climate room. The ambient condition of 20 °C, RH 20% was
chosen the so-called basic measurement condition where most of the measurements were
made.

In the beginning of this thesis project, silver paint penetration into the coating was
studied from cross-sectional images taken by optical microscope, and it was observed that
the utilized silver paint did not penetrate into the coating. However, preliminary voltage
endurance tests showed that silver as an electrode material might be problematic due to
its slightly reactive nature compared to e.g gold which is an inert metal [116]. According
to literature [117-121], in favorable conditions silver ions may form and these ions may
migrate into a porous material (a phenomenon called silver migration). These redeposited
silvers can form paths (dendrites) and thus help a breakdown to occur [117-121]. A
potential dielectric material for silver migration is a material which absorb moisture
and dust particles [117]. Silver migration needs to be considered when i) DC field is
applied so that positive electrode is placed against a silver electrode (silver ions are
positive), ii) either temperature is high (above 250 °C) or humidity is high (RH 80% to
90%), or iii) stress duration is long enough (depending on the utilized environmental

conditions (high temperature or humidity) and/or the applied electric field) [117-126].
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The migration of silver ions from positive to negative electrode, especially the rate, is
dependent upon the DC field, quality of the dielectric material (porous or non-porous),
moisture content of dielectric material, hygroscopic nature of the dielectric, and diffusivity
of silver ions on the dielectric [118, 120, 127]. According to Manepalli [118], the failure
rate due to the silver migration is very low, typically years, under normal operation
conditions and thus most of the migration studies are made at accelerated conditions (e.g.
85°C/RH 85%) [118, 128]. Thus, it can be concluded that when a positive DC voltage
is applied to a some other electrode materials, e.g. steel, and the negative electrode is
silver, positive silver ions cannot penetrate into the material and thus the silver migration
is not possible. Additionally, it can be concluded that in short-term DC measurements
silver electrodes can be utilized if the temperature and humidity are not too high since
silver is thermodynamically stable at temperatures below 250 °C [124]. A possibility to
silver migration increases when the relative humidity is above 30% [127] but typically the
humidity needs to be 80-90% [117-121]. However, in long-term measurements utilization
of silver electrodes can cause problems and other electrode materials are most probably

better solution.

Due to the aforementioned reasons, for the long-term voltage endurance tests gold
electrodes (=11 mm) were evaporated on the sample surface. The electrodes were
deposited using a custom-built e-beam evaporator (Instrumentti Mattila) inside an
ISO 14644-1 class 6 clean room facility. High vacuum (pressure <1 x 1075 mbar) and
low deposition rate (0.20nm/s) were maintained during the evaporation process. The
evaporated gold layer was 200 nm.

The effect of temperature and humidity on the dielectric properties of alumina
(HVOF6B, PlasmaA and FlameA) and spinel (HVOF13, PlasmaB and FlameB) coatings
was studied in the publications [P2, P8]. From 20°C to 60 °C, the measurements were
performed inside a climate room where the temperature and relative humidity were
controlled. The DC resistivity, relative permittivity and dielectric losses of the MgAloO4
coatings were studied at 20 °C, 40 °C and at 60 °C when the relative humidity was 20% or
45% [P2]. However, the DC breakdown voltage measurements of the spinel coatings were
performed at 20 °C/RH 20% [P2]. The Al;O3 coatings were studied in more detail and the
measurement conditions are given in Table 3.2 [P8]. In addition, DC breakdown voltage
measurements for all the alumina coating types were made at 120 °C and at 180 °C [P8§].
The high-temperature DC breakdown performance of HVOF sprayed alumina coating
(HVOF6B) was studied more and the measurements were made at 200 °C, 300 °C, 350 °C,
400 °C, 600 °C and 800 °C [P8].

When the effects of temperature and humidity were studied [P2, P8], the spinel and
alumina coating samples were stabilized at the measurement conditions in the climate
room for three hours before the resistivity, permittivity or breakdown measurements. In
all the high temperature measurements, the alumina coatings were placed in the oven at
room temperature after which the temperature was slowly increased to the set value. In

the breakdown measurements made at 120 °C, the stabilization period was one hour while
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at 180°C it was two hours. At the high temperatures (200-800 °C), the temperature was
increased with a ramp of 25°C/min to the set point. After the steel substrate reached
the set temperature, one hour was waited until the first breakdown measurement was
started. After the measurements, the oven was switched off and the samples were left in

the oven to slowly cool down to the temperature of ~20°C.

Table 3.2: Measurement temperatures, relative humidities and the corresponding absolute
humidities for the resistivity and permittivity measurements of HVOF6B, PlasmaA, and
FlameA. The breakdown measurement conditions are in bold.

Temperature (°C) RH (%) Absolute humidity (g/m?)

20 20 3.5
20 45 7.8
20 70 12.2
20 90 15.6
40 20 10.3
40 45 23.1
40 70 35.9
60 20 26.1
60 45 58.7
60 70 91.3

3.3 Breakdown voltage measurements

3.3.1 Short-term progressive breakdown voltage measurements

In the breakdown voltage tests at 20-180°C, a stainless steel rod electrode (=11 mm,
edge rounding of 1mm), was placed on the top of a coating surface while the steel
substrate of the sample acted as the other electrode. Schematic figure of the measurement
bench utilized in the measurements performed at 20-180 °C is shown in Figure 3.5b). In
the high temperature measurements (200-800 °C), the rod electrode (=9 mm) was made
a nickel-chromium based alloy which was placed on the sample surface while the other
arrangements were as in the low temperature tests.

In order to determine a suitable breakdown voltage test setup for thermally sprayed
alumina based coatings, three different electrode arrangements were studied [P3]. In
addition, the suitability of insulation oil was tested and evaluation of the suitability of
the test arrangements at AC and DC were made [P3]. Based on the results obtained
in [P3], the breakdown measurements of the coatings in the associated publications
[P2, P5, P4, P6, P7, P8] were made with silver-painted electrodes on coating surfaces
without oil immersion. Despite obvious edge field enhancement at the edges of the painted
electrodes, the breakdown locations were distributed reasonably well along the electrode
area. Since the oil immersion cannot be utilized to prevent surface flashovers at the
highest test voltages (at 20 to 60 °C), a plastic cylinder with an O-ring seal was placed

towards the coating and the O-ring was clamped on the coating surface around the
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measuring electrode (@=11mm) to extend the creepage distance over the solid insulation
when needed [P6, P7, P8].

DC breakdown voltage measurements were performed by utilizing linearly increased
DC voltage (ramp rate of 100V /s throughout the test). In addition, a higher ramp
rate (1000V/s) was utilized for a HVOF sprayed alumina coating (HVOF5) [P4]. In
the measurements made in insulation oil, the ramping of the voltage was started 30s
after the sample was placed in the oil bath (Shell Diala oil DX Dried) [P3]. The voltage
source control and data recording was performed using a LabVIEW-based software. The
voltage source was Spellman SL1200 (U,,,,=20kV) and the voltage was measured using a
resistive voltage divider (Spellman HVD-100-1, divider ratio 10000:1). The measurement

circuit is presented in Figure 3.5a).

AC breakdown voltage measurements were performed by utilizing linearly increased
AC voltage with a ramp rate of 100 V/s throughout the test. The voltage source was
Hipotronics test transformer (Up,qz rms=50kV) and the measured voltage was recorded
using LabVIEW-based software. [P3]

In DC tests, dielectric breakdown strength (BDS) of a coating was calculated by
dividing the breakdown voltage by the corresponding coating thickness at the painted
electrode (2=11mm) location [P2, P3, P4, P5, P7, P8]. In the high temperature mea-
surements (200 to 800 °C), the thickness was measured near the breakdown point after the
measurement [P8]. In the AC tests, the dielectric breakdown strength was calculated by
dividing the measured peak value of the AC voltage by the thickness of the measurement
point [P3].

Voltage
Top electrode )
Voltage Coating
source R, \A
Voltage
ramp ( i> | Sample _> T
control R, /v
Bottom Carbon/stainless
| electrode steel substrate
= ]
a) b)

Figure 3.5: a) The measurement circuit for the breakdown measurements performed
with linear ramp rate and b) the schematic figure of a measurement bench utilized in
the breakdown measurements. In the DC tests, a positive voltage was applied to the
rod electrode placed on the top of the coating surface while the steel substrate was the
negative electrode.
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3.3.2 Statistical analysis of breakdown data

Typically, the dielectric breakdown strength of solid materials is Weibull distributed
and due to this the results were fitted in this distribution. The cumulative distribution

function (CDF) of a two-parameter Weibull distribution is:

F(ac)zl—exp{— (2)5},1;20, (3.1)

where F(z) is the breakdown probability, = is the measured variable, e.g. breakdown
strength (V/pm), « is the scale parameter (V/pm) and f is the shape parameter [129, 130].
The scale parameter represents the breakdown strength at the 63.2% failure probability
and the shape parameter indicates the slope of the theoretical distribution [129, 130]. The
statistical analysis was performed using Weibull++ software. In [P2, P3, P4, P5, P6, P7]
Maximum Likelihood method was used in the parameter estimation and in [P8] the
least-square regression method was used in parameter estimation. However, the utilized

parameter estimation method has no significant effect on the estimated Weibull parameters.

3.3.3 Stepwise breakdown voltage measurements

The breakdown strength was also studied by increasing the voltage step-wisely until
breakdown occurred. During the measurement, the current of a sample was also measured
but this method is described in Sub-chapter 3.4. Three different step durations (6 min,
10 min and 60 min) were utilized for a HVOF sprayed alumina coatings (HVOF5) [P4, P7].
The 10min step duration was selected to study the conduction behavior of different
coatings (HVOF5-9, HVOF11 and PlasmaA) [P7]. The 6 min and 10 min step tests were
started at the voltage level of 250 V which was also the step size [P4, P7]. The 60 min step
measurements were started at the voltage of 4000V (~18.6 V/pm) using a step voltage
of 500V [P4]. The schematic figure of the measurement circuit is presented in Figure 3.7.
The voltage source control and data recording was performed using LabVIEW-based

software. The voltage source was Keithley 2290-10 power supply (U,,q.=10kV).

3.3.4 Voltage endurance tests

Voltage endurance tests were made for selected ceramic coatings in order to evaluate the
long-term breakdown performance of the coatings. The tests were performed at room
temperature conditions. The test series was started with an electric field of 10 V/pum
and with a duration of 1000h (41.7 days). During this test, no remarkable changes were
noticed in the measured currents. Thus, the test was continued by increasing the test field
to 15V /um for for seven days (168h). As no remarkable current changes were noticed,
the test was continued by increasing the test field in 2.5 V/num steps so that the test fields
were 17.5V/pm, 20V /pm, 22.5V/pm, and 25 V/um. The test duration of each of these
fields was seven days (168h).
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Voltage
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to measurement system
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Figure 3.6: A photograph presents the measurement arrangement built for voltage
endurance tests. Positive DC voltage is applied to the bottom of the coating sample
which is made from stainless steel and thus acting as the other electrode. The current
measurement is made from the top of the coating plates. Nine gold electrodes are
evaporated on the top of each coating plate forming thus nine separate samples of each
material. Each sample has its own current measurement circuit consisting of two resistors
connected in parallel. The circuit is highlighted in blue in the photograph and the circuit
diagram is shown below the photograph. In order to connect the measurement circuit to
the gold electrodes, a high purity silver paint was utilized as a ‘glue’ to attach the wire
on the electrode area.

The test was made by applying constant electric field to the coatings (alumina coating
HVOF6B and spinel coating HVOF11). The utilized power supply was Keithley 2290E-5
power supply (U,,q.=5kV) and for higher electric fields Keithley 2290-10 power supply
(Upnaz=10kV). In order to apply same electric field to the studied coatings with different
thicknesses, both coating plates had their own power supply. During the test, the voltage
was applied to the bottom of the coating plates and the current measurement was made

from the top of the coatings, see Figure 3.6.

38



3.4. DC resistivity/conductivity measurements

The current was measured by utilizing Keithley 2700 digital multimeter equipped
with data acquisition multiplexer module (Keithley 7700) and utilizing shunt resistors.
Keithley Kickstart software was utilized in the multimeter control and the data recording.
Both coating plates (HVOF6B and HVOF11) have nine evaporated gold electrodes, and
thus own current measurement circuit was built for each sample, see Figure 3.6. The
measurement circuit consists of two resistors (Rgspunt=10k{2) placed in parallel and two
varistors for over-voltage protection (clamping voltages, V. maz, are 93V and 135V). The

circuit diagram of this system is presented in Figure 3.6.

3.4 DC resistivity/conductivity measurements

DC conductivity /resistivity as a function of the electric field of 0.1-~4 V /um was measured
for all coatings which are listed in Table 3.1 at 20°C/RH 20%. When the effect of
temperature and humidity on DC resistivity was studied [P2, P8§], the electric field was
varied from 0.1 V/pm to 2.5V /pm. DC conduction current measurements were performed
using Keithley 6517B electrometer (U,,q.,=1kV). During these measurements, a stainless
steel electrode (©=50mm) was placed on the top of the silver painted area (@=50mm)
on the coating sample while the stainless steel substrate of the sample acted as the other
electrode.

The measurement period for each voltage level was 1000 s when the measurements were
performed at 20 °C/RH 20% [P1, P4, P5, P6, P7]. When the temperature or humidity
was higher, the measurement period was lower being 300s [P2, P8]. Depending on the
test condition, the DC resistivity was determined from the average of the stabilized DC
current measured over 990-1000s or 290-300s after the voltage application. All the
measuring arrangements were in accordance with the standards IEC 60093 and ASTM
D257-07 [131, 132].

stainless steel
HV substrate

Voltage electrode

source Sample —> T~ i
Voltage > /_
control ——— *
& meas. silver electrode T

coating
Current rod ——»
Shunt m lectrod
resistor BB electroge

——o

—0o
L a b)

Figure 3.7: Schematic figure of the measurement circuit and test bench utilized in DC

conductivity measurements above 1kV [P4, P7]. A positive DC voltage was applied to

the bottom of the coating (steel substrate), while the silver painted electrode was the
negative electrode.
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The DC conductivity /resistivity of alumina and spinel coatings (HVOF5, HVOF6B,
HVOF7-9, HVOF11 and PlasmaA) was measured using two different measurement setups
due to the wide measurement range (Upeqs = 10 — 10000 V) and sensitivity required for
the leakage current measurements [P7]. Below 1kV, the DC conductivity was measured
with the aforementioned measurement setup. Above 1kV, the DC conductivity was
studied during the stepwise breakdown tests with a step voltages of 250V [P4, P7]. The
step duration was 6 min in [P4] and 10 min in [P7]. The voltage control and monitoring are
the same which were utilized in step-breakdown tests and are described in Sub-chapter 3.3.
The schematic figure of the measurement circuit as well as the test bench are presented in
Figure 3.7. The sample current was measured throughout the tests using shunt resistor
(I1MQ or 10kS2 depending on the signal level) and Keithley 2001 digital multimeter. The
voltage source control and data recording were made using LabVIEW-based software.

The voltage source was Keithley 2290-10 power supply (U,,qa,=10kV).

3.5 Permittivity and loss measurements

Relative permittivity and total power dissipation of the materials were studied by utilizing
an insulation diagnosis analyzer device (IDA 200, U,,q:=200 Vpeqr) using the same
sample holder as in the resistivity measurements. During the measurements, a sinusoidal
voltage of 0.1 Hz-1 kHz was applied over the sample. The measuring voltage was 200 V peqr
(corresponding to the electric field of 0.55-1.5 Vpeqr/pm) when the measurements were
made at 20°C/RH 20% [P1, P3, P4, P6]. When the effect of temperature and humidity
was studied, the electric field strength was 0.3 Vpeqr/nm [P2, P8]. All the tests were
performed in accordance with the IEC standard 60250 [133].

In addition, the electric field dependency of the relative permittivity and dielectric
losses of alumina and spinel coatings (HVOF1-4) were studied utilizing the high voltage
unit of IDA device (IDA HV unit, U,;,q,=30 kV,cqr) [P5]. The frequency range was 0.1 Hz—
100Hz. The electric field was limited to quite low levels (0.1-5V/pm) corresponding
possible service stress levels to ensure that samples will not break down during the
measurements.

At all measuring voltages, the complex impedance of a sample determined from the
measured test voltage and the current through a sample was calculated by IDA device
and expressed as the values of the equivalent parallel RC circuit model (see Figure 2.11).
The real part of the relative permittivity (e,.) is defined as:

* G Ce
Refer} =¢, = Co  Co (3.2)
where C), is measured parallel capacitance of the equivalent circuit. Cy is the so-called
geometric capacitance of the test sample (vacuum in place of the insulation) and w is the
angular frequency. The edge field correction (C.) was not used since a shield electrode

was utilized in the measurements. As indicated by Equation 2.10, the conductivity of a
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material will also contribute to the relative permittivity (|e|). However, in this thesis €],
values are reported, which better reflect the dielectric behavior of the materials.
Imaginary part of the relative permittivity indicates the total losses of a material,

both polarization and conduction losses. It can be defined as:

1
Im{e’} =’ + — (3.3)

weg - wR,Cy
where R, is the parallel resistance of the equivalent circuit, see Figure 2.11. In this thesis,
the total loss contribution is expressed for the coatings. The conductivity related compo-
nent can be estimated by using the measured conductivities but since the conductivity is
later shown to be dependent on several factors (e.g. field), it is not possible to give exact

values for the different loss components with the available data.
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CHAPTER 4:

Dielectric breakdown strength

Breakdown strength is one of the main properties of an insulation material. In this
chapter, the effects of different test arrangements, spray method, microstructure, and
ambient conditions on short-term dielectric breakdown strength of alumina and spinel
coatings are studied. Additionally, the influence of voltage form, the rate-of-raise of
voltage, and long-term voltage stress on breakdown strength of ceramic coatings are
studied.

4.1 Short-term breakdown strength of alumina and spinel

coatings

4.1.1 Effect of different test arrangements

In order to determine a suitable short-term breakdown voltage measurement method
for thermally sprayed ceramic coatings and in order to verify the differences caused by
certain test arrangements utilized in the literature, a test series was carried out utilizing
six different test arrangements for HVOF sprayed alumina coating (HVOFG6A) at 20 °C,
RH 45% [P3]. In all the arrangements, 15 parallel samples were tested and the voltage
was increased linearly with the ramp rate of 100 V/s. The measurement arrangements

were:
1. DC test in air without oil immersion or embedded electrodes on the coating surface.
2. DC test in oil immersion without embedded electrodes on the coating surface.
3. DC test in air with embedded electrodes (»=11mm) on the coating surface.

4. DC test in air with graphite disk (2=11mm, thickness of 0.8 mm) placed between

the rod electrode and the coating surface.
5. DC test in oil with embedded electrodes (=11 mm) on the coating surface.

6. AC test (50 Hz) in air without embedded electrodes on the coating surface.
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Figure 4.1a) presents the breakdown strength of alumina coating (HVOF6A) with the
aforementioned test arrangements. The Weibull § values are presented in Figure 4.1b).
The deviation between the parallel measurements were quite high. However, the results
present well that chosen measurement method affect breakdown strength significantly
since the BDS values differs remarkably between the different test methods.
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Figure 4.1: a) Breakdown strength (Weibull «) of HVOF alumina coating (HVOFGA)
and b) Weibull 8 utilizing different measurement arrangements. The error bars present
the range of the 90% confidence bounds. [P3]

Oil immersion is a typical method to prevent surface flashovers during breakdown
testing. In literature, this method has been utilized successfully in the breakdown
voltage measurements of several bulk alumina materials since due to the dense crystalline
microstructure with low porosity and gas permeability insulation oil have only minor
effects on the breakdown strength [33, 3542, 102, 104-106, 108, 110]. However, the
microstructure of thermally sprayed ceramic coating is moisture sensitive. According
to literature [12, 23, 29-31, 75, 76], the BDS of the coatings measured in oil immersion
is significantly higher than it has been reported without oil immersion. However, a
comprehensive comparison between different test methods has not been made before [P3].

As it can be seen from Figure 4.1a), the highest breakdown strength of HVOF6A
(89.0 V/pm) is measured in oil immersion when no embedded electrodes were used. This is
almost two times higher than BDS was without oil immersion (DC BDS in dry conditions
is 44.9V/um). In addition, the lowest Weibull § (4.3) is obtained indicating the highest
deviation in breakdown strength distribution. Oil immersion increases the BDS remarkably
since the oil can easily penetrate into a moisture sensitive coating. When silver electrodes
were added on the coating surface and the sample was placed in the insulation oil bath,
the BDS of HVOF6A (48.3 V/pnm) increases 42% in comparison to the BDS without oil
immersion. The remarkable increase in both oil immersion tests can be explained by the
oil penetration since the coatings are quite porous, and thus the oil can fill the voids and
pores of the coating rapidly. It may be speculated that the breakdown path develops in
dry conditions partly through air filled pores and voids. When those voids are filled with
highly insulating oil (BDS is ~100V /um [99, 134]), the breakdown strength of the oil
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impregnated coating increases.

Electrode size, shape and material can affect the breakdown strength. The breakdown
testing standard ASTM D149-09(2013) [135] emphasizes that painted electrodes can be
utilized but the painting may affect the results. These aspects can be well observed from
Figure 4.1a) where the results of different electrode arrangements are presented. In the
DC tests, the lowest value (34 V/pm) was obtained when silver electrodes were painted
on the coating surface. This is well understandable since with this arrangements a good
contact to the whole test area is ensured, including also the deepest points of the coating
surface, and thus the whole electrode area is tested.

When the breakdown voltage is measured without any embedded electrodes on the
coating surface, the situation is different. The electrode will contact only some of the
highest points on the sample surface and tested area is energized either through these
contact points or through possible discharges occurring in between the rod electrode
and the sample surface. Figure 4.2 shows the formed air gap between the rod electrode
and the coating surface. It can also be noticed that the coating surface is not smooth
which furthermore affects the size of the air gap. The surface roughness of the studied
alumina coating (HVOF6A) is 2.740.7 pm which is a typical value for HVOF sprayed
alumina coating. The formed air gap can be problematic because in accordance with the
Paschen’s law after a certain inception voltage is reached partial discharges can occur
in the air gap and bombard the surface. From Paschen’s curve, the breakdown voltage
of the air gap with the thickness of 15 um is determined to be 450V at the temperature
of 20 °C and at normal air pressure. Under AC field, partial discharge activity is rather
high and the discharges can bombard the sample surface quite intensively and at the
same time the discharges are electrically connecting the corresponding surface spots to
the test electrode. Thus, the AC breakdown strength of the HVOFG6A is the lowest one
(31.5V/pm) and it is very close to the DC breakdown strength measured with silver
electrodes (34 V/pm). According to literature [99, 136] and our own experiments, under
DC fields the repetition rate of partial discharges is much lower than under AC. Due to
this, the effective electrode area is smaller under DC when embedded electrodes are not
used, and thus the DC breakdown strength is higher (44.9V/um) than the AC BDS or
DC BDS with embedded electrodes.

Voltage electrode

_C-)é'atin"g '

Figure 4.2: Formed air gap between the top electrode and the tested coating during the
breakdown voltage measurements [P3].
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As it can be seen from Figure 4.1, when a graphite felt disk was placed (©=11mm)
between steel electrode and sample surface, the breakdown strength is a bit higher (Weibull
a is 39.1V/um) than it was with silver electrodes. The graphite felt is a slightly soft
allowing better contact but the contact is still only to the highest points of a coating, and
thus the contact is not as good as it is with painted electrodes. In addition, the effective
test area is not large as it was with painted electrodes.

The aforementioned results presented originally in [P3] supported the idea that the
breakdown voltage measurements are better to make with silver painted electrodes. This
way the test arrangements can be homogenized. In addition, the weakest point over the
test area (ca. 1cm?) will be directly measured and the comparisons between materials
can be made more reliable. Due to this, the breakdown measurements in the associated
publications [P2, P4, P5, P6, P7, P8] were performed utilizing silver painted electrodes
on the coating surface. However, when a comparison of different electrode arrangements
are made for large amount of different materials, the difference between with and without
silver painted electrodes can be opposite to that observed in [P3] and the difference can be
quite small, see Figure 4.3. Only three materials (HVOF1, HVOF2, HVOF13) have lower
BDS with silver painted electrodes like it was reported for HVOF6A in [P3]. However,
for some materials (HVOF3, HVOF5, PlasmaB, FlameB, HVOF4) the difference between
the electrode arrangements can be quite small being within the deviation of parallel
breakdown tests (in between the confidence bounds of the Weibull distributions).

Interestingly, the breakdown strengths of HVOF7-12 with silver painted electrodes
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Figure 4.3: Breakdown strength (Weibull «) of the studied coatings with and without
embedded electrodes. The presented Weibull parameters are based on 5-15 parallel
breakdown tests with silver electrodes and 5-10 parallel results without silver electrodes.
The error bars present the range of the 90% confidence bounds. The measurements were
performed at 20 °C, RH 20%, except the results of HVOF6A (made at 20°C, RH 45%).
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4.1.  Short-term breakdown strength of alumina and spinel coatings

are significantly higher than the BDS without embedded electrodes. These HVOF7-12
coatings are part of experimental test series where the powders of AloO3 and MgO were
same but the amount of MgO varied (0-65%). Otherwise the coatings are deposited
similarly as the other HVOF sprayed coatings and their microstructural features are quite
similar level with the other coatings. Thus, no clear material difference have noticed for
this test series. It may be speculated that the tolerance to endure partial discharges on
the coating surface is lower for the coatings HVOF7-12 which could explain the low BDS
results without silver electrodes but this is difficult to understand for short-term tests
made for ceramics which typically endure surface discharges quite well. All in all, no
clear explanation for the results obtained for HVOF7-12 can be found and due to this, a
possibility of silver paint penetration is also discussed.

As it was already mentioned earlier, even the breakdown testing standards emphasizes
that painted electrodes can affect the results. Unfortunately, the effect of paint is not
always similar for the studied coatings which of course raises questions, which method is
the most suitable and if the silver paint penetrate too much into the coating and affects
this way the BDS results. In fact, silver is a slightly reactive metal, positive silver ions
may form and the ions may penetrate into a material under suitable direction (positive
to negative electrode) of DC field in certain ambient conditions [116-119, 121, 123-128].
However, this silver migration occurs either at high humidity (RH 80% — 100%) and
elevated temperature (above 80 °C) or at high temperature (above 250 °C) [117-119, 122
128]. Typically, also notable time (hours or more) is required for the migration to occur
[116, 118]. Since the measurements are performed at quite dry conditions (20°C, RH
20%) and the breakdowns occur in minutes (ramp rate was 100 V/s), most probably
silver migration does not occur in these short-term breakdown voltage measurements.
If the silver migration would occur, the breakdown strength should be evidently lower
with silver painted electrodes. However, an opposite effect was observed for the coatings
HVOFT7-12.

As a conclusion it can be said that the effect of silver paint on the breakdown strength
is quite minor if the test series HVOF7-12 is not considered. Breakdown strengths of
HVOF7-12 made with embedded silver electrodes, except HVOF11, need be considered
with a special attention since the silver painted results are 27%—-63% higher than the
results without silver painted electrodes. For the other coating materials, the difference is
typically below 10% or slightly higher. In general as it was already mentioned, the silver
paint improves the contact between steel electrode and coating, and the effective test

area is larger with painted electrodes.

4.1.2 Overview of the breakdown strength

An overview of the short-term DC breakdown strengths of the studied alumina and spinel
coatings is given in Figure 4.4a) and in Table A.1. The voltage was increased with a linear

ramp rate of 100 V/s and the silver painted electrodes were embedded on the coating

47



Chapter 4. Dielectric breakdown strength

surface. The results are based on 5-15 parallel samples of each coating type. The obtained
DC breakdown fields are at similar level with the fields obtained in the literature when
the insulation oil immersion was not utilized [23, 28-32]. The breakdown strengths of
spinel coatings are slightly higher than those of alumina coatings which is well in line
with the observations made by Toma et al. [23]. Figure 4.4b) presents the Weibull § for
the studied coatings. In general, a quite high deviation can be seen between the parallel
breakdown events for some of the coatings, e.g. PlasmaA. Then Weibull g is remarkably
low indicating a high deviation in the breakdown strength distribution. However for some

materials, e.g. FlameA, the Weibull § is high indicating high material homogeneity.
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Figure 4.4: a) DC breakdown strength (Weibull «) and b) Weibull § of studied alumina
and spinel coatings at 20 °C/RH 20%. The error bars in both figures present the range
of 90% confidence bounds. The results are presented as they were presented in the
publications. Due to this, some results are calculated utilizing MLE parameter estimation
[P2, P4, P5, P6, P7] and some utilizing RRX [P8] but the parameter estimation method
has only a little effect on the results.
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4.1.  Short-term breakdown strength of alumina and spinel coatings

The differences in the breakdown strength results between the studied coatings can
be linked to their different microstructural features. The microstructure of a coating is
very process-dependent as it was discussed in Sub-chapter 2.2. In particular, the spray
temperature, the particle velocity and size distribution of the particles affect the formed
coating structure remarkably [2, 4, 43, 44]. The chosen spray method determines the
particle velocity, and consequently has the greatest influence on the coating structure.
This effect on breakdown strength can be noticed since the studied HVOF coatings have
higher dielectric breakdown strength than the rod flame or atmospheric plasma sprayed
coatings. Since the particle velocity is very high in HVOF process, the HVOF coatings
have very dense structure in comparison to APS and FS coatings [4, 15, 18, 43, 47, 52].
The lowest particle velocity is in rod flame spray process, and according to Costil et al.
[67] rod flame sprayed alumina coatings have less dense structure than plasma sprayed
coating. Similar microstructural differences have been obtained in this thesis, which can
be seen in detail from the cross-sectional micrographs of the studied coatings (Figure 5.2).

In addition to the spray process, the spray distance (stand off distance) affects the
melting capability of the powder particles. Due to this, increasing the spray distance
increases the amount of unmelted particles and porosity of APS and HVOF sprayed
alumina coatings [11, 137]. Kotlan et al. [12] noticed that the breakdown strength of APS
alumina coating was the highest (17 V/pm) with a low spray distance (100 mm) while
increasing the distance to 150 mm or 200 mm decreased the BDS sligthly (14 V/pm) but
the difference cannot be thought being significant. In APS process, the spray distance
is typically lower (100-120 mm) than in HVOF spraying (150 mm) [4, 9, 23, 43]. In this
thesis, the utilized spray distances were close to the literature values, i.e. 170 mm in

HVOF spraying and 110 mm in APS process.

4.1.3 Relationship between porosity and breakdown strength

The porosities of thermally sprayed ceramic coatings are determined from the cross-
sectional micrographs. Figure 4.5 presents well that the porosity of a coating differs
depending on the utilized determination technique (optical microscopy, SEM/SE or
SEM/BSE). In addition, the determined porosity value depends on the magnification
of the image, which regions in the figure are included in the porosity calculations, the
utilized program etc. Although the methods are automatized quite well, the human
decisions made during the evaluation process affect significantly the determined porosity
values as well.

Rather low porosities were determined for the studied coatings from cross-sectional
micrographs, the values being typically below 4 vol.%, see Figure 4.5 and Table 3.1. Again
differences can be seen between different spray methods since the porosity of flame sprayed
alumina coating (FlameA) is higher than that of HVOF and APS sprayed materials.
Furthermore, FlameA has lower BDS in comparison to the BDS of HVOF and APS

coatings. Some minor differences can be seen in the porosities of HVOF sprayed coatings,
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Figure 4.5: The relationship between the porosities determined from cross-sectional
micrographs and the dielectric breakdown strengths of the studied coatings. Differences
in the porosities of the studied coatings determined from cross-sectional micrographs
taken by an optical microscope (OM), a SEM using either secondary electron (SE) or
backscattered electron detector (BSE) are presented in columns. The breakdown strength
(Weibull @) is presented as a line plot in secondary y-axis. The error bars of the line plot
present the range of 90% confidence bounds of Weibull a.

e.g. alumina coating (HVOF5) has higher OM porosity than the other HVOF coatings. As
it can be noted from the Figure 4.5, no clear correlation can be found between the porosity
and the breakdown strength. This is opposite to the results obtained in the literature [28]
where breakdown strength of APS alumina coatings decreased with increasing porosity.
Toma et al. [23] also reported that lower breakdown strength of APS alumina and spinel
coatings can be explained by the higher porosity of APS coatings. However, the porosity
differences cannot alone explain the differences between the breakdown strengths of HVOF
and APS coatings.

The effect of porosity on the breakdown strength has also been studied for bulk
aluminas. According to Liebault et al. [35], the porosity has a minor effect on the
breakdown strength of bulk alumina when the porosity is below 5%. Touzin et al. [138]
made similar observations since they noticed that breakdown strength of bulk alumina
decreased when the porosity was higher than 4.5%. However, Neusel et al. [106] obtained
that the porosity has decreasing effect on the BDS of bulk alumina also below 5% values.
Porosities of the studied ceramic coatings are below 5% in this thesis, and thus the results
can be thought to be in coherence with the results obtained by Liebault et al. [35].

While the porosities determined from the cross-sectional micrographs were found to be
relatively similar to all the coatings, the gas permeability (GP) measurements indicated
differences between the coatings, see Table 3.1 and Figure 4.6. This is most likely due
to the fact that gas permeability provides a more accurate estimate for the volumetric

porosity and the amount of vertical voids and cracks than a porosity value determined from
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a single cross-sectional micrograph. It can be noted that the gas permeabilities of APS
and flame sprayed spinel coatings are higher than the general GP level of HVOF coatings,
which can be linked to the denser structures of HVOF coatings. However, some of the
HVOF coatings (HVOF3, HVOF10 & HVOF12) have very high gas permeabilities since

the coatings exhibit long vertical cracks observed from the cross-sectional micrographs.
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Figure 4.6: The relationship between the gas permeability and the breakdown strengths
of the studied coatings. The breakdown strength (Weibull «) is presented as a line plot in
secondary y-axis. The error bars present the range of 90% confidence bounds of Weibull
a.

In [P6], the effect of gas permeability on the breakdown strength was studied for
HVOF coatings (HVOF7-12) with varying amount of MgO (0% to 65%). In this test
series higher gas permeability correlate with lower breakdown strength since the highest
breakdown strength was obtained for HVOF9 (GP 3.9nm?) and the lowest for HVOF7
(GP 7.7nm?), see Figure 4.7. In addition, a coating with a high GP value shows lower
shape parameter (Weibull 5). However, the effect of gas permeability is not as explicit
when the results of all different test series are compared since other factors affect the
BDS as well due to the complexity of the coating formation, see Figure 4.6. The excellent
correlation between gas permeability and breakdown performance of HVOF7-12 can be
due to the fact that the base material of HVOF coatings is same and only the amount
of MgO is varied, the coatings are manufactured at same time, and thus most of the
properties of these coatings are very similar. In addition to the porosity, also other
material properties affect the breakdown strength. Coating formation is a very sensitive
process where even minor changes during the manufacturing process can cause variation
in the material properties between different test series which can furthermore hide some
of the effects presented in Figure 4.6. Based on the results of HVOF7-12, it may be
concluded that higher gas permeability correlate with lower breakdown strength if the
study is made for one test series. Although gas permeability is a good indicator to
distinguish possible faults in the coatings, it needs to be emphasized that cross-sectional

images, porosity determination, and gas permeability all together need to be determined
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in order to analyze the role of microstructure on the dielectric properties, e.g. breakdown
performance, thoroughly.

55 18

HVOF9 o 2y

’§50 ] R™=0.98 1% _HVOF9 HVOF11 R™=0.96

=45 - 14

S =

s 40 % 12

535 - £10 -

2 g HVOF10

£ 30 - o8

5] =3

225 ERE

] 17}

S 20 4 -

%] s a) HVOF12 5 b) HVOF12
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

Gas permeability (nm’) Gas permeability (nm’)

Figure 4.7: Weibull parameters « (a) and § (b) as a function of gas permeability where
the error bars present the range of 90% confidence bounds for the parameters. [P6]

4.1.4 Role of lamellae size and the amount of MgO

The idea of manufacturing the test series of HVOF7-HVOF12 was to keep the base material
the same and vary the amount of MgO from 0% to 65%. Effect of the size of lamellae on
the breakdown strength of these coatings was studied in [P6]. In order to analyze the
lamellar morphologies, the SEM/BSE images were converted into binary pixel matrices
corresponding to the crystalline and amorphous areas and analyzed quantitatively in
MATLAB. In accordance with the free-space length method developed by Khare & Burris
[139], quantitative determination of the characteristic size of a morphological domain of
interest provides means to relate structural features and material properties. In [P6], the
free-space length method, was utilized to characterize the size of the crystalline domains
of the coatings Ly. Free-space length can be defined as the size of the largest randomly
placed box for which the most probable number of intersecting pixels corresponding to
amorphous regions is zero. The MATLAB code, retrieved and used according to the
literature [139, 140], iterates to box size by Monte Carlo approach—a more thorough
description of the method is presented in [139, 140].
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Chapter 4. Dielectric breakdown strength

Exemplifying SEM/BSE cross-sectional morphologies are presented in Figure 4.8,
showing the porous nature and the lamellar crystal structure of the coatings. It is noted
that the varying amount of small vertical cracks visible in the cross-sectional images
likely contribute to porosity and gas permeability, with this being the most prominent for
HVOF10 which exhibited particularly long vertical cracks (see Figure 4.8). Figure 4.8
also presents the corresponding binary images utilized for quantitative determination of
the characteristic crystalline domain size and the calculated free-space lengths. While
HVOF9 and HVOF12 were found to exhibit slightly more compact amorphous—crystalline
regions, the overall differences remained small and showed no clear correlation with the
MgO-content.

The breakdown strengths of the coatings (HVOF7-12) are presented in Figure 4.9.
The highest breakdown strengths were obtained for HVOF9 (25% MgO) and HVOF8
(10% MgO) while the lowest breakdown strengths were measured for HVOF12 (65% MgO)
and HVOF10 (40% MgO). Interestingly, the breakdown strength of the alumina coating
(HVOF7, 0% MgO) and spinel coating (HVOF11, 50% MgO) is very similar although
typically the HVOF spinel coatings exhibit higher breakdown strength than the HVOF
alumina coatings [23, P5].
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Figure 4.9: Weibull distributions of DC breakdown strength of the coatings (HVOF7—
HVOF12) in Weibull probability plot where the shaded areas present 90% confidence
bounds. [P6]

The significant difference between the lowest and the highest BDS of HVOF7-HVOF12
can partly be explained by the differences in gas permeabilities, see Figure 4.7. However,
the amount of MgO changes in this test series, which has also some effect on the breakdown
strength. On the other hand, the characteristic crystalline domain sizes showed no clear
correlation with the breakdown performance, which suggests that the porosity and the
vertical cracks (structural defects) play a more determining role in the BDS of the coating

than the crystalline-amorphous morphology, which is in coherence with [23, 28]. It is also
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4.1.  Short-term breakdown strength of alumina and spinel coatings

remarked that the observed long vertical cracks, particularly in HVOF10, likely affect the
BDS.

Obviously, the amount of MgO affects the breakdown strength. However, this effect is
difficult to obtain explicitly comparing the breakdown strength results because HVOF10
(40% MgO) exhibit long vertical cracks and high GP in comparison to the HVOF9 (25%
MgO) and HVOF11 (50% MgO). In addition, rather high deviation between parallel
breakdown results makes it difficult to distinguish the exact effect of MgO content on the
breakdown strengths. However, it can be noticed that the optimal composition of MgO
in Al,O3 powder seems to be in the range of 10-25%. However, the breakdown strengths
of HVOFT7 and HVOF11 (39.2V/um and 40.3 V/pm, respectively) are in coherence with

the results presented in Figure 4.4 and reported in literature [23].

4.1.5 Effect of ambient conditions

The effect of temperature and humidity on the DC breakdown performance was studied for
alumina coatings (HVOF6B, PlasmaA and FlameA) [P8]. The DC breakdown strengths
(BDS) of the studied alumina coatings at 20-180 °C are presented in Table 4.1, where
the results are based on 10-15 parallel breakdown measurements. The highest BDS is
obtained for HVOF6B at all the ambient conditions and the lowest one for FlameA.
Figure 4.10 shows the Weibull distributions of the coatings at all the studied ambient
conditions. The lowest Weibull § values in Table 4.1 are obtained for PlasmaA indicating
the highest deviation in the breakdown distribution. Below 200 °C, the temperature does
not affect the breakdown strength of ceramic coatings notably since only some minor
differences can be seen. The obtained results are in coherence with results obtained by
Dutarde et al. [34] since they noticed that increasing temperature from ~20°C to 80°C
has no influence on the BDS of bulk alumina. Although the higher absolute humidity
conditions seemed to decrease the BDS of HVOF6B alumina, similar effect is not seen
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Figure 4.10: Weibull distributions of HVOF6B, PlasmaA and FlameA coatings at 20—
180°C. In order to ensure a visually good figure, the confidence bounds are not presented.
The breakdown fields at various breakdown probabilities and Weibull 8 are presented in
Table 4.1.
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Table 4.1: The breakdown fields of the alumina coatings at the breakdown probabilities of 10%, 63.2% and 90% at 20-180 °C and Weibull
B. The statistical analysis of the breakdown data was performed using Weibull++ software and the least-square regression method was
used in parameter estimation. The goodness of the fit results can be expressed by correlation coefficient, A. The closer to 1 A is, the better
the fit is. A was 0.91-0.97 for HVOF6B, 0.93-0.98 for PlasmaA and 0.93-0.98 for FlameA. [P8]

BDS of HVOF6B (Vpm™1) BDS of PlasmaA (Vyum™1!) BDS of FlameA (Vpm™1)
Eiow o, Eezon  Eoow B Eiw o Eezon FEow B Eiw o Eezan  Eow B
20°C/RH 20%  22.9 35.1 41.2 5.3 8.6 194 26.2 2.8 12.5 14.1 14.7 193
20°C/RH 45%  29.5 39.2 43.5 7.9 8.7 18.7 24.8 3.0 11.8 13.8 14.7 143
40°C/RH 20%  27.2 38.7 44.1 6.4 17.2 21.2 22.9 10.8 16.3 17.6 18.1  30.2
40°C/RH 45%  29.0 35.6 38.5  10.9 8.8 16.8 21.3 3.5 10.7 124 13.1 154
60°C/RH 45%  22.9 27.6 29.6 12.0 11.6 17.3 20.0 5.7 11.6 14.2 15.3 11.1
120°C 24.1 33.9 38.5 6.6 18.8 27.0 30.9 6.2 17.7 21.7 23.4 11.0
180°C 24.6 35.0 39.9 6.4 8.1 18.4 24.9 2.7 17.7 22.1 24.0 10.3
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4.1.  Short-term breakdown strength of alumina and spinel coatings

for other coatings, and it may be concluded that humidity did not directly affect the
breakdown strength.

At 120°C and 180 °C, the breakdown strength of FlameA is higher than the BDS at
the low temperatures. It is rather obvious particularly for FlameA that at the higher
temperatures (120 °C and 180 °C) moisture is partially escaped from the porous coating,
and thus the BDS increases in comparison to the 20-60 °C results. Pawlowski [28] noticed
that the relative permittivity of plasma sprayed alumina coating decreased after a long
period (48h) at 120 °C which was linked to the hygroscopic nature of the coatings which
enables the moisture to penetrate into the coating easily. Although the samples were
in an oven for a shorter period (1-2h) than in [28], the heat treatment most probably
removed part of the moisture from the porous coating in this study, too. This may explain
the higher breakdown strengths of FlameA at 120 °C and 180 °C.

Since the ceramic coating may also be used at notably higher temperatures than 180 °C,
the breakdown measurements were extended to higher temperatures (200-800 °C). Figure
4.11 presents the breakdown strength of the HVOF alumina coating (HVOF6B) as a
function of temperature. The BDS is at a quite similar level from 20 °C to 200 °C although
the deviation between the parallel samples is quite large in many cases. Interestingly, the
deviation between parallel samples is remarkably lower at higher temperatures (above
350°C) which can be seen as a high 8 in Figure 4.11. Above 300°C the breakdown
strength starts to decrease reaching the value of 5.2 V/um at 800 °C which is 14% of the
BDS at 20°C/RH 20%. Yoshimura and Bowen [102] made almost similar observation
for polycrystalline alumina since the breakdown strength decreased gradually from room
temperature (90-100 V/pm) to 900 °C (~25V/um). Above 900 °C, the BDS of alumina
decreased at much higher rate and it was only 2 V/pm at 1400 °C [102].
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Figure 4.11: The breakdown strength of HVOF6B at 200-800 °C. The breakdown strength
of HVOF6B (Weibull ) and Weibull 3 at 20-180 °C are presented in Table 4.1. [P§]
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4.1.6 Effect of ramp rate on the breakdown strength

Possible ramp-rate-effect was studied in [P4] by utilizing two different ramp rates for
HVOF sprayed alumina coating (HVOF5). In literature [141, 142], the ramp rate is found
to affect the breakdown strength of certain insulation materials, with a higher ramp rate
giving higher breakdown strength for the material due to the space charge phenomena. At
the ramp rate of 100 V/s, the breakdown strength is 31.8 V/pm and Weibull g is 10.5. At
10 times higher ramp rate (1000 V/s), the breakdown strength is 32.1 V/pm and Weibull
[ is 14.7. As the breakdown strength distributions of different ramp rates are practically
the same (see Figure 4.12), the ramp rate does not affect the breakdown strength, and
thus the effects due to space charge accumulation cannot be noticed. Owate & Freer [103]
observed similar behavior for bulk alumina since the breakdown strength was noticed to

be independent of the rate of voltage rise.
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Figure 4.12: The breakown strength of the alumina coating (HVOF5) with two different
ramp rates in Weibull plot. The shaded areas present the 90% confidence bounds [P4].

4.2 Step-by-step increased breakdown strength of alumina and

spinel coatings

In addition to linearly ramped breakdown tests, the breakdown tests were also performed
increasing the DC voltage step-by-step. In [P4], the step-by-step tests were carried out
with step durations of 6 min and 60 min for HVOF alumina coating (HVOF5). The
6min step tests were started at the voltage of 250V (E=1.2V/pm) which was the
step size as well. The 60 min step measurements were started at the voltage of 4000V
(E=~18.6 V/um) with the step size of 500 V.

Since the step voltage was two times higher in the 60 min tests than in the 6 min tests,

the test “resolution” in the 60 min tests decrease to some extent. In the 60 min tests, the
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4.8.  Long-term breakdown performance of alumina and spinel coatings

times to breakdown varied from 100 min to 236 min. In the 6 min tests, this variation
was from 121 min to 159 min. Thus, the total duration was at a quite similar level in
both test types. The mean breakdown strength was 23.9 V/pm in the 60 min tests and
27.2V/um in the 6 min. Hence, only a minor difference can be seen since the standard
deviation was 2 V/pum in both tests.
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Figure 4.13: Mean DC breakdown strengths of the coatings from the linear ramp rate and
from the step measurements (250 V/ 10min). The error bars present the experimental
standard deviations of parallel measurements (15 tests in linear ramp tests and two or
five tests in step tests). [P7]

In [P7], the step-by-step increased breakdown voltage tests were made for several
HVOF coatings (HVOF5, HVO6B, HVOF7-9 & HVOF11) and one plasma sprayed
alumina coating (PlasmaA). In these tests, the step duration was 10 min and the starting
voltage was 250 V which also was the step size. Figure 4.13 presents the mean breakdown
strengths of the coatings when the voltage was increased either linearly or step-wisely.
For plasma sprayed alumina coating (PlasmaA), the deviation between parallel samples
in linear ramp tests is remarkably higher and due to this the breakdown strength is
practically the same in step-test and ramp-test. For HVOF coatings, the step-test
breakdown strengths are lower than the ramp-test breakdown strengths. The difference is
from 3.9 V/um (HVOFS5) to 18.7V/um (HVOF8). The step-test breakdown strength is
lower than the ramped one due to the clearly longer stress durations in the step tests. The
differences thus give an estimation of the effects of electric stress duration and possible

time dependent degradation of the coatings.

4.3 Long-term breakdown performance of alumina and spinel

coatings

In order to evaluate long-term breakdown performance of ceramic coatings, DC voltage

endurance tests were performed for one alumina coating (HVOF6B) and one spinel coating
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(HVOF11) at room temperature conditions. The test was started with a constant electric
field of 10V/pm and a duration of 1000h. Since remarkable changes in the sample
currents were not observed or breakdowns did not occur, the electric field was increased
to 15V /pm for seven days (168h). After this test, no remarkable changes were noticed
and the test was continued with following procedure: the test field was increased in the
steps of 2.5V /um until 25 V/um so that the duration of each test field was 168 h. Thus,
the total test duration was 1840 h.

Figure 4.14 presents the measured currents of the whole test period for the alumina
coating (HVOF6B) as well as the breakdown events. Figure 4.15 presents the measured
currents and the breakdown events for the spinel coating (HVOF11). As it can be observed
from the figures, the measured leakage currents varied to some extent which can be linked
to the small changes in the air humidity since the measurements were performed at room
temperature where the air humidity varied some amount. The observed relationship
between leakage currents and air humidity is understandable since the coatings have
moisture sensitive nature when they are tested as-sprayed. This relationship between the
leakage currents and air humidity will be discussed in detail afterwards in this sub-chapter.

As it was mentioned earlier, at 10 V/pum no breakdowns occurred but at the higher
fields three breakdowns occurred for both materials. The detailed times to breakdown
are presented in Table 4.2. As it can be seen from Figure 4.14, the breakdowns of the
alumina coating, HVOF6B, at 15V /pm and at 22.5V/um occurred almost immediately
after the voltage was increased. At 25V /nm, the breakdown occurred in the end of the
test period. All the breakdowns of HVOF6B occurred quite suddenly and no slow current
increase was seen before the breakdown or no high variation in the leakage currents was
observed. Thus, no clear degradation process was noticed by leakage current and the
observed breakdowns of HVOF6B can be thought to be weak-points of the material. Six
samples out of the nine withstood the whole test period without any significant changes

in the currents.

Table 4.2: Breakdown events during the voltage endurance test.

Material Breakdown events

HVOF6B  1001h, 15V/pm 15061, 22.5V/pm  1825h, 25V /pm
HVOF11 1328h, 17.5V/pm  1336h, 20V/pm  1419h, 20 V/pm
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Figure 4.15: The measured leakage currents of the samples of the spinel coating (HVOF11) during the whole test time presented in the left
side y-axis and electric field is in right y-axis. The red arrows show the breakdown events. After the 1st and 2nd breakdowns, the voltage
was increased back the set value quite rapidly and thus no long breaks can be seen in current measurements. However, the 3rd breakdown
occurred during a weekend which caused a longer break in the test but this break was compensated by extending the test so that the 168 h
was gathered totally.
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4.8.  Long-term breakdown performance of alumina and spinel coatings

For the spinel coating (HVOF11), the first breakdown at 20 V/um occurred also
suddenly just few minutes after the voltage was increased without any slow current
increase indicating most probably a weak-point of the material. However, two other
breakdowns of the spinel coating occurred differently since the current started to increase
slowly before the breakdown occurred, see Figure 4.15. At 17.5V/pm, the current
increased for 126 h before breakdown and the increase was almost two decades just before
the breakdown. In the second breakdown at 20 V/pm, the increase lasted 84 h and the
current increased almost three decades before the breakdown. This kind of current
behavior can indicate a material degradation process. However, six samples out of the

nine withstood the whole test period without significant changes in the currents.

In general, the current levels were at quite similar level during the whole test, and thus
no clear aging can be noticed. Interestingly, it can be seen from Figures 4.14 and 4.15
that after the first 1000 h, the current decreased although the electric field increased. The
measurements were made at room temperature conditions, not at controlled conditions,
which most probably explain the difference between the current values. The first test at
10 V/pm was made during summer time while the higher field tests (15-25V /um) were
performed during winter time i.e. four months after the first test period was ended. In
Finland the air humidity is typically much higher in the summer time than it is in the

winter time when the air humidity is low due to the cold period.

At the higher field tests, the temperature and relative humidity was recorded with
Vaisala Humicap hand-held humidity and temperature meter HM70. Figures 4.16 and 4.17
present the measured currents at 15 V/pm and 17.5 V/num together with the measured
relative humidity. It can be observed clearly that the measured leakage currents follow
the air humidity. This similar trend in the currents are also seen at the higher fields
(20-25 V/pm). Previous short-term studies [P2, P8] have shown that the air humidity
affects the dielectric properties since the ceramic coatings have moisture sensitive nature.
However, when the long-term measurement procedure was defined, it was thought that
at room temperature conditions small air humidity variations would affect only a little
the measured leakage currents. As the results showed, the humidity affects the currents
quite remarkably although the relative humidity was only 10-30% in the higher field
tests. However, when the measurements were made at slightly varying room temperature
conditions instead of utilization controlled conditions, e.g. 20 °C, 20%, the test conditions
reflect the variation of realistic ambient conditions and thus also the possible stresses on
the specimens.

Although the general current levels for both materials were at quite similar level, at
the higher test fields (above 17.5V/num) for some of the samples partial charges (PD)
occurred at the edges of the embedded electrodes on the coating surfaces, see Figures 4.14
and 4.15. Especially, PDs occurred on the samples of the spinel coating (HVOF11)
particularly at the fields of 22.5V/um and 25 V/um but the PD activity started for some
of the samples at 17.5V/pm. However, these PDs did not cause breakdowns. Some

amount of PDs was also observed for the alumina coating but the activity not as high as
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Figure 4.16: The measured currents of the alumina coating (HVOF6B) at the electric
fields of 15V /pm and 17.5V/pm as a function of time as well as the measured relative
humidity (marked as dark gray) during the same time period. Current data for Sample 3
is not shown since the sample broke down right after the field was increased to 15V /pm.
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Figure 4.17: The measured currents of the spinel coating (HVOF11) at the electric
fields of 15V /pm and 17.5V/pm as a function of time as well as the measured relative
humidity (marked as dark gray) during the same time period. In order to help a reader
to distinguish the the relationship between current and humidity well, the current data of

Sample 6 is not presented since the material degradation/slow current increase started at
17.5V /pm.
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4.8.  Long-term breakdown performance of alumina and spinel coatings

it was for the spinel coating. Some PD activity was noticed already at 17.5V/pm and
20 V/pm for some of the samples but at 25V /pm the increased amount of PDs caused
eventually a breakdown for one sample of HVOF6B. As a conclusion, it can be said that
the both materials withstood well the surface discharges and only one sample of the

alumina coating broke down after the increased amount of surface discharges.

According to the long-term test, a possible service stress field can be estimated. Since
the total tested area was quite small being approximately 9 cm? per material, breakdowns
are not allowed when determining the possible service field. Thus, for both coating
materials the safest choice as possible maximum service field at normal ambient conditions
can be evaluated to be approximately 10 V/pm. This evaluation is based on the fact
that the lowest breakdown fields were roughly two times higher. For the spinel coating,
a slightly higher field (15V/pm) might be still possible at normal ambient conditions,
at least for shorted periods since the first breakdown occurred at the field of 17.5V /um.
However, for the alumina coating the field of 15 V/pm is most probably too high because
the first breakdown occurred at this field. Although that breakdown may have been an
exceptionally weak point, it also introduces a true risk of breakdowns. At the higher
fields, more breakdowns occurred for both materials which can indicate that these kind of
stress levels already may introduce an increased breakdown possibility. In this instance,
it shall be reminded that for final service stress decisions larger amount of tests for the
specific coatings are required. The performed tests mainly serve as an overall evaluation
of possible service field range at normal operating conditions. Naturally, also the planned

life-time of the insulation plays a key role in this kind of decisions.

When a consideration of the possible service stress field is made, a following comparison
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Figure 4.18: Short-term DC breakdown strengths of the alumina coating (HVOF6B) and
the spinel coating (HVOF11) presented in Weibull plot where the shaded areas present
90% confidence bounds. The gray rectangle shows the stress region where the long-term
breakdown tests were made.
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between the short-term and long-term breakdown performance can also be made. Figure
4.18 presents the short-term breakdown strengths in a Weibull plot where the long-term
test range is presented together with the short-term distributions. It can be observed that
the short-term Weibull distribution of the spinel coating is out of the electric field region
where the long-term tests were made. However, for the alumina coating the situation is
different. When the short-term breakdown probability of the alumina coating is below
10%, this is in the electric field range of 17.5-25 V/pm. This strengthens the fact that the
suitable maximum service stress level for the alumina coating is 10 V/um. This electric
field of 10 V/um is 29% of the short-term Weibull « of the alumina coating and 25% of
the short-term Weibull « of the spinel coating.

Finally, a comparison between different materials can be discussed. Almost all the
short-term measurements have shown that the HVOF sprayed spinel coatings exhibit
better dielectric performance than HVOF sprayed alumina coatings. According to this
long-term test, this kind of clear difference cannot be seen although the first breakdown
of the alumina coating occurred at the lower field strength. At high humidity conditions
spinel coatings might be slightly better material choice due to their stable thermodynamic
properties which furthermore affects their dielectric performance [P2, P8]. However, both
coating materials are moisture sensitive at high humidity. All in all, the differences

between the tested coating materials can be thought to be quite small.

4.4 Considerations and implications

In this chapter, a suitable breakdown voltage measurement method was determined for
thermally sprayed ceramic coatings. The suitable method is a test with a silver electrode
embedded on a coating surface and no oil immersion was utilized. According to the
short-term breakdown strength results (voltage ramped linearly), following concluding

discussion can be made:

o In general, spinel coatings have higher breakdown strength than alumina coatings.
In addition, the HVOF sprayed coatings are more promising alternative due to the

higher breakdown strength than APS and flame sprayed coatings.

o The porosities defined from cross-sectional micrographic images are rather similar
between different coating materials, and due to this no clear correlation between
porosity and breakdown strength can be observed. In some test series, high gas
permeability (volumetric porosity) can explain the lower breakdown strength of
those coatings but this correlation cannot be seen for all coatings. The observations
emphasize that the coating structure is complex and it is difficult to find clear

correlations between one specific material property and breakdown performance.

o Increasing the relative humidity has no significant effect on breakdown strength of

ceramic coatings.
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e In the temperature range of 20-180 °C, temperature has only a minor effect on
the breakdown strength of alumina coatings but in the range of 300-800 °C the
breakdown strength of alumina coating decreases gradually being only 14% of the
value obtained at 20 °C/RH 20%.

According to the long-term breakdown performance test, a suitable maximum service
stress level for the tested HVOF alumina and spinel coatings can be in the range of
10 V/um which is approximately 25-30% of the short-term breakdown strength (Weibull
a) since at this electric field the coatings withstood 1000h without any breakdowns.
At the higher electric fields (15-25V/pm), some breakdowns occurred but neither of
the tested coating materials was destroyed completely during the test. According to
the long-term test, it cannot be said that either of the studied materials had evidently
better performance. Finally, the operation environment and the planned life-time of an

application determines the chosen material and service field.
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CHAPTER 5

DC conductivity /resistivity

In addition to the breakdown performance, DC resistivity is one of the main dielectric
properties for insulating materials. Typically, DC resistivity of thermally sprayed alumina
and spinel coatings are measured only at low electric fields, and a detailed study of possible
conduction mechanisms are not conducted for the coatings, only for bulk alumina. In this
chapter, an overview of the DC resistivity of various thermally sprayed ceramic coatings at
low and high electric fields are given. The role of microstructure and ambient conditions
on the DC resistivity of various ceramic coatings are discussed, and a detailed conduction
mechanism study is performed in order to define a suitable conduction mechanism for

ceramic coatings.

5.1 DC resistivity of alumina and spinel coatings at low electric
fields

Figure 5.1 presents the DC resistivity of thermally sprayed alumina and spinel coatings
at 20 °C/RH 20%. The resistivities of the ceramic coatings are ohmic only at low electric
fields, and at higher electric fields the resistivity decreases rapidly indicating non-linear
conductivity. According to author’s knowledge, similar non-linear conduction behavior
has not been reported for ceramic coatings in literature prior to [P1] where the non-ohmic
conduction behavior of HVOF sprayed MgAl,Oy4 coating (HVOF13) was reported. As
Figure 5.1 indicates this behavior exists for almost all the studied coatings in the studied
electric field range (0.1-5V/num) [P2, P4, P5, P6, P7, Pg|.

As it can be seen from Figure 5.1a—b, DC resistivity of HVOF and plasma sprayed
Al;O3 and MgAl,O4 coatings are ohmic in the electric field range of 0.1-0.5V/pm. In
this field range, the obtained resistivities are ~1 x 10'2 Qm being in coherence with the
resistivities reported in literature for bulk aluminas [34, 36] and for APS and HVOF
sprayed Al,O3 and MgAl,O4 coatings [23, 28, 29]. In the non-ohmic region (0.5-5V/um),
the resistivity decreases 1-2 orders of magnitude depending on the material. In general,
the DC resistivities of spinel coatings are slightly higher than the resistivities of alumina

coatings which is in coherence with the results reported by Toma et al. [23].
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Figure 5.1: DC resistivity of the studied coatings as a function of electric field (log-log
scale) at 20 °C/RH 20%: a) Al,O3 coatings [P4, P5, P7, P8], b) MgAl,O,4 [P1, P2, P5],
and c) AlpO3-MgO coatings [P6, P7]. Resistivity values at the electric fields of 0.5V /pm
and 2V /pm are also given in Table A.1.
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The rod flame sprayed alumina coating (FlameA) is ohmic below 0.5V /pm being
at similar level with HVOF and APS alumina coatings. However, the spinel coating
(FlameB) is non-linear during the whole measuring electric field range being clearly lower
in comparison to the resistivities of HVOF and APS spinel coatings. When the electric
field increases from 0.1 to 2.8 V/pm, the resistivity of FlameB decreases approximately
four decades being thus very non-linear. Almost similar decrease in the resistivity
can be noticed for flame sprayed alumina coating (FlameA) in the non-linear region
(0.5-4.4V/pm).

Figure 5.1c) shows the DC resistivities of HVOF sprayed Al,O3-MgO coatings
(HVOF7-12). In this test series, the Al;O3 powder was similar and the amount of
MgO was varied (0-65%). Although the resistivity of HVOF7 (100% AlyO3) is the lowest
one of the test series HVOF7-12, it is at a similar level with the resistivity of alumina
coating HVOF2 which exhibits the highest resistivity of all the studied alumina coatings.
Adding MgO in the Al;O3 powder increases the resistivity of the coatings because the
resistivity of HVOF8 (10% MgO) is slightly higher than the resistivity of HVOF7 (0%
MgO). When the amount of MgO is from 25% to 65% (HVOF9-HVOF12), the DC
resistivity is even higher, being approximately at the level of 1.5 x 10'3 Qm, for all these
compositions. These coatings exhibit the highest resistivities of all the coatings in this
thesis and in literature [11, 23, 28, 29]. Furthermore, the non-ohmic behavior cannot
be seen for these coatings (HVOF9-HVOF12) at the studied field strengths. However,
the coatings with low amount of MgO (HVOF7 & HVOFS) exhibit similar non-ohmic
resistivity as the other studied coatings (Figure 5.1a-b) when the electric field is above
2V/pm. Thus, it can be concluded that adding MgO 25% or more into AloO3 powder
improves the DC resistivity of HVOF sprayed coating at low electric field strengths.

5.1.1 Role of microstructure

Thermal spray method yields to a special layered microstructure. SEM/BSE cross-
sectional morphologies are presented in Figure 4.8 and in Figure 5.2 showing the lamellar
microstructure of the coatings and the porous nature. Additionally, the crystalline and
amorphous regions formed during the rapid solidification of the splats which can be
observed in the figures. As it was discussed previously, the porosities determined from
the cross-sectional micrographs were found to be relatively similar to all the coatings
and more significant differences can only be seen in the gas permeabilities (Table 3.1).
This can be linked to the fact that gas permeability provides a more accurate estimate
for the volumetric porosity than the porosity determined from a single cross-sectional
micrograph.

The coatings always exhibit some number of vertical cracks but long cracks can be
problematic for an insulating coating. For some coatings, it is noticed that the high gas
permeability can indicate high amount of long vertical cracks which can be observed
from the cross-sectional micrographs, e.g. HVOF3, HVOF10 & HVOF12, see Figure 4.8
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a) HVOF1 b) HVOF4

c) HVOF2 d) HVOF3

e) HVOF5 f) HVOF6B

g) PlasmaA & e Y, G IB FlameA

Figure 5.2: The SEM/BSE cross-sectional figures of thermally sprayed spinel coatings (a—
b) and alumina coatings (c-h) at the 1000x magnification. Black image regions correspond
to void type imperfections, while in general the light gray regions indicate crystalline
material and slightly darker gray correspond to amorphous regions. h) Unmelted regions
can be seen mainly for rod flame sprayed alumina coating. [P5, P4, P7, P§]
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and Figure 5.2. For HVOF10 and HVOF12, these cracks have been found to decrease
the breakdown strengths but similar decrease cannot be seen in the DC resistivity [P6].
However, for the alumina coating HVOF3 high gas permeability and high amount of
vertical cracks are most probably reasons for the lower DC resistivity in comparison to
that of alumina coating (HVOF2) [P5]. HVOF2 and HVOF3 were deposited of otherwise
similar powder but the powder particle size of HVOF2 was lower (2-10 um) than that of
HVOF3 (5-25um) [P5].

Tt was also noticed in [P5] that utilizing smaller particle size can cause thinner lamellae
in a coating which can further cause higher DC resistivity of HVOF2. Similar observation
was also made for the studied spinel coatings (HVOF1 & HVOF4) although the coatings
were deposited from different MgAl,O4 powders [P5]. However, the difference in the DC
resistivity is smaller in the spinel coatings than in the alumina coatings, which emphasizes
the fact that several microstructural features together affect the DC resistivity. Thus,
it is difficult to distinguish exactly the effect of one feature or parameter, particularly,
because it is often impossible to change only one property of a coating.

The studies in [P5] showed that the thicknesses of crystalline and amorphous lamellae
have some effect on the DC resistivity. In order to study this more, a detailed analysis
of the lamellar morphologies was done for one test series (HVOF7-HVOF12) [P6]. The
idea of the test series (HVOF7-12) was to vary the amount of MgO (0%-65%) and keep
the other parameters the same. The analysis was done by converting the SEM/BSE
images into binary pixel matrices corresponding to the crystalline and amorphous areas,
see Figure 4.8. Additionally, Figure 4.8 presents the calculated crystalline domain sizes of
the coatings. While HVOF9 (25% MgO) and HVOF12 (65% MgO) were found to exhibit
slightly more compact amorphous—crystalline regions, the overall differences remained
small and showed no clear correlation with the MgO-content or DC resistivity at the
studied low electric fields.

The rod flame sprayed coatings have remarkably lower resistivity than HVOF and APS
coatings which can be linked to their different microstructures. Due to the lower particle
velocities in rod flame spraying, the microstructure of rod flame sprayed alumina coating
differs from HVOF and APS sprayed alumina coatings, see Figure 5.2 [P8]. Furthermore,
the flame sprayed alumina coating, FlameA, has slightly higher porosity than the HVOF
and APS alumina coatings, see Table 3.1. Similar trend can be seen for the spinel coatings
since the flame sprayed spinel coating, FlameB, has the highest gas permeability in
comparison to HVOF (HVOF13) and APS coatings (PlasmaB) (Table 3.1) [P2].

5.1.2 Effect of temperature and humidity

The effect of temperature and humidity on the DC resistivity was studied for HVOF, APS
and rod flame sprayed sprayed AloOs and MgAl,O4 coatings [P2, P8]. The temperature
range was 20-60 °C while the relative humidity was varied from 20% to 90%. The studied
alumina coatings were HVOF6B, PlasmaA and FlameA [P8] and the spinel coatings
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were HVOF13, PlasmaB and FlameB [P2]. In order to stabilize the coating to the
measurement condition, the samples were kept for three hours in the climate room before
the measurements. Since the coatings have non-ohmic conductivity starting from quite low

electric fields, the resistivity was measured as a function of electric field (0.1-2.5 V/pm).

Figure 5.3 presents the DC resistivity of the AloO3 and MgAl,O4 coatings as a function
of electric field at the studied ambient conditions. In addition, Table 5.1 shows the DC
resistivities at the electric field of 0.3 V/pm. It can be noted that at 20 °C/RH 20% the
resistivities of all the coatings are at quite similar level (~1 x 1012 Qm) at the lowest
electric fields. However, at higher humidities and temperatures more differences can be

seen, in particular, for the alumina coatings.

At 20°C/RH 20%, the resistivities may be analyzed to be ohmic at the lowest electric
fields. Roughly above the electric field of 0.5V /pm, non-linear conductivity can be
generally observed for all coating types, except for flame sprayed coatings, which showed
non-linear behavior throughout the measurement range. Interestingly, the non-ohmic
behavior cannot be seen for the flame sprayed alumina (FlameA) when the temperature
and humidity increased above 20°C/RH 20%. For HVOF and APS alumina coatings
(HVOF6B and PlasmaA), the non-ohmic conductivity can be seen at 20 °C/RH 45% and
40°C/RH 20% but not at higher temperatures or humidities. The conductivity caused
by observed moisture most probably overruns the non-ohmic behavior of the alumina
coatings at high absolute humidities. For the spinel coatings above-mentioned behavior
cannot be seen. The resistivities of HVOF and APS MgAl;O,4 coatings are decreasing
with increasing temperature and humidity but at least some non-ohmic behavior can be
noted in all results. However, flame sprayed MgAl,0O,4 coating exhibits similar behavior

with alumina coatings at the highest absolute humidities but the resistivities are at higher

Table 5.1: DC resistivity of the alumina and spinel coatings at different ambient conditions
at electric field of 0.3V /pm. [P2, P§]

HVOF6B HVOF13 PlasmaA PlasmaB FlameA FlameB

T RH p p p p p p
(Qm) (Qm) (Qm) (Qm) (Qm) (Qm)

(°C) (%)

20 20 1.3x102 20x10'2 23x102 43x102 53x101 6.2x 101

20 45 32x109 1.0x10'2 24x10° 1.7x102 29x107 2.5x10!!

20 70 5.9x10° 1.1 x 108 8.2 x 106

20 90 1.8 x 107 1.2 x 107 5.6 x 106

40 20 24x10° 6.8x 10" 21 x10° 1.3x102 49x10% 1.2x 10
40 45 58x107 1.6x 10 43x107 20x 10" 56x10° 2.3 x 10°
40 70 1.7 x 107 1.3 x 107 5.4 x 109

60 20 1.0x10° 1.9x10" 71x10% 3.2x10" 19x10®% 5.6x 107
60 45 4.1x107 1.5x10%° 38x107 1.0x10° 50x10% 1.1 x 108
60 70 5.9 x10° 6.0 x 106 3.5 x 106
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Figure 5.3: DC resistivity of the HVOF, plasma and rod flame sprayed Al,O3 [P8] and
MgAl,O4 [P2] coatings as a function of electric field at different ambient conditions.

Y-axis is logarithmic.
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Chapter 5. DC conductivity/resistivity

level than flame sprayed alumina coating.

When the temperature or humidity was increased above 20 °C/RH 20%, the resistivities
of the alumina coatings decreased more than those of spinel coatings, see Figure 5.3. This
observation is well in line with literature since according to Toma et al.[23], the HVOF
and plasma sprayed spinel coatings exhibit higher resistivities at RH 30% and RH 95%
in comparison to the alumina coatings. It can be speculated that the alumina together
with water may form to aluminum hydroxide which can have a decreasing effect on the
resistivity [P8].

Increasing the relative humidity from 20% to 90% decreased the DC resistivity of the
alumina coatings five orders of magnitude at 0.3V /pm, see Table 5.1 [P8]. Similar decrease
can be seen for HVOF sprayed Al;O3-MgO coatings (HVOF7-HVOF12) [P6] but the
DC resistivities of the AloO03-MgO coatings (HVOF7-HVOF12) were at a higher level at
20°C/RH 20% than the resistivities of AloO3 coatings (HVOF6B, PlasmaA and FlameA),
see Figure 5.1 [P6, P8]. Toma et al. made similar observation in [23] when increasing the
relative humidity from 30% to 95% decreased the DC resistivity of HVOF sprayed alumina
coating from 1 x 10* Qm to 3 x 10° Qm but for HVOF spinel coating the decrease was
from 2.6 x 101 2m to 5.6 x 10° Q2 m. For the plasma sprayed (APS) alumina coating the
decrease was from 3 x 10 Qm to 2 x 10* Qm while for APS spinel coating the decrease
was lower being from 3.6 x 10 Qm to 3.2 x 10° Qm [23]. Luth et al. [11] noted also
that the DC resistivity of HVOF sprayed alumina and spinel coatings decreased with
increasing humidity (RH 43% to RH 75%) but the decrease was approximately 0.5-1 order
of magnitude. However, at RH 43% the DC resistivities were significantly lower than
in here (approx. 1 x 10°Qm for alumina coating and 1.5 x 10°~1 x 107 Qm for spinel
coating)[11].

Porosity partly affects the DC resistivity since the highest porosity alumina and spinel
coatings (FlameA & FlameB) exhibit the lowest resistivities at all conditions while HVOF
coatings (HVOF6B & HVOF13) exhibit the highest resistivities and correspondingly the
lowest porosities. Plasma sprayed coatings (PlasmaA & PlasmaB) have slightly lower
resistivity and higher porosity than HVOF coatings. Pawlowski [28] noticed that the most
porous plasma sprayed alumina coating exhibited the lowest DC resistivity which is well
in line with the results of alumina coatings (HVOF6B, PlasmaA & FlameA). However,
the high porosity (as indicated by relatively high gas permeability) did not affect the DC
resistivity of HVOF coatings (HVOF7-12) although the humidity increased from 20% to
90% [P6]. It may be concluded that high porosity of a coating does not automatically
decrease the DC resistivity.

As it was discussed in [23] and as the resistivity results indicate, the thermally
sprayed alumina and spinel coatings exhibit sensitivity to moisture absorption due to
the nature of the coating, the microstructure, and the phase composition of alumina
coatings. However, as indicated by the above analysis, it is very difficult to clearly
distinguish between the exact effects of any individual microstructural or other detail on

the resistivity with increasing humidity. Due to this, only above-mentioned speculations
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5.2. DC conductivity of alumina and spinel coatings at high electric fields

can be made. However, all the coatings can absorb notable amount of moisture which can
significantly decrease the resistivity. The alumina coatings are stabilizing to the range of
1 x 1071 x 108 Qm at high humidity and the resistivity seems to turn from originally
field dependent behavior to linear behavior [P8]. Interestingly, the spinel coatings are
in the range of 1 x 103-1 x 10! Qm even at the highest absolute humidities and the
resistivity is still non-linear, except for rod flame sprayed coating [P2]. Thus, it can be
concluded that in comparison to alumina coating spinel coating is more resistant to the

resistivity decrease at humid conditions.

5.2 DC conductivity of alumina and spinel coatings at high

electric fields

The low field DC resistivity measurements presented in Sub-chapter 5.1 were performed
with utilizing Keithley electrometer. However, the maximum voltage of the power supply
in Keithley electrometer is 1kV limiting the measuring field to ~5V/num for typical
coating samples. In order to measure the DC conduction behavior at higher fields, a new
measurement setup was developed in [P4] enabling resistivity measurements during the

step-wisely breakdown tests.

5.2.1 General behavior of DC conduction currents

In [P4], the conduction current of HVOF sprayed alumina coating (HVOF5) was measured
when the voltage was increased step-wisely until a breakdown with two different step
durations and voltages (250 V/6 min & 500V /60 min). In [P7], the same measurement
setup was utilized to perform conduction current studies for several different coating
types (HVOF5, HVOF6B, PlasmaA, HVOF7-9 & HVOF11) with one step duration and
voltage (250 V/10 min).

Figure 5.4a) presents the measured currents of the HVOF alumina coating (HVOF5)
as a function of time when the test was started at the voltage of 4000V with a step
voltage of 500V and a step duration of 60 min [P4]. In this test, three parallel samples
of HVOF5 were tested (L2, L3 and L5). The conduction behavior of the samples 1.2
and L5 are very similar since the conduction currents stabilize during the last full steps,
4.5kV and 5.0kV, respectively. The conduction currents are stable until the current start
to increase just two minutes before the breakdown indicating some degradation (for L2
Up=5.0kV and for L5 U,=5.5kV). The conduction current of L3 starts to slightly increase
already in the middle of the first voltage step (4kV) and the increase continued at the
second voltage step (4.5kV). This behavior indicates that a material degradation process
starts already at the first voltage step (4.0kV). Before the final breakdown, the current
of L3 increases similarly as the currents of the two other samples.

Figure 5.4b) presents the current data from the 250 V /6 min test performed for five
parallel samples of HVOF5 (S1-S5) [P4]. During the first step (~1V/pm), the currents
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Figure 5.4: a) Measured DC current of three HVOF alumina coating samples (HVOF5) as
well as the step-by-step voltage as a function of time when the step duration was 60 min
and a step voltage of 500 V. The test was started at the voltage of 4kV. b) Measured
DC currents of five HVOF5 samples as a function of time in 6 min/250V step tests when
the test was started at voltage of 250 V.

stabilized quite well by the end of the measurement period although the values vary to
some extent. At the second step (~2V/pm), the currents of samples S3 and S4 stabilize
while the currents of the other samples start to gradually increase with time. At the
higher voltage levels, all the currents do not stabilize during the measurement periods
indicating that the material is in the non-ohmic conduction region. When the applied field
is 812V /um (17502750 V), the currents of parallel samples stabilize at quite similar
level. At 25V /num (5500V), the currents of samples S3-S5 start to gradually increase
indicating some degradation of the material. The degradation process cannot be seen
for samples S1 and S2 since they broke down suddenly at this voltage level. Actually,
these two samples had higher current levels than the other samples during the whole test

duration.

78



5.2. DC conductivity of alumina and spinel coatings at high electric fields

In [P7], the DC conduction currents of several different HVOF coatings (HVOF5,
HVO6B, HVOF7-9 & HVOF11) and APS alumina coating (PlasmaA) were studied in
250 V/10min steps. Figure 5.5a)—g) presents the measured currents for each sample of
these coatings as a function of time when the voltage was increased step-wisely until a
breakdown. In addition, the breakdown strengths defined from these measurements are
presented in Figure 5.5h). It can be noticed that the coatings exhibit strong non-linear
voltage—current relationship and a quite large deviation in breakdown results as well as in
the conduction currents between the parallel samples. It can be observed from Figure 5.5
that the coatings exhibit a “transition-field” region where highly non-ohmic conductivity
is increasing to a new current level until breakdown occurs which is well in line with the
measurements made with the steps of 250 V/6 min & 500 V/60 min for HVOF5 in [P4],
see Figure 5.4.

In [P7], the focus was to compare the DC conductivities of the different coating
materials in a more general sense rather than to determine the DC conductivity of only
one type of coating material in detail using a very large number of parallel samples. The
conduction current behaviors of the HVOF coatings sprayed using commercial alumina
powders (HVOF5 and HVOF6B) are quite similar although the absolute current values
differ. In addition, it can be noted that one of the samples of HVOF5 coating differs
significantly from the other four samples. The conductivity of plasma sprayed alumina
(PlasmaA) is generally at a similar level with the alumina coating HVOF6B. However,
in “the transition field” region with non-ohmic conduction the current of plasma coating
changes more rapidly than the currents of HVOF coatings. The conduction current
behavior of HVOF7 and HVOFS is very similar which is understandable due to the similar
amounts of MgO (HVOF7 0%, HVOF8 10%) added in the same Al;O3 powder. The
conductivity of HVOF9 (25% MgO) is very similar with alumina HVOF5 although the
actual current level of HVOF9 is lower than the current of HVOF5. Three of five parallel
samples of HVOF11 (50% MgO) did not break down until the maximum voltage of the
power supply was reached. In addition, the current levels of those three samples were
significantly lower than the currents of the samples which broke down. Although there
are clear general differences between the materials, the typical current levels just prior

the breakdown events were approximately at a level of ~1 x 10% A for all the coatings.

5.2.2 High field DC resistivity of coating

From the step wisely increased voltage and current data, an estimation of DC resistivity
can be made at higher electric fields [P4]. It is considered as estimation because the
DC current did not fully stabilize during the 6 min measurement periods [P4]. However,
the estimations are rather good (i.e. currents were close to the stabilized levels). The
resistivities were defined at the end of each voltage step.

The DC resistivity of HVOF sprayed alumina coating (HVOF5) as a function of electric

field is presented in Figure 5.6 where it can be seen that the resistivity can be divided
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Figure 5.5: a—g) The measured DC currents of the studied materials as a function of time.
The start voltage was 250V which corresponds the electric field of ~1V/pm. The red
stars and the dashed lines indicate the occurrence of a breakdown (current and voltage,
respectively). It should be underlined that breakdown occurred only for two out of five
samples for HVOF11 since the maximum voltage level of power supply was reached. h)
The breakdown strengths of the studied coatings where the cross presents the individual
breakdown event and the bar indicates the deviation between the minimum and maximum
breakdown fields. For HVOF11, the upper limit of the bar presents the maximum electric
field reached for the samples which did not break down during the tests. [P7]
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5.2. DC conductivity of alumina and spinel coatings at high electric fields

in four operating regions. Below 0.5 V/jm, the resistivity is ohmic being ~1 x 102 Qm.
From 0.5V/pm to 812V /nm, the resistivity is non-ohmic and decreases approximately
three decades reaching a new level. From 8-12V/um to 25 V/nm, the resistivity is again
ohmic being ~1 x 10 Qm (except one sample, S3). The resistivity of the other HVOF
alumina coating (HVOF6B) is quite similar. However, the actual resistivity values of
HVOF6B are approximately one order of magnitude lower than the resistivity of HVOF5
and the transition electric fields of HVOF6B are slightly lower in comparison to the fields
of HVOF5. According to Luth et al. [11], the resistivity of a ceramic coating needs to
higher than 1 x 108 Qm in power electronic applications, and thus the resistivity obtained
in here is still at a suitable level. When the applied field is close to the breakdown
field, the resistivity starts to slightly decrease. This decrease indicates an initiation of
degradation/pre-breakdown process starting for HVOF5 approximately from 25V /pm
and for HVOF6B from 19 V/pm.
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Figure 5.6: DC resistivity of HVOF alumina coating (HVOF5) as a function of electric field.
The resistivity of sample A was measured by utilizing Keithley electrometer (U,,q.=1kV)
and the resistivity of samples S1-5 was measured by utilizing the high field measurement
setup developed in this thesis. [P4]

5.2.3 Analysis of the conduction currents versus electric field

In order to evaluate the conduction processes of the coatings in detail, the current densities
of the coatings (HVOF5, HVO6B, PlasmaA, HVOF7-9 & HVOF11) were determined as
a function of applied electric field [P7]. Although the steady—state current level was not
fully reached at each applied voltage level (this can be particularly seen in the “transition
field” region, see Figure 5.5), the current densities of the materials were defined from
the mean values of the current at the end of each voltage step (550-580s). It should
be emphasized that in “the transition fields” the defined current densities do not thus
represent DC conductivity implicitly. Figure 5.7 presents the defined current densities of

five parallel samples of each coating as a function of the applied electric field. In addition,
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Chapter 5. DC conductivity/resistivity

the mean current densities of the five parallel samples are presented. However, for HVOF5
the mean current density was defined only from four samples because one of the five

samples exhibited totally different conduction behavior and are thus excluded from the

analysis.

As it can be noticed from Figure 5.7, the current densities measured using the low (L1)

A/m?)

Current density (

Current density (A/m®)

Figure 5.7: DC conduction currents as a function of the applied electric field. The squares
(L1) present the currents measured using Keithley electrometer and the lines (H1-H5)
present the conduction currents recorded using the measurement setup developed above
1kV voltages. The crosses present the mean current densities defined from the five parallel
conductivity measurements made until a breakdown, except for HVOF5 the mean current
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density is defined from four parallel measurements. [P7]
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5.2. DC conductivity of alumina and spinel coatings at high electric fields

and high (H1-H5) field measurement setups differed to some extent. This most probably
occurs since the sensitivity of the high field measurement setup was insufficient at the
lowest test fields (see the high noise in the lowest test voltages in Figure 5.5). Separate
samples were utilized at low and high field measurements. Quite large deviation between
the parallel samples (H1-H5) can be seen which can further explain the difference. As
it was discussed previously, the materials are also in a “transition field” region with
non-ohmic conduction when the results from the high and low field setup overlap. In this
region, the currents did not fully reach the steady-state level during the test period of
10 min, and thus the defined values give only an estimation for DC conductivity.

In order to further study the differences between the materials, the experimental data
was plotted as log (J) versus log (E) where approximately straight lines with different
slopes at different regions of field strengths may be obtained. Least-square technique was
utilized to define the best fits for the conduction currents, and thus to define the slopes
for each region. Table 5.2 presents the defined slopes of the mean current densities in
different regions and the estimated transition electric fields between the different regions.

At the low field levels (Region 1), all the studied coatings are obviously ohmic because
the defined slopes are close to unity indicating that electric field/voltage is directly
proportional to the current. The estimated transition field to non-ohmic region varies
between the materials. The lowest transition field (~0.5V/pm) is noticed for the alumina
coatings HVOFG6B and Plasma. Slightly higher transition field (1 V/pm) can be observed
for the other commercial powder deposited HVOF sprayed alumina (HVOF5) but the
highest transition field of the alumina coatings (2 V/pm) is obtained for alumina coating,
HVOEF7, deposited from experimental powder. The transition field of HVOFS is the same
as it is for HVOF7 probably due to the almost similar powder composition (10% MgO
versus 0% MgO). The highest transition field (4 V/pm) is noted for the coatings with
higher amount of MgO which are HVOF9 (25% MgO) and HVOF11 (50% MgO).

In the next region (Region 2), the conductivities of the coatings are highly non-ohmic

since the defined slopes vary from 2.8 to 6.2. In this “transition field” region the currents

Table 5.2: The estimated transition electric fields and the corresponding slopes, m, of the
mean current densities (log-log scale) for the studied materials. [P7]

Region 1 Region 2 Region 3 Region 4
Sample I m K m E m E m
(V/pm) (V/pm) (V/pm) (V/pm)

HVOF5 0-1.0 1.1 1.0-16.6 5.7 16.6-28 2.2 -
HVOF6B 0-0.5 1.1 0586 34 86-17.1 18 17.1- 21.7
HVOF7 0-2.9 1.2 2.0-10.5 2.8 10.524.1 5.3 24.1- 1.3
PlasmaA 0-0.5 1.0 0559 43 59139 -03 13.9- 12.2
HVOEF8 0-2.0 1.1 2.0-7.8 28 7.8-26.6 4.9 26.6— 2.6
HVOF9 0-3.9 1.2 3.9-10.3 45 10.3-376 1.6 -
HVOF11 0-4.1 1.1 4194 6.2 94-26.1 2.1 26.1- 1.1
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did not fully stabilize during the DC step—stress periods (10 min), instead they were still
increasing at the end of the periods. Thus, the real levels of stabilized DC current would
have been slightly higher than the reported values and the above-mentioned slopes would
have been correspondingly higher as well. All in all, it can be concluded that a considerable
transition from a ohmic conduction state to another state occurs in this region. The
transition field of HVOF coatings from Region 2 to Region 3 is ~10V/um. However, the
transition field of HVOF5 is higher (17 V/pm) but in the 250 V/6 min tests the transition
is lower (10.5V/um) [P4]. This indicates that the conductivities of the parallel samples
of a coating material deviate notably. The lowest transition field is noted for plasma
sprayed alumina coating (5.9 V/um). The differences in conductivities and breakdown
strengths between HVOF and APS coatings may be linked to their different microstructure
caused by the different spraying temperatures and powder particle velocities in the spray

processes.

In Region 3, the defined slopes are approximately two indicating that the current
density is proportional to the square of the electric field. However, HVOF7 and HVOF8
exhibit similar but clearly higher slopes (~5) than the other HVOF coatings, and thus
these two coatings exhibit similar behavior as the other coatings in the previous region.
In addition, the conductivity of PlasmaA differs from that of the HVOF coatings because
PlasmaA reaches an ohmic level in this region. However, this may be noticed only by
visual evaluation because the obtained slope has negative value due to differences between

the parallel current density values of PlasmaA.

Breakdowns occurred for the alumina coating (HVOF5) and the spinel coating
(HVOF9) in Region 3 but for the rest of the materials the breakdowns occur in Re-
gion 4. Although a rapid current increase before the breakdown was observed for the
alumina coating HVOF5 in Figure 5.4 [P4], no such increase in the conduction current
is observed for HVOF5 when step duration was 10min instead of 6 min. However, a
similar rapid current increase can be seen for some of the samples of the alumina coatings
(HVOF6B & PlasmaA) since the obtained slopes in Region 4 are very high, see Figures 5.5
and 5.7.

Throughout the tests, the conduction behavior of the coating HVOF8 (10% MgO)
is very similar to the alumina HVOF7 (0% MgO) but in Region 4 the conductivity of
HVOFT is ohmic (slope ~1) while the conductivity of HVOFS8 is equal to the square of
electric field (slope ~2). Thus, it may be concluded that adding 10% MgO to the AloO3
has only effect when the applied electric field is above 25V /ium. The conduction behavior
of the other two spinel coatings (HVOF9, 25% MgO and HVOF11, 50% MgO) is very
similar throughout Regions 1-3. However, a breakdown occurred for HVOF9 in Region 3
while the breakdowns of HVOF11 occurred in Region 4 where HVOF11 exhibits ohmic
conduction behavior (slope ~1). Thus, it seems that the amount of MgO (25 or 50%) has

influence on the conduction behavior only when the field is above ~26 V/pum.
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5.2.4 Material degradation during the conduction current

measurements

Since it may be considered that the presented non-linear conductivity ranges are actually
representing irreversible material degradation processes, this aspect was further studied.
In [P1], the DC resistivity of HVOF sprayed MgAl;O4 coating (HVOF13) decreased
remarkably when the resistivity measurements with varying electric field (0.1 to 3 V/pm)
was repeated. Thus, in [P7] the conductivity measurements performed with the 1kV
test setup were repeated for some of the coating types (two alumina coatings: HVOF5
and HVOF7, and one spinel coating: HVOF11) in order to identify possible permanent
changes at low electric fields. The selected coatings represent the conduction behavior of

the coatings in a general manner.

Figure 5.8 presents the original DC conduction currents of the aforementioned coatings
as a function of electric field together with the results of repeated measurements made
later on. The time between the measurements was several months and during that
time the samples were kept in a desiccator at room temperature/low relative humidity
to avoid ageing. Already at low electric fields some permanent changes can be seen
occurring for the alumina coating (HVOF7), which was deposited from the experimental
powder, since the conductivity increases remarkably during the second measurement
period. The conductivity of the alumina coating (HVOF5) made from commercial powder
also increased slightly during the second measurement time but the difference is not so
significant. No permanent changes occurred for the spinel coating (HVOF11).

Because these permanent changes occur already at very low electric fields, it is evident
that it is not meaningful to perform conduction mechanism analysis for all the studied

materials. In order to carry out the conduction mechanism study for HVOF5 and
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Figure 5.8: DC conduction currents as a function of electric field for two alumina coatings
(HVOF5 & HVOF7) and one spinel coatings (HVOF11). The data of 1st measurement is
the same as it has been shown in Figure 5.7. [P7]
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HVOF11, the conductivity measurements were also repeated at high fields to ensure
that no permanent changes/degradation occur in the materials. Three more samples
of alumina HVOF5 were prepared and conductivity measurements were made for these
samples with steps of 500 V/10 min until the voltage level of 3500V was reached. The
voltage corresponds to the electric field of ~15V/pm which is approximately half of
the short-term breakdown strength of the HVOF5. The measurements showed that no
permanent changes occurred for the samples of HVOF5. The procedure of conductivity
measurements for HVOF11 was similar but the measurements were performed until the
voltage level of 5500V was reached. This level corresponds to the field of ~22V/nm
which is again roughly half of the breakdown strength of HVOF11. The measurements
were performed for the samples that did not break down in the step tests with the steps
of 250 V/10 min. These measurements indicate that the current densities are at similar
levels when the measurements were repeated two or three times (500 V/10 min). Based
on the results, it may be concluded that although some material degradation can take
place at the studied field range, generally the conduction behaviors presented in this

Chapter represent the stable and repeatable behavior of the coatings.

5.2.5 Conduction mechanism studies

In order to evaluate the dominant conduction mechanism of thermally sprayed ceramic
coatings, the measured conductivity data are analyzed in accordance with several theo-
retical conduction mechanisms despite the fact that the steady-state current level was
not reached at each voltage level, particularly in the “transition field” region. Because
the possible dominating conduction mechanism of thermally sprayed ceramics is not so
evident, all theoretical conduction mechanisms are discussed even though some of the
mechanisms take place only at very high electric fields often for other materials such
as polymers [94], and are thus not relevant to thermally sprayed ceramic coatings. The
conduction mechanism study is only carried out for alumina coating HVOF5 and spinel
coating HVOF11 since it was verified that no material degradation occurred in those and
thus the measured conduction behavior can be considered stable.

Charge injection from electrodes can be described either by Schottky or Fowler-
Nordheim injection mechanisms which both occur at very high fields for polymers, e.g.
the latter takes places ~1 x 10°Vm~™! and the former one occurs at slightly lower
fields [94, 112]. Although thermally sprayed ceramic coatings exhibit significantly lower
breakdown strengths than polymers, the Fowler-Nordheim plots (log (J/E?) versus 1/E)
were made for HVOF5 and HVOF11 [98, 143]. The obtained plots indicate that Fowler-
Nordheim tunneling can be excluded from the dominating conduction mechanism for
the studied thermally sprayed ceramic coatings. The slopes differed clearly from those
reported in [98, 143] where the Fowler-Nordheim tunneling occurred.

In the Schottky analysis, the measured data is plotted as In(J) versus E'/? (Schottky

plot) which should result in a straight line where the theoretical value of relative per-
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mittivity can be evaluated. Thus, the comparison between the theoretical and measured
high frequency permittivities can be made. For both coatings (HVOF5, HVOF11) the
relative permittivities defined from the Schottky plot are ~70% smaller than the measured
permittivities at the frequency of 1kHz, and thus the pure Schottky injection can also be
excluded from the dominating conduction mechanism.

At high electric fields, one of the bulk-limited conduction mechanisms is Poole-Frenkel
where the theoretical relative permittivity can be defined from the slope of the Schottky
plot (In (J) versus E'/2). The physical base of Poole-Frenkel model is very simplified
and the analysis must be done as an-order-of-magnitude calculation [94]. Although this
consideration is made, the defined theoretical values are ~95% smaller than the measured
ones. Thus, it can be concluded that the Poole-Frenkel conduction mechanism is not the
dominating one for the ceramic coatings.

Space charge limited current (SCLC) mechanism is one of the bulk limited conduction
mechanisms and it describes how the conduction current behavior changes with the
increasing applied electric field [94, 112]. In order to validate this mechanism, experimental
J—-E data can be plotted in a double logarithmic scale (see Figure 2.10) [94, 112].
According to this theory, at low field strengths (field below the transition field, Erg)
the voltage-current relation is ohmic [94, 112]. The current density is thus directly
proportional to the voltage and the slope is unity in a plot of log (J)-log (E) [94, 112].

At higher fields (Region 2), the conduction is no longer ohmic because charge can
inject from the electrode into the bulk and it has difficulties moving further through the
material [94, 112]. When the applied field has reached the level of Erp (see Figure 2.10),
the space charge limited current dominates over the ohmic component [94, 112]. The
current is thus proportional to the square of the electric field and the slope is two in a
plot of log (J)-log (E) (Figure 2.10). When the applied field has reached the trap-filled
limit field, Ergy, all the traps in the dielectric are filled causing current to increase and
correspondingly the slope increase, too. Theoretically, the slope increases from two to
infinity (see Region 3 in Figure 2.10). At the fields above Frpp, the trap-free space
charge conduction might take place and the slope is two (Region 4 in Figure 2.10) if the
breakdown have not already occurred before this region was reached [94].

It has been reported in [107, 111] that a bulk alumina ceramic follows the SCLC
mechanism. However, the conductivities of alumina HVOF5 and spinel HVOF11 coatings
do not fully follow the SCLC theory since after the initial ohmic region (Region 1 in
Table 5.2) the conductivity is not proportional to the square of the electric field as
indicated by the calculated slope of ~6 (Table 5.2). After this region, the slope should
be higher than two in accordance with the SCLC theory (Region 3 in Figure 2.10) but
the slopes of coatings are ~2. According to the SCLC theory, the slope should be two
again in the last region (Region 4 in Figure 2.10) but the slope of HVOF11 is ~1 in
Region 4 indicating ohmic type of conduction behavior. It can be concluded that the
studied thermally sprayed ceramic coatings either do not follow or follow only partly the
SCLC theory unlike the sintered alumina [107, 111]. The difference in the conduction

87



Chapter 5. DC conductivity/resistivity

behaviors of the bulk and the thermally sprayed alumina is most probably due to their
different crystalline structures and microstructures. Bulk alumina exhibits fully crystalline
structure while the thermally sprayed coatings have lamellar structure consisting of both
amorphous and crystalline areas as well as voids and defects. Due to above-mentioned
facts, the coatings most probably exhibit a variety of trap levels which partly explains
the deviation of the performance from the ideal SCLC theory.

A thermally sprayed coating should be considered as an insulation system consisting
of different regions which exhibit different dielectric properties. It is probable, that the
amorphous regions probably have higher conductivity than the crystalline regions. The
differences in conductivity and the resulting uneven field distribution together with the
above-mentioned trap level distribution might be the reason why the coatings followed
the SCLC theory only partly. Although there are many uncertainties, thermally sprayed
coatings could follow the SCLC theory as follows:

o At low electric fields (Region 1), the conductivity is clearly ohmic. Since the
amorphous regions most probably exhibit higher conductivity than the crystalline
regions, the electric field concentrates on the crystalline regions. Thus, the con-
duction behavior of a coating is dominated by the conductivity of the crystalline

regions.

e At higher electric fields, charges start to collect into the interfacial areas and traps
forming space charge. When a certain transition electric field, Erg, is reached, the
space charge limited current dominates over the ohmic component in the crystalline-
amorphous interfaces of a coating. Theoretically, the current density is proportional
to the square of the electric field when there is only one trap depth in the material.
In the coatings, the microstructure varies along the material and due to this the
Erpr and the current density changes are not as ideal, instead the changes take

place “smoothly”.

e When the conductivity increases in the crystalline regions, this also changes/equalizes
the electric field distribution between the crystalline and amorphous regions at the
same time. Due to this, at first the current is limited and is increasing with a
slope lower than two but after a while the electric field is more concentrated on the
amorphous regions, and thus the current is increasing strongly with a slope higher
than two. This can occur since the transition field (Erg) of amorphous regions is
expected to be lower than the transition field of the crystalline regions due to their

different conductivities.

o After this transition field range where a new electric field distribution is formed for
a coating by the SCLC currents of amorphous and crystalline regions, the current

of a coating system is increasing with a slope of ~2.

At higher test voltages prior to breakdowns, partial breakdowns of certain regions

are suggested to occur. Just before breakdowns, a rapid current increase was measured
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for certain coatings (HVOF6B, PlasmaA). This is most probably caused by partial
breakdowns e.g. in the amorphous regions and/or at the interfaces between the splats
which may take place because the trap filled limit (Erpy) of that region is reached.
According to the SCLC theory, a sudden fast current increase occurs, when the Erpp is
reached. However, this current increase should lead to the breakdown very rapidly (within
a few seconds) [94]. As the current increase of the coatings did not occur as rapidly, it is
suggested that the breakdown for some of the coatings proceeded partially, and this way

the breakdown process was delayed.

5.3 Considerations and implications

HVOF sprayed alumina and spinel coatings exhibit the highest DC resistivity in compari-
son to the APS and rod flame coatings most probably due to the denser microstructures of
HVOF coatings. However, the resistivity of the ceramic coatings is ohmic only at very low
electric fields (typically below 1V /pm) and at higher fields the resistivity has non-linear
behavior unlike bulk ceramics. This unique conduction behavior of the coatings is due to
a layered microstructure of ceramic coatings consisting crystalline and amorphous regions
as well as voids and cracks. The layered microstructure results in uneven electric field
distribution, and thus the coatings follow only partly SCLC conduction theory unlike the
bulk alumina ceramics which are reported to follow SCLC theory fully in literature.
Temperature and particularly humidity affect the DC resistivity of thermally sprayed
alumina and spinel coatings significantly. At high humidities (RH 90%), the resistivity of
both coating materials decreased approximately five orders of magnitude in comparison to
the results at low humidity (RH 20%). However, low humidities (RH 20% and RH 45%)
have minor influence on the DC resistivity of spinel coatings with increasing temperature.
It is proposed that the layered microstructure and hygroscopic nature of ceramic coatings

can explain the major decrease in the resistivities with increasing humidity.
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CHAPTER 6

Relative permittivity and dielectric loss

The third main dielectric property of an insulation material is relative permittivity and
dielectric loss. This chapter presents the results and analysis of the relative permittivity
and dielectric loss of the studied coatings as a function of frequency. The role of
microstructure, the effect of ambient conditions and the electric field dependency on the

relative permittivity and dielectric loss are discussed.

6.1 Relative permittivity and dielectric loss at low electric field

Figure 6.1 presents the relative permittivities and total loss contributions of the studied
AlyO3, MgAl,O4 and Al;O3-MgO coatings as a function of frequency at 20 °C/RH 20%.
The given permittivity values are the real parts of the complex permittivity, and thus
includes only the real polarizability related component. As it is mentioned in Section 3.5,
the permittivity results are presented without edge field corrections presented in IEC
standard 60250 [133] since a guard ring was utilized around a measuring electrode during
the measurements.

The real part of relative permittivity for HVOF and APS sprayed alumina and
spinel coatings are at similar level (¢/.=8-12) in the frequency range 50 Hz to 1kHz, see
Figure 6.1a—b. These obtained values of HVOF and APS coatings are quite similar with
the values reported in literature [9, 28, 47, 64, 73, 85, 90], see Table 2.1. In addition, in the
frequency range of 50 Hz to 1kHz the relative permittivity of rod flame sprayed alumina,
FlameA, is at very similar level to the APS alumina coating. However, the rod flame
sprayed spinel coating, FlameB, exhibits remarkably higher permittivity in the whole
frequency range, e.g. at 1kHz the &/, of FlameB is 12.6 while it is in the range of 8.3-10.4
for the other coatings. At the lowest frequencies, the relative permittivities of all coatings
are increasing quite strongly which may be due to the hypothesized interfacial polarization
due to the coating microstructure with varying conductivities. Similar behavior is reported
by Brown et al. [85] for the relative permittivity of plasma sprayed alumina coatings.

As it can be seen from Figure 6.1d—e, the total loss contributions of AloO3 and
MgAl;,O4 coatings are quite similar in the highest frequencies (100-1000 Hz). At the
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Figure 6.1: The real part of relative permittivity (indicated as Re{e,*}), as a function of frequency at 20 °C/RH 20%: a) Al,O3 coatings
[P4, P5, P§|, b) MgAl;04 coatings [P2, P5] and ¢) Al,O3-MgO coatings [P6]. The flame sprayed MgAl;O4 coating (FlameB) is placed in
inset in order to distinguish the differences between the HVOF and the APS MgAl,O,4 coatings better. The dielectric loss (indicated as
Im{e,+}) as a function of frequency at 20°C/RH 20%: d) AloOs coatings [P4, P5, P8], e) MgAl,O4 coatings [P2, P5] and f) Al,O3-MgO
coatings [P6]. The flame sprayed AloO3 and MgAl,O4 coatings (FlameA and FlameB) are placed in inset in order to distinguish the
differences between the HVOF and APS coatings better. Dielectric losses at 1kHz and 1 Hz are also given in Table A.1. The measuring
voltage was 200 V,eqr which corresponds the electric field of 0.5-1V peqr/nm. However, the measuring electric field was 0.3V peqr/nm for
the alumina coatings HVOF6B, PlasmaA and FlameA [P8].
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lower frequencies, the loss increase rapidly which can indicate either DC conductivity
or low-frequency dispersion (LFD) which is also called quasi-DC conduction [144-148].
According to literature [144-146, 149, 150], a pure DC conduction behavior requires that
the real the part of the relative permittivity is constant during the whole frequency range
while at the lowest frequencies the losses are increasing steeply in a double-logarithmic
scale. Since the real part of relative permittivity of the coatings increases/disperses at
the low frequencies, the observed behavior is related to LFD phenomenon. However, in a
log-log plot the slopes of the real and imaginary parts of the relative permittivity differs
to some extent, and thus the observed behavior is not purely following LFD theory either.

In general, the dielectric loss of HVOF and APS sprayed MgAl,O4 coatings are
lower than the those of Al,O3 coatings in the frequency range of 0.5-1000 Hz. At the
lowest frequencies (below 1Hz), some minor material differences can be noticed between
different coating materials since the loss contributions of the alumina coatings are not
systematically always higher than the loss behavior of spinel coatings. The loss results of
Al;O3 and MgAl,O4 coatings are in coherence with the DC resistivity results because
the same coatings have high losses and low resistivities.

Although the relative permittivity of flame sprayed alumina coating, FlameA, is very
similar to the APS and HVOF alumina coatings, the total loss contribution of FlameA
differs to some extent from the other alumina coatings in the whole measuring frequency
range but at the lowest frequencies the difference is significant. However, the total loss
contribution of flame sprayed spinel coating, FlameB, differ even more from the loss of
HVOF and APS sprayed spinel coatings, see Figure 6.1e. In addition, the loss of the
spinel coating, FlameB, is significantly higher than the loss of the flame sprayed alumina
coating, FlameA.

The lowest relative permittivities and loss levels are observed for the Alo,O3—MgO
coatings (HVOFT7-12) which exhibited also the highest DC resistivities. As it can be seen
from the Figure 6.1c, the relative permittivities of all Al;03-MgO coatings are at similar
level from 20 Hz to 1kHz. Below 10Hz, the permittivities of HVOF7 (0% MgO) and
HVOF8 (10% MgO) are significantly higher than the permittivities of HVOF9-12 (25%—
65% MgO) which are more or less at the same level. In addition, the total loss contribution
of HVOF7 and HVOFS8 are higher in comparison to the dielectric loss of HVOF9-12
but the difference can be seen already at the highest frequencies, see Figure 6.1f. The
dielectric loss of the alumina coating HVOF7 are the lowest among the alumina coatings.
Adding MgO to Al;O3 decreases the relative permittivity and dielectric loss in particular
at the lowest frequencies. The amount of 40% or 65% MgO gives the lowest permittivities

and loss in the whole frequency range although these coatings have long vertical cracks.

6.1.1 Effect of microstructure and phase change

As it has already been discussed in the previous chapters, the microstructure of the

coatings has an obvious effect on the dielectric properties which can also be seen in the
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relative permittivity and dielectric loss results. The bulk alumina typically exhibits very
low dielectric loss [100, 107] but the alumina coatings have high loss in particular at the
lowest frequencies where the DC conductivity is very dominant. In addition, the real part
of relative permittivity of alumina coating can be slightly higher or at a similar level in
comparison to bulk alumina at the highest frequencies. However, the values are typically
reported only at one frequency in literature [9, 28, 47, 64, 73, 85, 90]. As the results
here show, it is important to know the permittivity and loss behavior as a function of
frequency since the properties of ceramic coatings are strongly frequency dependent. The
lamellar microstructure with interfaces and regions of different dielectric performance
enhance the permittivity of the coatings which can at least partly explain the differences
between bulk alumina and alumina coatings. Although the ambient humidity was kept at
a low level in the measurements (Figure 6.1), the remaining ambient humidity probably

also had at least a slight increasing effect on the results.

High porosity or high gas permeability does not exhibit decreasing effect on the
dielectric loss of the coatings since the lowest loss from all the coatings are obtained
for the Al;O3-MgO coatings HVOF10 (40% MgO) and HVOF12 (65% MgO) which
have high gas permeabilities. In addition, the gas permeabilities of the alumina coatings
HVOF3 and HVOF6B differ significantly but the losses are very similar, except at the
lowest frequency (0.01 Hz). Thus, other material properties than high porosity or gas
permeability (e.g. hygroscopicity, the amount of crystalline and amorphous regions, the
thickness of lamellae etc.) can explain the differences between the coatings. For example,
the smaller powder particle size of alumina coating HVOF2 can explain the lower relative
permittivity and dielectric loss in comparison to the loss of the higher particle size HVOF3
since the thickness of lamellae are thinner when smaller powders are utilized. However,
this is opposite to the results obtained by Brown et al. [85]. They reported that smaller
particle size coating exhibits the highest relative permittivity and dielectric loss [85]. This
was linked to the fact that the smaller particle size coatings exhibit lower amount of
a-Al;O3 than the higher particle size coatings, but the thickness of lamellae was not

evaluated in the analysis [85].

According to literature [4, 12, 23, 28, 43, 53, 63, 70, 74, 75, 80, 84-91], the alumina
coatings consist of metastable v-Al,O3 as the main phase and stable a-Al;O3 as the minor
phase due to the rapid solidification during the spray process. According to literature
[65, 83, 84], the amount of a-Al;O3 can originate from unmelted particles or from particles
which are melted only a little on the outer surface of the particle but the major part of
a-Al; O3 is proposed nucleating directly from the melt. The high amount of v-Al,Og3
can be problematic for dielectric properties since the physical properties of 7-AlsO3 are
generally inferior to those of a-AlyOs3, e.g. v-AloO3 is more hygroscopic [28, 65, 85]. The
spray process, e.g. the spray velocity, the particle distribution, and spray distance affects
the v—a ratio [58, 65, 66, 86, 87, 90, 151]. Gao et al. [90] noticed that in a plasma sprayed
alumina coating the amount of a-AlyO3 was higher (higher amount of unmelted particles)

when the plasma arc current was lower. Furthermore, the relative permittivity was lower
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with lower plasma arc current [90], see Table 2.1. Brown et al. [85] noticed also that
the amount of a-phase increases with the particle size, and this can be explained by the
lower relative permittivity and dielectric loss in the higher particle size coatings. Brown
et al. [85] and Pawlowski [28] proposed that the occurrence of metastable phases have
major influence on the relative permittivity of alumina coatings than the high porosity.
According to literature [24, 28, 85], the high amount of v-AlyO3 increases significantly
relative permittivities and dielectric loss of the coatings with increasing humidity. The
effect of temperature and humidity on relative permittivity and dielectric loss will be
discussed in detail in the next Sub-chapter 6.1.2.

The rod flame sprayed alumina coatings consist of higher amount of unmelted particles
which can be seen from the cross-sectional micrographs, see Figure 5.2. According to
literature [65, 84], the amount of a-AlaO3 can originate from the unmelted particles, and
thus the high amount a-phase should have decreasing effect on the relative permittivity
and dielectric loss of flame sprayed alumina coatings in comparison to HVOF and plasma
sprayed coatings. According to the results of this thesis, the relative permittivity and
dielectric loss of FlameA are higher than those of HVOF and plasma sprayed alumina
coatings, and thus this is not in coherence with the aforementioned hypothesis based on
the literature. However, the findings in this thesis are understandable since the coating
properties are process-dependent and several factors affect the relative permittivity and

dielectric loss, not only one feature, e.g. a phase structure.

6.1.2 Effect of temperature and humidity

Effect of temperature and humidity was studied for HVOF, APS and rod flame sprayed
alumina coatings in [P8]. Figure 6.2 shows the relative permittivities and the total loss
contributions of the HVOF, APS and flame sprayed Al;O3 coatings (HVOF6B, PlasmaA
& FlameA) as a function of frequency at 20-60°C [P8]. As it can be seen from the
figures, at the low frequencies (below 1Hz) the permittivities and the losses increase
3-5 orders of magnitude, indicating low-frequency dispersion mechanism rather than
DC conduction since the real part of permittivity is not constant [144—-146]. The slopes
of real and imaginary parts of relative permittivity differ to some extent, and thus the
observed behavior does not fully follow LED theory although the real parts increase quite
steeply. However, at the highest humidity conditions the slopes are quite similar indicating
that the results could follow LFD theory. This is understandable since according to
literature [144] increasing humidity enhance the LFD phenomenon. At higher frequencies,
the increase of relative permittivity with humidity is much lower. However, it needs
to be emphasized that the given permittivity values are the real parts of the complex
permittivity (see Eq. 2.9) and do not thus include the loss related component, only the
real polarizability related component. Main part of the increased permittivity is most
probably originating from absorbed water (for pure HoO: £,~80 at 20 °C), mainly by the

Maxwell-Wagner polarization mechanism.
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Figure 6.2: a)—c) Relative permittivity (indicated as Re{e*}) and d)-f) loss (indicated
Im{e*}) of HVOF, APS and flame sprayed Al,O3 coatings as a function of frequency
when the measuring electric field was 0.3 Vyeqr/pm ). In RH 90% measurements, the
high loss caused problems and due to this the permittivity data at the lowest frequencies
are missing. [P§]
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Figure 6.3 presents the real parts of the relative permittivities and the total loss
contributions for HVOF, plasma and flame sprayed MgAl,Oy4 coatings (HVOF13, PlasmaB
& FlameB) with increasing temperature (20 °C to 60 °C) when relative humidity was either
20% or 45% [P2]. The relative permittivities and the total losses of the spinel coatings
increase with temperature and humidity like those properties of the alumina coatings.
However, the permittivities of the spinel coatings HVOF13 and PlasmaB increases
approximately one order of magnitude at the lowest frequencies when the temperature and
humidity increased from 20 °C/RH 20% to 60°C/RH 45% while the relative permittivity
of HVOF and plasma sprayed alumina coatings increased approximately two orders
of magnitude. For flame sprayed alumina and spinel coatings, the increase in relative
permittivity is in a similar range.

The increase in the real part of relative permittivity with increasing humidity is well
in line with the literature since Brown et al.[85] noticed that the real part of the relative
permittivity of plasma sprayed alumina coating increased from 8.3 to 9.8 at 100 kHz when
the relative humidity increased from 0% to 95%. In here, the relative permittivity of
plasma sprayed alumina coating increased from 9.8 to 30.6 at 1kHz when the humidity
increased from 20% to 90% at 20 °C.

At 20°C/RH 20%, the real parts of the relative permittivities of alumina coatings
HVOF6B, PlasmaA and FlameA are 8.4, 9.8 and 8.9 at the frequency of 1 kHz, respectively.
In [9], the relative permittivity of HVOF alumina coatings varied from 5.9 to 8.2 at 10 kHz
which is quite well in line with the results obtained in here. Brown et al. [85] noticed
that the relative permittivity of plasma alumina coating was 11-23 at 1kHz when the
highest value was obtained for the coating which exhibited the lowest powder particle size.
Correspondingly, the lowest relative permittivity was obtained for the highest particle
size coating [85]. These values are quite well in line with the real part of the relative
permittivity of PlasmaA at 20°C/RH 45% and 20°C/RH 70% where the permittivity
was 12.2 and 17.8, respectively. Pawlowski [28] reported that real part of the relative
permittivity of plasma sprayed alumina coatings was 6-8 at 1kHz, which is slightly
lower than reported in here. The differences in the relative permittivities can be partly
explained by the different sample preparation procedure since in [85] the coating samples
were conditioned for 13 hours at 135 °C and in [28] for 1-3 days at 120 °C while in here the
samples were heat-treated in 120 °C for two hours. Longer heat-treatment time removes
more completely moisture from a porous coating which can be seen as a lower relative
permittivity.

It should be also noted that the measuring voltage was 1 Vs in [28] while in
here the measuring voltage depends on the coating thickness varying from 57 Vs to
69 V.5 corresponding to the electric field of 0.3 Vpeqr/pm. Although the measuring
field might affect the relative permittivity, we noticed in [P5] that at the frequency of
100 Hz the real part of the relative permittivities of HVOF sprayed alumina and spinel
coatings (HVOF1-4) are not dependent on the measuring electric field (in the range of

0.1-5V/pm). However, at the low frequencies (0.1 Hz) small increase in the real part of
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Figure 6.3: a)—) Relative permittivity (indicated as Re{e*}) and d)—f) loss (indicated
Im{e*}) of HVOF, APS and flame sprayed MgAl,O4 coatings as a function of frequency
when the measuring electric field was 0.3 Vpeqr/pm ) [P2].

98



6.1. Relative permittivity and dielectric loss at low electric field

relative permittivity can be seen for some of the coating materials when the electric field
is above 0.5V /jm which is the same transition electric field noticed in the non-linear DC
conductivity behavior [P5].

As it can be seen from Figures 6.2d)—f) and 6.3d)—f ), the losses of AloO3 and MgAl,O4
coatings increase with increasing humidity. At the lowest frequencies, the dielectric loss of
spinel coatings increase only 1-2 orders of magnitude while the loss of alumina coatings
increase 3—4 orders of magnitude. The effect of increasing humidity on the loss of the
alumina coatings at the various temperatures can be seen in detail in Figure 6.4 where the
losses are presented at the frequencies of 50 Hz and 0.1 Hz. It needs to be emphasized that
the presented values indicate total measured losses including the contributions of both
DC conductivity and polarization (see Eq. 2.10). At the highest loss level (above ~100), a
slope of approximately —1 can be seen indicating low-frequency dispersion instead of DC
conductivity since the real part of relative permittivity increases almost similar slope with
the imaginary part. A notable increase in the loss can be seen for the alumina coatings at
60 °C/RH 45%. However, the losses of the spinel coatings are increasing more slowly and

the increasing component is not so dominant, in particular, for HVOF13 and PlasmaB.
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Figure 6.4: The dielectric loss of alumina coatings at the frequencies of 50 Hz (a—c) and
0.1Hz (d-f). [P§]

The HVOF sprayed coatings (HVOF6B & HVOF13) have the lowest losses while the
flame sprayed coatings (FlameA & FlameB) exhibit the highest values for each type of
material, respectively, see Figures 6.2 & 6.3. This similar trend was also noticed in the
DC resistivity results. In addition, the spinel coatings have lower losses than the alumina
coatings which is well in line with the DC resistivity results since the spinel coatings
exhibited higher DC resistivities [P2] than the alumina coatings [P8].
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The results indicate that the dielectric properties of thermally sprayed alumina and
spinel coatings differ from that of bulk alumina, and thus lamellar microstructure together
with the phase composition differences most probably affect the dielectric properties. In
addition, the properties of alumina change during thermal spraying process since the
coating consist mainly of metastable v-Al,O3 and a-Al;Og is only as a minor phase
[4, 12, 23, 28, 43, 63, 70, 74, 75, 84, 88-91]. Brown et al. [85] and Pawlowski [28] proposed
that high relative permittivity of plasma sprayed alumina coating is related to high ~-
Al;O3 content. Toma et al. [23] noticed that HVOF sprayed alumina coating had higher
a-phase content than plasma alumina coating. Correspondingly at high humidities (>RH
75%) the HVOF alumina coating had higher resistivity than plasma alumina coatings but
at low humidities (<RH 45%) the HVOF and plasma alumina coatings exhibited similar
resistivities [23].

It can be criticized that the high v-Al,O3 content of thermally sprayed alumina
coatings cannot completely explain their sensitivity to the humidity since Favre et al.
[152] noticed that the DC resistivity of a-AlyO3 powder decreased approximately five
orders of magnitude when the relative humidity increased from 20% to 80% which is
approximately similar decrease obtained for the coatings in this study and in literature
[23, 29]. In addition, thermally sprayed MgAl,O4 coatings exhibit also moisture sensitive
nature despite the stable thermodynamic phase structure in a coating since the DC
resistivity of the MgAl,O4 coatings decreased with increasing humidity while the relative
permittivity and dielectric losses increased [23, 85]. It can be concluded that the MgAl,Oy4
coatings are less sensitive to humidity increases than Al,O3 coatings. All in all, the nature
of all thermally sprayed ceramic coatings is moisture sensitive.

If the operation temperatures of a thermally sprayed coatings are low enough, a
coating can be impregnated with an organic or inorganic sealant in order to make it
more insensitive against the moisture penetration [11, 30, 77, 90]. At the same time,
the utilization of the sealants also improves the material and dielectric properties of the
impregnated coating [4]. According to our preliminary experiments of the utilization of
sealants, the breakdown strength can be even 70-90% higher, DC resistivity is two order
of magnitude higher and non-linear conductivity is not noticed, the real part of relative
permittivity increase only slightly at the lowest frequencies, and dielectric loss is much

lower in comparison to the properties of as-sprayed coatings.

6.2 Relative permittivity and dielectric loss at higher electric
fields

The effect of electric field on relative permittivity and dielectric loss was studied for HVOF
sprayed alumina (HVOF2 & HVOF3) and spinel (HVOF1 & HVOF4) coatings at 20 °C,
RH 20% [P5]. Figure 6.5 presents the real part of relative permittivity and the total loss
contribution of the studied coatings. At the frequency of 100 Hz, the relative permittivity
of all studied coatings are approximately 10 at all the electric field strengths. At the lower
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frequency (0.1 Hz), lowest relative permittivity is obtained for the MgO-Al,03 coating
(HVOF1). In addition, the permittivity of HVOF1 does not increase with increasing
electric field which is opposite to the permittivity of the other MgAl,O,4 coating (HVOF4).
The alumina coating deposited from smaller particle size powder (HVOF2) has lower
relative permittivity at 0.1 Hz than the other alumina sample (HVOF3) made from larger
particle size powder. The relative permittivity of both alumina coatings increase slightly

with an increasing electric field but the increase is quite small.
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Figure 6.5: The real part of relative permittivity (indicated as Re{e,*} of the HVOF
sprayed AloO3 (a) and the HVOF sprayed MgAl,Oy4 (b) coatings as a function of electric
field together with the corresponding dielectric loss (indicated Im{e*}) for Al;O3 (c) and
MgAl;Oy4 (d). The measurements were performed at 20 °C/RH 20%. [P5]

The total loss contribution of the coatings (HVOF1-4) at the frequency of 100 Hz is
at an approximately similar level which can be seen from Figure 6.5¢)—d). However, at
the frequency of 0.1 Hz the losses of alumina and spinel coatings differ significantly. The
alumina coating HVOF2 and the spinel coating HVOF1 are only slightly dependent on
the electric field at the low frequency (0.1 Hz). In addition, the alumina coating (HVOF2)
has higher loss level than the spinel coating (HVOF1) which is in coherence with the DC
resistivity results reported in Sub-chapter 5.1 and in literature [23]. The dielectric loss
contribution of the alumina coating HVOF3 and the spinel coating HVOF4 are dependent
on the electric field in particular above 0.5V /pm. As it can be noticed from Figure 5.2,
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the spinel coating HVOF1 and the alumina coating HVOF2 exhibit quite similar lamellar
microstructure which may explain their similar type of behavior in DC resistivity as well
as in dielectric loss at low frequencies. These two coatings have smaller lamellar size. In
addition, the amount of amorphous regions is higher than in the HVOF3 and HVOF4
which exhibits quite similar behavior in the dielectric loss at low frequencies although the

actual values differ.

Because some permanent changes occurred for the alumina and spinel coatings during
the DC resistivity measurements in [P1, P2, P7], the relative permittivity and dielectric
loss measurements were repeated for the studied coatings (HVOF1-4) in order to verify
the possible permanent changes. After the first measurements, the coatings were placed
at controlled conditions (20°C, RH 20%) and the measurements were remade on the
next day. This procedure was repeated for the studied coating materials (HVOF1-4)
two times. The changes in the dielectric loss were notable in particular for the alumina
coating HVOF3 which was actually measured four times in order to verify further the

permanent changes.

Figure 6.6 presents the dielectric loss of HVOF3 at the frequency of 0.1 Hz as a function
of electric field from the first to the fourth measurement. At the low electric fields (below
1V/pm), the dielectric loss is at a similar level in all the different measurements, but at
higher field strengths the loss increased notably after the second measurement. Thus,
some permanent changes occurred in the material. It can be speculated that some of
the vertical cracks inside the coating broke into more conducting state short circuiting
part of the lamellae, which further changed the capacitance of the coating and increased
the conductivity. Since the short-circuiting occurs after a certain electric field, the loss
behavior at lower fields is repeatable. The dielectric loss of the other alumina coating
(HVOF2) increased quite similarly as the loss behavior of HVOF3 indicating similar

permanent material changes presented in Figure 6.6. However, for the spinel coatings
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Figure 6.6: The dielectric loss of the alumina coating, HVOF3, at a frequency of 0.1 Hz
as a function of electric field when the loss measurements were repeated four times [P5].
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(HVOF1 & HVOF4) similar increase in the relative permittivity and dielectric loss cannot
be observed which can be linked to the differences in the microstructures, e.g. fewer
amount of micro-cracks in the spinel coatings.

As a conclusion, it can be said that the electric field dependency of the relative
permittivity and dielectric loss of the ceramic coatings is not as obvious as it was in
DC resistivity. Depending on the material, increasing the electric field either increased
the permittivity and the loss or kept those as constant in the low frequency range. At
the highest frequency, the permittivity and loss of the coatings were independent of the
electric field.

6.3 Considerations and implications

At the high frequencies, the real parts of the relative permittivities for the studied thermally
sprayed alumina and spinel coatings are in coherence with the relative permittivities of
bulk alumina reported in literature. In the low frequency range, the relative permittivities
of the studied coatings increases notably which is most probably due to interfacial
polarization in the layered crystalline-amorphous microstructure of coatings which have
varying conductivities. In the low frequency range, HVOF and plasma sprayed spinel
coatings exhibit slightly lower relative permittivities than the alumina coatings while the
flame sprayed alumina and spinel coatings have significantly higher relative permittivities.

At the highest frequencies, the total dielectric loss contribution between different
coating materials are very similar but in the low frequency range the HVOF sprayed
spinel coatings have the lowest losses in general while the flame sprayed spinel coating has
the highest loss level. At the lowest frequencies, the total loss contribution of the coatings
increases remarkably which indicates a low-frequency dispersion/quasi-DC conduction
contribution due to the increasing real part of relative permittivity. Thus, the dielectric
losses of the coatings are significantly higher than that of bulk alumina. The layered
microstructure of the coatings might explain the higher total loss contribution of alumina
and spinel coatings in comparison to that of bulk alumina.

Increasing temperature and humidity increases the relative permittivity and dielectric
loss of alumina and spinel coatings particularly at the lowest frequencies. These major
increases are attributable to the highly hygroscopic nature of the coatings. For the
alumina coatings, high amount of v-Al;O3 can partly explain the hygroscopic nature.
However, this cannot alone explain the hygroscopicity in the studied ceramic coatings
because the relative permittivity and dielectric losses of the spinel coatings increased as
well, particularly, at the high humidity conditions. It can be concluded that the nature of
thermally sprayed ceramic coatings is moisture sensitive, which highly affects the relative

permittivity and dielectric loss.
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CHAPTER 7

Conclusions

In this chapter, the final concluding discussion of the electrical performance of the studied
thermally sprayed ceramic coatings are given. In addition, a brief discussion of possible

future research work related to the topic of this thesis is given.

7.1 Main conclusions and scientific contributions

Thermal spraying is an effective and rather low cost method to produce a protective
layer on a component surface. In addition, the method enables tight deposition on
different substrate materials which can have challenging geometries. Thermally sprayed
ceramic, e.g. alumina and spinel, coatings are usually utilized as heat or wear resistant
coatings. They can also be utilized as an electrical insulating layer, particularly, at high
temperatures or in harsh environments. Although several applications exist, the use of
alumina and spinel coatings in insulation systems is still today lower than the use in
other applications. It has been estimated that the utilization of the coatings in insulation
systems will increase in the future. Thermally sprayed ceramic coating is deposited
layer-by-layer, and thus the microstructure includes crystalline and amorphous regions as
well as some amount of porosity. Due to this, the microstructure of the coating differs
from the bulk ceramic which exhibits mainly crystalline structure. Consequently, the
electrical performance differs as well. Due to the aforementioned aspects, one of the main
objectives of this thesis was to study and develop suitable measurement methods for
comprehensive dielectric characterization of ceramic coatings. In this thesis, the dielectric
characterizations included the following tests, from which a comprehensive evaluation
of the electrical performance can be made: i) linearly ramped breakdown voltage tests,
ii) step-wisely increased breakdown voltage tests, iii) voltage endurance tests, iv) DC
resistivity tests at low and high electric fields, and v) relative permittivity and dielectric
loss tests at low and high electric fields.

Several different alumina and spinel raw materials were studied to form wide perspective
of the electrical performance of the coatings. For all the studied coatings, a comprehensive

study of dielectric properties included DC breakdown performance, DC resistivity, relative
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permittivity and dielectric losses at controlled conditions (20°C/RH 20%). According
to these results, the high-velocity oxygen fuel (HVOF) sprayed spinel coatings have the
highest breakdown strength, DC resistivity and the lowest dielectric losses while the rod
flame sprayed alumina and spinel coatings exhibit lower breakdown strength and DC
resistivity as well as higher dielectric losses. The dielectric properties of atmospheric
plasma sprayed (APS) alumina and spinel coatings are very close to those of HVOF
coatings, except the breakdown strengths which are notably lower for APS coatings.
The differences between the coatings deposited by utilizing different spray methods are
understandable since the highest particle velocity of HVOF spray method enhance the
coating properties (e.g. density, porosity, amount of unmelted regions etc.) while the low
particle velocity of rod flame spray diminish the material properties and furthermore the
dielectric performance.

As mentioned earlier, the microstructure of a thermally sprayed ceramic coatings is
formed layer-by-layer from several molten powder particles called splats. During the
spray process, the attaching surface of the splat cools down more rapidly than the other
parts, causing the rapidly cooling part to form amorphous phase and other sections more
crystalline. In addition, the coating consists of unmelted particles, pores, voids and some
amount of vertical cracks. The effects of the special micro- and phase-structures on the
dielectric properties was one of the main objectives of this thesis, and the effects are seen
in several ways in this thesis.

The porosities are rather similar in between the different coating materials. Due to
this, no clear correlation between porosity and short-term DC breakdown performance or
any other dielectric property can be observed. In some test series, high gas permeability
(volumetric porosity) can correlate with the lower breakdown strength but this correlation
cannot be seen for all the studied coatings. The observations emphasize that the coating
structure is complex and it is difficult to find clear correlations between one specific
material property and the electrical performance.

The role of microstructure can also be seen in the relative permittivity and dielectric
losses of the ceramic coatings. At the highest frequencies, the relative permittivities of
the coatings are more or less constant being at similar level with bulk alumina. However,
at the lower frequencies the relative permittivity increases rapidly which most probably
indicate interfacial polarization occurring at the crystalline-amorphous interfaces in the
coating. Also, the role of microstructure can be seen in the dielectric losses since the
losses of the coatings are notably higher than those of bulk ceramic. Related to this,
notable low-frequency dispersion contribution can be seen in the dielectric losses in the
low frequency region which can be linked to the layered microstructure.

Conduction mechanisms were studied and analyzed comprehensively which was one
of the main objectives of this thesis. Unlike for bulk alumina, the DC resistivity of the
coatings is field dependent and the conduction mechanism is not fully following the space
charge limited conduction (SCLC) theory. Only at the lowest electric fields (typically

below 0.5V /pm), the DC resistivities of the studied coatings are at similar level with
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that of bulk alumina while at higher electric fields the coatings exhibit strong non-linear
resistivity. Based on the high field DC conductivity data analysis, it is proposed that
the coatings follow only partly the SCLC theory. This behavior is suggested to be based
on the layered structure with crystalline and amorphous regions. These regions exhibit

different conductivities resulting in uneven DC electric field distribution.

Another main objective was to study the effect of ambient conditions on the dielectric
properties. It is verified that the dielectric properties of the ceramic coatings are very
sensitive to external effects, i.e. i) the utilization of insulation oil preventing flashovers
on the coating surface in breakdown voltage tests, ii) increasing the air temperature, or
iii) increasing relative humidity. During the breakdown voltage tests, the insulation oil
penetrates very easily inside a ceramic coating causing the breakdown strength of oil
impregnated coating to be roughly two times higher than the breakdown strength of
ceramic coating. Air temperature has only a minor effect on the breakdown strength
in the temperature range of 20-180°C but in the range of 300-800 °C the breakdown
strength of alumina coatings decreases gradually being at 800 °C only 14% of the value
obtained at 20°C/RH 20%. Increasing the relative humidity has no clear effect on
breakdown performance of ceramic coatings. However, increasing humidity decreases the
DC resistivity several orders of magnitude and increases the relative permittivity and
dielectric losses significantly as well. Increasing humidity has more notable influence on
the dielectric properties of alumina coatings than those of spinel coatings. This difference
most probably occurs due to the high amount of highly hygroscopic metastable v-Al;Os3,
which exhibits always in thermally sprayed alumina coating due to rapid solidification
during the spray process, while no phase alterations occur in the spinel coatings. However,
the phase changes does not explicitly explain the moisture sensitive of thermally sprayed
coatings, and it is proposed that the nature of thermally sprayed ceramic coating is
moisture sensitive due to the layered microstructure with voids and pores. If the ceramic
coatings are utilized at low temperatures, the coatings can be sealed with an organic or
an inorganic sealant to be more insensitive to the humidity effects. However, it needs to

be emphasized that the sealing affects the electrical performance of the ceramic coatings.

In order to utilize thermally sprayed ceramic coatings in real applications, their long-
term performance need to be known in addition to their short-term properties. The
step-wisely increased breakdown voltage tests showed roughly the levels of breakdown
strengths under longer stresses. In practice approximately 10-40% decrease from the short-
term results were observed. However, the step tests did not provide enough information
of the long-term breakdown performance. Thus, long DC voltage endurance tests were
performed to analyze the material degradation and to enable estimation of possible service
electric fields, which was one of the main objectives of this thesis as well. According to
the results, no clear material degradation was observed for the studied HVOF sprayed
alumina or spinel coatings. Short-term dielectric properties indicated that HVOF spinel
coatings exhibit better dielectric performance than HVOF alumina coatings but this kind

of evident difference was not observed in the long-term test. According to the long-term
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test results, at normal ambient conditions a suitable maximum service stress level for the

both coatings could be in the range of 10 V/ium which is approximately 25-30% of the

short-term breakdown strength.

7.2 Future research topics

This thesis presents suitable methods to analyze the electrical performance of thermally

sprayed ceramic coatings. Comprehensive analysis of the effects of microstructure and

ambient conditions were made for several different coating materials. The following

further research topics could enhance the understanding of the dielectric performance:

o As the humidity was verified to affect significantly the performance of the coatings,
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future studies should be done for highly dried samples. This may better reveal
differences between the different coatings. In practice, the moisture could be removed
better when the samples are heat-treated in a vacuum oven. In addition, some
measurements, in particular DC resistivity and dielectric losses, could be performed

in the vacuum oven.

One of the most interesting findings of this thesis is the strong non-linear DC
resistivity which starts at quite low electric fields. Some proposal about the
possible reasons are made but there are still quite many open questions about the
root causes of this phenomenon. For example, the physical microstructure with
amorphous/crystalline regions, pores, etc. could be tried to be modeled in a suitable
multiphysics software together with the dielectric properties in order to find more

detailed answers to the observed phenomena.

The effects of ambient conditions were studied comprehensively in this thesis.
However, the high temperature effect on DC resistivity and dielectric losses would
be interesting research question, especially if the operating temperatures in real
applications are high. In addition, it would be interesting to increase the stress
durations and electric fields in the DC resistivity measurements in order to reach

the real long-term performance of the materials.

This thesis focused mainly on the short-term dielectric properties of the ceramic
coatings although the long-term breakdown performance was studied for two coating
materials. In the future, a broader long-term test series with coating samples of all
different spray methods would be an interesting addition. This should also include
the aspects to study the partial discharge endurance under various stresses which

was left outside of the scope of this thesis.

The results presented in this thesis give an overview of the dielectric properties
of the ceramic coatings and possible operation regions where coating materials

could be utilized. However, in order to use the coatings in real applications more



7.2.  Future research topics

characterization is needed focusing also on application specific tests which could
include e.g. the aforementioned PD tests, pulsed voltage or other specific excitations,

and tests where coating is deposited on an application specific geometries.
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Appendix A. Short-term electrical performance of the studied coatings

Table A.1: The electrical performance of the studied coatings at at 20 °C, RH20% [P1]-[P8]. The breakdown fields of the studied coatings
at the breakdown probabilities of 10%, 63.2% and 90% and Weibull 3. The statistical analysis of the breakdown data was performed using
Weibull4++ software. DC resistivity of the coatings are presented at two different electric fields. The dielectric losses are presented at two
frequencies when the measuring voltage was 200 V ¢qr which corresponds the electric field of 0.5-1V peqr/nm. However, the measuring
electric field was 0.3V eqr/pm for the alumina coatings HVOF6B, PlasmaA and FlameA [PS§].

BDS (Vpum™1!) DC resistivity (2m) Dielectric loss

Sample Fron @ Eesan  Fooww B E—=05Vpm~ E—=2Vpm-' at1Hz at 1kHy ©ublication
HVOF1  exp. Al,O3-MgO 22.6 32.3 36.8 6.3 5.6 x 10'2 1.6 x 1012 0.67 5.12 [P5]
HVOF2  com. Al,O3 15.3 23.3 27.3 5.3 4.4 x 1012 1.8 x 1012 0.67 14.4 [P5]
HVOF3  com. Al,O3 21.6 26.2 28.2 11.6 5.2 x 101! 6.5 x 1010 0.62 23.7 [P5]
HVOF4  com. MgAl,Oy4 15.0 20.6 232 7.1 4.5 x 1012 6.5 x 10! 0.49 10.8 [P5]
HVOF5  com. Al,O3 25.7 31.8 345 105 3.5 x 1012 8.0 x 101! 0.65 16.6 [P4, P7]
HVOF6A  com. Al,O3 23.9 34.0 38.8 6.4 - - - - [P3]
HVOF6B  com. Al,O3 22.9 35.1 412 5.3 1.1 x 1012 1.9 x 101 0.71 23.2 [P7, P§]
HVOF7  exp. 100% AlyO3 31.7 39.2 42.3  10.7 4.8 x 102 2.6 x 102 0.37 11.6 [P6, P7]
HVOF8  90% Al;03-10% MgO  40.8 48.1 51.2  13.6 7.7 x 10'? 5.1 x 1012 0.28 8.6 [P6, PT7]
HVOF9  75% Aly03-25% MgO  41.5 49.6 52.9 127 2.3 x 1013 1.7 x 10%3 0.12 3.0 [P6, P7]
HVOF10  60% Aly03-40% MgO  16.6 24.1 27.7 6.0 2.1 x 1013 1.6 x 10%3 0.09 2.0 [P6]
HVOF11  50% Al,O3-50% MgO  33.9 40.3 43.0 13.1 3.1 x 1013 2.2 x 1013 0.08 2.2 [P6, P7]
HVOF12  35% Al,03-65% MgO  14.0 22.0 26.0 5.0 1.7 x 10%3 1.6 x 10'3 0.06 1.3 [P6]
HVOF13  exp. MgAl,O4 9.8 14.6 17.0 5.6 3 x 1012 2.2 x 101! 0.41 5.6 [P1, P2]
PlasmaA  com.Al,O3 8.6 19.4 262 2.8 2.0 x 102 4.3 x 10! 0.73 17.9 [P7, P§]
PlasmaB  exp. MgAl,Oy4 12.6 18.2 20.8 6.2 4.6 x 1012 5.4 x 101! 0.37 7.5 [P2]
FlameA  com. Al,O3 12.5 14.1 4.7 19.8 3.2 x 101! 9.6 x 10° 1.09 20.7 [PS]
FlameB  com. MgAl,Oy 13.2 18.4 20.7 6.8 1.5 x 101 8.1 x 108 2.85 58.8 [P2]
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Abstract— Thermally sprayed ceramic coatings can be used
as electrical insulators for example in high temperature
applications (e.g. fuel cells) or in other demanding conditions. In
electrical insulation applications the mostly used coating
materials are aluminum oxide, magnesium oxide and magnesium
aluminate. In general, only few reports of dielectric properties of
thermally sprayed ceramic coatings can be found in literature
and further analysis is thus needed. In addition, the measurement
methods and conditions in previous research are often not fully
documented, complicating the evaluation and comparison of the
properties of different coatings. The aim of this paper was to
characterize dielectric properties of thermally sprayed ceramic
spinel coating sprayed with high-velocity oxygen fuel (HVOF)
technique. The studied dielectric properties are DC resistivity,
DC dielectric breakdown strength, as well as permittivity and
dielectric losses at different frequencies. All measurements were
made at temperature of 20 °C and at relative humidity of 20 %.
Dielectric properties and the composition of coating material are
presented and analyzed.

Keywords—  thermal spraying; HVOF; spinel; coating;
resistivity; dielectric spectroscopy; dielectric breakdown strength

I INTRODUCTION

Thermally sprayed insulating ceramic coatings can be used in
demanding conditions where normal insulating materials such
as for example polymers cannot be used. As an electrically
insulating coating material the most commonly used materials
are aluminum oxide (AlLO;) and magnesium aluminate
(MgAl,O4). In general, only little research of dielectric
properties of thermally sprayed ceramic coatings can be found
in literature. In addition, the measurement methods and
conditions in previous research are often not fully documented,
complicating the evaluation and comparison of the properties
of different coatings.

Earlier studies of electrical properties of thermally sprayed
coatings are focused on the HVOF (high velocity oxygen fuel)
and plasma sprayed alumina coatings [1, 2, 3, 4]. One paper
presented DC resistance and DC dielectric breakdown strength
of HVOF and plasma sprayed spinel coatings at room
temperature conditions and at high humidity levels [3].
Formerly, dielectric spectroscopy studies have been made only
for plasma sprayed alumina [1]. The results of the papers [3, 4]
indicate that electrical properties of HVOF sprayed alumina
and spinel coatings require to be examined more detailed and it
has been already seen that especially the microstructure of a
coating affects significantly to the electrical properties.

Tomi Suhonen, Ulla Kanerva and Jarkko Metséjoki

Advanced Materials
VTT Technical Research Centre of Finland
Espoo, Finland

This paper presents the dielectric properties of thermally
sprayed magnesium aluminate (spinel) concentrating on the
DC resistivity, relative permittivity and dielectric losses as a
function of frequency, and DC dielectric strength. All
measurements are performed at temperature of 20 °C and
relative humidity of 20 %.

II.  EXPERIMENTAL

A. Studied Thermally Sprayed Ceramic Coating

The raw materials of the used spinel powder were AIO(OH)
(particle size 40 nm and purity 99.99 %) and Mg(OH),
(particle size 300 — 1800 nm and purity 99.8 %). The
proportions of raw materials correspond to a stoichiometric
magnesium aluminum spinel (MgAlL,Oy4). During the sintering
process, aluminum hydroxide and magnesium hydroxide
formed to MgAl,O, —powder. The used spinel powder was
experimentally agglomerated by spray drying (Niro p6.3 pilot)
and sintered at temperature of 1300 °C. After sintering, the
powder particles had very dense microstructure and particle
size of the powder was from 6 um to 21 pm which is very
suitable size for HVOF-process.

The MgAl,O4—powder was deposited on stainless steel
substrate (size of 100 mm x 100 mm) by HVOF —process.
Number of studied samples was four (A, B, C and D). Table I
illustrates the porosity values of the coatings which were
measured by optical micrographs and scanning electron
microscope (SEM) with two measuring methods: secondary
electrons (SE) and back-scattering electrons (BSE). The
coating thicknesses of the samples were defined both from
cross section figures of two samples deposited at the same time
with samples A, B, C and D, and by magnetic measuring
device (Elcometer 456C). In the latter case, the thickness result
of a sample is an average value of 10 measurements made
along the electrode area. The measurement results are
presented in Table II. In Fig. 1 the cross-section figures of the
studied spinel coating are shown.

Some deviation is noticed in the thickness values because
the substrate is not smooth due to the the sandblasting of the
substrate before depositing the ceramic coating. In addtion to
that, the coating itself has lamellar microstructure causing a
sligthly non-smooth surface.

B. Sample Preparation

Dielectric spectroscopy and DC breakdown measurements
were made at temperature of 20 °C and relative humidity of



TABLE L. POROSITY OF THE STUDIED THERMALLY SPRAYED COATING.
Porosity [%]
SEM/SE SEM/BSE Optical micrographs
0.6 1.74 0.25
TABLE IL COATING THICKNESS OF THE STUDIED SAMPLES.
Coating thickness (um) Standard deviation (um)
Average Average Average Sample A Sample D
from cross- from from
section magnetic magnetic
figure measurement | measurement
for sample A | for sample D
342 362 359 10.0 9.6

20 %, but the DC resistivity measurements were made at
temperature of 20 °C and relative humidity of 25 %.These
conditions were maintained at the climate room of TUT High
voltage laboratory. The samples were preconditioned at 120
°C for two hours and then stabilized at 20 °C and RH 20 % for
12 hours before measurements. Before DC resistivity and
relative permittivity —measurements, a round silver electrode
was painted on the middle of a coating. The diameter of the
electrode was 50 mm. In addition, a shield electrode was
painted around the measuring electrode to neglect possible
surface currents. From cross section figures it was studied that
the used high purity silver paint did not penetrate inside the
studied thermally sprayed coating.

C. DC Resistivity

Resistivity measurements were made using Keithley 6517B
electrometer and Keihtley Resistivity test fixture 8009. The test
voltage was maintained until a stabilized current level (i.e. pure
resistive current) was reached. In practice, the tests were
performed at test voltages from 10 V to 1000 V and the
stabilized DC current was measured 1000 s after voltage
application. At higher test voltages (corresponding to field
strengths above ohmic region), the DC current did not fully
stabilize during the measurement period. In these cases, the
resistivity values were also defined according the currents
measured 1000 s after voltage application. The volume
resistivity of a material was thus defined according to IEC
standard 60093 (or ASTM D257-07). [5,6]

D. Dielectric Spectroscopy

Relative permittivity and dielectric losses of the materials
were studied with an insulating diagnosis (IDA 200) analyzer

BSE

Fig. 1. Cross-section figures of the studied coating.

CD
Fig. 2. Equivalent RC parallel electrical circuit in dielectric spectroscopy
measurements

device. During the measurements, a sinusoidal voltage with
varying frequency was applied over the sample. The true RMS
value of the measuring voltage was 140 V. The complex
impedance of a sample was calculated from the measured test
voltage and the current through a sample which is expressed as
the equivalent parallel RC circuit model (Fig. 2). The relative
permittivity (€,) and dissipation factor (tan §) were calculated

from the measured parallel resistance and capacitance with Eq.

(1 - ()

! P Ce
£ =€ =————", )]
CU CO
tand = R ")
R Co

where C, is measured parallel capacitance and R, parallel
resistance of the equivalent circuit model of a dielectric (Fig.
2). Cy is the so called geometric capacitance of test sample
(vacuum in place of the insulation) and @ is angular frequency.
The edge field correction (C,) was not used because the shield
electrode was utilized in the measurements. All the test sample
arrangements were according to IEC standard 60250 [7].

Loss index (&, ") includes all losses of a sample: both

conductive and dielectric ones. It can be defined from relative
permittivity and dissipation factor, tan 8, with Eq. (3).

£ =¢ tand 3)

E. DC Dielectric Breakdown Strength

Breakdown voltage measurements were made with linearly
ramped DC voltage. The measurements were made without
immersing the samples into transformer oil because it has been
found that the oil immerses into the porous coating and thus
increases the dielectric strength of a coating. The used
electrode was a flat ended stainless steel rod with a diameter of
10 mm and edge rounding radius of 1 mm. No painted,
sputtered or by other means embedded electrodes on the
specimen surface were used. The ramp rate of the test voltage
was 100 V/s throughout the test until breakdown occurred.

After the breakdown voltage was measured, the thickness
of a coating was measured from the breakdown point to define
exactly the dielectric breakdown field strength for the coating.
The thicknesses were measured with a magnetic measurement
device (Elcometer 6517B). Dielectric breakdown field strength
of a coating was calculated dividing the breakdown voltage by
the corresponding thickness of the breakdown point. The
average value of dielectric strength of a sample was calculated
from five parallel test results.



III. RESULTS AND DISCUSSION

A. DC Resistivity

Normally the DC resistance of an insulating material is an
approximately fixed value (ohmic behavior) at normal service
field strengths. During DC resistivity measurements of these
samples it was noticed that the conduction of the samples was
not ohmic at different voltages. Due to this a more detailed
measurement series was performed to find out the region of
ohmic conduction and the corresponding change to non-ohmic
conduction. Table III presents the resistivity values for samples
A and D at different electric fields. Fig. 3 presents the defined
resistivity values as a function of electric field. It can be
observed that the resistivity of the coating is approximately
3*10"” Qm at field strengths below ~0.5 V/um indicating
ohmic conduction behavior but above that a clearly non-ohmic
behavior can be noticed. In [8], at high temperatures (800 °C —
1400 °C) it was observed that bulk alumina had ohmic
behavior at voltages below 100 V which corresponds
approximately field strength of 0.8 V/um and above 150 V
(~1.3 V/um) it had non ohmic behavior but this was not studied
at room temperature conditions [8].

Since the resistivities changed remarkably at higher
measuring voltages, some kind of a pre-breakdown behavior
may have taken place during the measurements. Due this the
measurements were repeated on next day to find out if some
permanent changes had taken place during the first
measurements. Fig. 4 illustrates the resistivity values of sample
A as a function of electric field on the 1% measurement day,
when the measurement voltages were from 25 V to 1000 V,
and on the 2" measurement day when the voltages were from
50 V to 1000 V. It can be noticed that material had some

TABLE IIL. MEASUREMENT VOLTAGE, ELECTRIC FIELD AND
RESISTIVITY FOR SAMPLE A AND D .

Measurement Electric field Resistivity Resistivity

voltage (V) (V/pm) (2m) for (2m) for

sample A sample D

10 0.03 2.54E+12

20 0.06 2.97E+12
25 0.07 2.87E+12

30 0.08 3.31E+12

40 0.11 3.51E+12

50 0.14 3.05E+12 3.68E+12

60 0.17 3.80E+12

70 0.19 3.87E+12
75 0.21 3.15E+12
100 0.28 3.18E+12
125 0.35 3.16E+12
150 0.41 3.10E+12
175 0.48 2.92E+12
200 0.55 2.80E+12
300 0.83 1.86E+12
400 111 1.29E+12
500 1.38 8.06E+11
600 1.66 4.37E+11
700 1.94 2.22E+11
800 221 1.19E+11
900 2.49 7.03E+10
1000 2.77 4.59E+09

—&—Sample A  —#— Sample D

1E+13

1E+12 *

E

=

2E+11

£ X
2

]

S1E+10

@ $

1E+09

0.01 0.10 1.00 10.00
Electric field [V/pm]

Fig. 3. DC resistivity as a function of electric field for samples A.

—— Measurement day 1 Measurement day 2
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Fig. 4. Resistivity values of sample A as function of electric field on 1% and
2" measurement day.

permanent degradation during the first measurements because
the resistivity values are lower on the 2" day than on the 1%
day. Some pre-breakdown mechanism probably occurs when
the electric field is above approximately 0.5 V/um.

The observed non-ohmic behavior at relatively low field
strengths may be related to the lamellar microstructure of the
coating (Fig. 1). The coating consists of areas of bulk spinel
material (‘splats’ formed in the spraying process), very rapidly
cooled interfacial layers in between them and air voids which
all probably have different dielectric properties. Electric field
may thus be inhomogeneous due to this and more highly
stressed layers may break down in the pre-breakdown region.
The conduction behavior of the coatings will be studied in
more detail in the future and for example the role of interfacial
areas will be investigated.

B. Dielectric Spectroscopy

Fig. 5 presents the relative permittivity as a function of
frequency for the sample A. The relative permittivity is 10.3 at
frequency of 50 Hz. In [9], the relative permittivity of bulk

80.00
70.00 A
60.00 \
50.00 \
40.00 \
30.00 N

20.00
N

10.00 —tr—
0.00

Relative permittivity, €,

0.001 0.01 0.1

. 1 10 100
Frequency (Hz)

Fig. 5. Relative permittivity of sample A as a function of frequency.



spinel was approximately 8 — 8.5 at 1 MHz [9]. Fig. 6
illustrates the loss index of sample A as a function of
frequency. The loss index is 1.1 at 50 Hz. In general, both the
permittivity and the loss index are high compared to bulk
insulating materials especially at low frequencies. This is
probably related to the microstructure of thermally sprayed
coatings described in section II. Quite high interfacial
polarization may be expected due to the lamellar coating
structure increasing both permittivity and losses at lower
frequencies. The measuring voltage falls in the ohmic
conduction range observed in the DC measurements.

C. DC Dielectric Breakdown Strength

Table IV shows the DC dielectric breakdown strength for
samples B and C. Five breakdown results were measured for
both samples and average values are defined from these values.
The dielectric strengths vary greatly between different
measurement points. In [3], the dielectric strength of one type
of HVOF spinel (MgAl,0,) coatings with thickness of 200 pm
was ~ 31 V/um and for a spinel sample of thickness of ~95 um
it was 39 V/um at room conditions. In [3], it was only indicated
that the measurements were made at room conditions and thus
the results cannot be directly compared because the humidity
affects greatly to the electrical properties of ceramic coatings.
The breakdown measurements were performed for as-sprayed
coatings without baking samples before measurement and
silver painted electrode was used on the top of samples in the
breakdown measurements [3]. Because the microstructure,
measurement arrangements and measurement conditions are
different in this study than in the earlier research [3], the
measurement results cannot, anyhow, be directly compared.

IV. CONCLUSIONS

In the DC resistivity measurements, the studied thermally
sprayed HVOF spinel coating indicated non-ohmic behavior
already at quite low field strengths of approx. 0.5V/um and
above. During DC measurements performed at < 3V/um field
strengths at least some permanent changes were observed. The
average DC breakdown field strength of the spinel coating was
measured to be 14 and 17 V/um for the samples, respectively,
but the deviation of the results were really high. Relative
permittivity and loss index of the material were rather high
especially at lower frequencies.

60.00

50.00

\
N\

10.00
N

0.00 *

0.001 0.01 0.1 1 10 100
Frequency (Hz)

X, €,
N w B
o o o
o o o
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Loss inde:

Fig. 6. Loss index of sample A as a function of frequency.

TABLE IV. DC DIELECTRIC BREAKDOWN STRENGTH

$ 25| % E- | &
£ | .| 238 | % £ | £
2| 85| g2 |52 | £E= S T~
=| s2 | 83 2 E 3 = E & Zz 2 E
E| 5E | 2¥| $2E | £ S = =3
S| 25| sE| T8 | 23 <% | T3
) <= & 2 9 = S & =<
] a2 | 2=Z | = s 5 °
= = g8 = 5 E £
=g 2 2 s @ il
SE | & < &
B 1 3945 342 11.5 13.5 2.1
2 5680 342 16.6
3 4720 347 13.6
4 5110 363 14.1
5 4065 350 11.6
C 1 7225 333 21.7 16.9 4.8
2 4875 348 14.0
3 7590 335 22.7
4 4190 322 13.0
5 4480 338 133

All the results are supposed to be related to the lamellar
microstructure (with also some porosity) of thermally sprayed
coatings. The probably different dielectric properties of
interfacial areas and the bulk may enhance the interfacial
polarization and losses especially at lower frequencies.
Interfacial layers probably contribute also on the non-ohmic
conductivity observed.
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Abstract — Thermally sprayed ceramic coatings can be used
as electrically insulating materials for example in high
temperature applications (e.g. fuel cells) or in other demanding
conditions where ceramic-based solutions are needed instead of
e.g. polymers. The dielectric properties of thermally sprayed
ceramic coatings are strongly affected by external conditions.
The aim of this paper is to characterize the dielectric properties
of thermally sprayed ceramic MgAl,O, coatings; especially the
effects of ambient conditions on certain dielectric properties of
thermally sprayed coatings are studied. DC resistivity at various
electric field strengths as well as permittivity and losses at
different frequencies is reported in the paper for MgAl,O,
samples made by three different thermal spray techniques. These
measurements were performed at three temperatures as well as
at two different relative humidities. The DC breakdown strength
was studied at one condition. Due to the slightly open porous
microstructure of the studied coatings, increasing humidity
particularly increases the dc conductivity and relative
permittivity.

Keywords— thermal spraying; HVOF; plasma; flexicord;
spinel; coating; resistivity; dielectric spectroscopy; dielectric
breakdown strength

l. INTRODUCTION

In high temperature applications (e.g. fuel cells) or in other
demanding conditions, ceramic-based insulation solutions are
needed instead of polymers. Ceramic material can be thermally
sprayed to e.g. demanding geometries. The mostly used
insulating coating materials are alumina (Al,Os), magnesium
oxide (MgO) and magnesium aluminate (MgAl,O,). Although
there are clearly needs and applications for thermally sprayed
insulating coatings, in general, only a few studies on the
dielectric properties of thermally sprayed ceramic coatings can
be found in literature and further analysis is required.

The dielectric properties of thermally sprayed ceramic
coatings are strongly affected by ambient conditions [1], [2].
Most of the earlier studies of electrical properties of thermally
sprayed coatings are focused on the HVOF (high velocity
oxygen fuel) and plasma sprayed alumina coatings [1]-[4]. For
MgAl,O, (spinel) coatings mainly DC resistivity and DC
breakdown strength measurements are performed earlier at
room temperature conditions, but in [1] the resistivity was also
studied in high humidity [5]. Formerly, dielectric spectroscopy
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VTT Technical Research Centre of Finland
Espoo, Finland

studies have been made for HVOF sprayed alumina at various
ambient conditions, but dielectric spectroscopy studies of
plasma sprayed alumina as well as HVOF sprayed spinel have
been reported only at room temperature conditions [2], [4], [5]-
Due to the lamellar and slightly porous microstructure of
thermally sprayed ceramic coatings, the influence of
temperature and humidity on the dielectric properties is
required to be examined in more detail. The aim of this paper is
to study the dielectric properties of three differently sprayed
spinel coatings at various ambient conditions.

Il.  EXPERIMENTAL

A. Studied Thermally Sprayed Ceramic Coatings

Three thermally sprayed ceramic coatings of different
coating techniques were deposited on stainless steel substrates
(size of 100 mm x 100 mm). Experimental MgAl,O,—powder
was deposited by HVOF-process, more detailed information of
this HVOF coating is presented in [5]. Commercial MgAI,O,—
powder was deposited by atmospheric plasma spraying and
commercial MgAl,O, flexicord by flame spraying.

The coating thicknesses of the samples were defined by
magnetic measuring device (Elcometer 456B). The mean value
of the thickness was calculated from 10 parallel measurements
covering the electrode area. The mean thicknesses, standard
deviations and gas permeability values of the coatings are
presented in Table I. The higher the gas permeability, the more
porous the material is. According to the results, the HVOF
coating is the least porous and the flame sprayed flexicord is
the most porous of the studied materials. Because the coating
base is not smooth due to the grit blasting, some deviation is
noticed in the thickness values. In addtion to that, the coatings
themselves exhibit lamellar microstructure causing a sligthly
non-smooth surface. The coatings were tested as-sprayed.

B. Sample Preparation and Test Procedures
DC resistivity and dielectric spectroscopy measurements

TABLE I. THICKNESSES, STANDARD DEVIATIONS AND GAS
PERMEABILITIES OF THE STUDIED COATINGS.
Material | Thickness (um) | SD (um) Gas permeability (nm?)
HVOF 362 10.0
Plasma 333 10.8 13.1
Flexicord 360 8.1 19.89




were performed at various ambient conditions (+20°C, +40°C,
+60°C; RH 20 %, 45 %). The coatings were stabilized at each
ambient condition for 3 hours before the measurements. Prior
to the stabilizing period at each ambient condition, the samples
were dried at 120 °C for one hour and then placed at dry
conditions because the same sample was used at all these
measurement conditions. At first, the dc resistivity at various
electric fields was measured and then the dielectric
spectroscopy measurements were performed. In addition, the
DC dielectric breakdown strength (DBS) measurements were
performed at 20°C, RH 20 %.

For the DC resistivity and relative permittivity
measurements, a round silver electrode (&= 50 mm) was
painted on the middle of a coating sample. In addition, a shield
electrode was painted around the measuring electrode to
neglect possible surface currents. For  breakdown
measurements, a silver electrode (&= 11 mm) was painted on
the sample surface to improve the contact between the voltage
electrode and the coating. Silver paint penetration was studied
from cross-sectional optical micrographs. It was observed that
the used paint (SPI Conductive Silver Paint) did not penetrate
into the coating.

A. DC Resistivity

Resistivity measurements were made using Keithley 6517B
electrometer. The test voltage was maintained until a stabilized
current level (i.e. pure resistive current) was reached. In
practice, the tests were performed at test voltages ranging from
10 V to 1000 V at 20°C, RH 20 % in order to study the
resistivity as a function of electric field in detail. At the other
ambient conditions, the resistivities were measured at the
electric fields of 0.1 \//um, 0.3 V/um, 0.5 V/um, 1.5 V/um and
2.5 V/pm. The stabilized DC current was measured 300 s after
the voltage application. Anyhow, at higher test voltages
(corresponding to field strengths above ohmic region), the DC
current did not fully stabilize during the measurement period.
Despite of this the resistivity values were determined similarly
in these cases. All the measuring arrangements were in
accordance with the standards IEC 60093 or ASTM D257-07.

[51-17]
B. Dielectric Spectroscopy

Relative permittivity and dielectric losses of the materials were
studied with an insulating diagnosis analyzer device (IDA
200). During the measurements, a sinusoidal voltage with
varying frequency was applied over the sample. The measuring
electric field was 0.3 Vpea/pum unlike in [2], [5] where the
measuring voltage was 200 Ve corresponding to the electric
fields 0.71 Vpeadpum in [2] and 0.55 Vyea/um in [5].

The complex impedance of a sample is calculated from the
measured test voltage and the current through a sample which
is expressed by IDA device as the equivalent parallel RC
circuit model. The relative permittivity (¢,) and dissipation

factor (tan d) were calculated from the measured parallel
resistance and capacitance with Eq.(1)-(2), where C, is
measured parallel capacitance and R, parallel resistance of the
equivalent circuit model of a dielectric. C, is the so-called
geometric capacitance of test sample (vacuum in place of the
insulation) and @ is the angular frequency. The edge field

correction (Ce) was not used because the shield electrode was
utilized in the measurements. All the test arrangements were
performed in accordance with the IEC standard 60250. [8]
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Loss index (g, ") includes all the losses of a sample: both

conductive and dielectric ones. It can be defined from relative
permittivity and dissipation factor, tan , with Eq. (3).
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C. DC Dielectric Breakdown Strength

Breakdown (bd) voltage measurements were made with a
linearly ramped DC voltage. The measurements were made
without oil immersion because the oil penetrates into the
porous coating and thus increases the dielectric strength of a
coating. During the breakdown tests, the samples were clamped
between two stainless steel electrodes: a rod (&= 11 mm) and a
flat plate (£=50 mm). The used rod electrode was flat-ended
and edge-rounded with a radius of 1 mm. A software controlled
linear ramp rate of 100 V/s was used throughout the test until
breakdown occurred. [9]

Before painting the silver electrodes on the sample
surfaces, the thickness of a coating was measured from the
electrode area to define exactly the dielectric breakdown field
strength. Dielectric breakdown field strength of a coating was
calculated dividing the breakdown voltage by the
corresponding thickness of the breakdown point.

D. Statistical Analysis of Breakdown Strength Results

Breakdown process of any dielectric material is inherently
of stochastic nature causing statistical distribution of
breakdown results. Typically dielectric breakdown strength of
solid materials is Weibull distributed due to which also these
results were fitted to that distribution. The cumulative density
function of a two-parameter Weibull distribution is given in

Eq. (4):
t p
F(t,a,B)=1—exp{[j } )]
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where F(t) is the breakdown probability, t is the measured
breakdown strength (V/um), o is the scale parameter (\V/pm)
and g is the shape parameter (V/um). The scale parameter
represents the breakdown strength at the 63.2 % failure
probability and the shape parameter indicates the slope of the
theoretical distribution. The statistical analysis was performed
using Weibull++ software and the Maximum Likelihood
method was used in the parameter estimation.



I1l.  RESULTS AND DISCUSSION

A. DC resistivity

Figure 1 illustrates the resistivities of the coatings as a
function of electric field at all studied ambient conditions. The
resistivities of all the coatings are at quite a similar level at
lowest electric fields at 20°C. When temperature is increased
to 40 °C, a permanent change can be seen for the Flexicord
coating (which can be seen also in permittivity, Fig. 2). For
HVOF and Plasma increasing temperature has not as high
influence although DC resistivity of all the coatings decreases
when the temperature increases. In general, relative humidity
has larger influence on the resistivity in comparison to
temperature. The changes, in general, may be linked to the
porosity and hydrophilicity of thermally sprayed ceramic
coatings.

Flexicord has the highest porosity and its resistivity
decreases more with increasing humidity. However, despite the
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Fig. 1. DC resistivity of the studied coatings in all studied ambient conditions
and after these measurements: a) HVOF sprayed, b) plasma sprayed and c)
flame sprayed flexicord.

rather high porosity of Plasma coating its behavior does not
differ much from HVOF sample. Other properties (e.g. phase
composition, interface properties, etc.) are thus also of
importance.

B. Dielectric Spectroscopy

The relative permittivities of all the coatings increase
especially with relative humidity, as it can be observed from
Fig. 2 where the relative permittivity of the coatings is
presented as a function of frequency at all the studied ambient
conditions. Major permanent changes in the coatings did not
occur during the measurements at high temperatures and
humidities, except for Flexicord. This is confirmed by the
permittivity measurements made after the aforementioned
measurements which indicate that the permittivities of the
HVOF and plasma samples are only slightly changed in
comparison to the initial values at 20°C, RH20%. However,
when temperature was increased from 20°C to 40°C, some
permanent changes occurred in Flexicord sample which may be
T=20°C, RH 45 %
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Fig. 2. Relative permittivity as a funtion a frequency for all studied coatings in
all studied ambient conditions and after these measurements: a) HVOF
sprayed, b) plasma sprayed and c) flame sprayed flexicord.



e.g. due to breakdowns in the interfaces inside the coating.

Loss index was also defined for all the materials. The
behavior of the coatings was similar as the relative permittivity;
the dielectric losses increased when the temperature increased
and also the influence of relative humidity was similar.
Flexicord had the highest dielectric losses whereas the HVOF
had the lowest throughout the studied frequency range.

C. DC dielectric breakdown strength

Figure 3 presents the DC dielectric breakdown strength
distribution of the studied spinel coatings along with the
corresponding Weibull parameters. Typically, HVOF sprayed
coatings have higher breakdown strength values than the
coatings sprayed with other techniques due to the more dense
structure of HVOF sprayed coatings. For this HVOF coating
the mean was, anyhow, only 13.6 V/um (SD=2.5 V/um) while
e.g. in [1] the mean dielectric strength of HVOF spinel coating
was ~31 V/um (thickness 200 pm). The reason of this is
supposed to be the experimental powder used for HVOF
coating.

In the case of the plasma and HVOF samples the similar
Weibull B values indicate similar material homogeneities
despite the differences in the raw materials and spraying
techniques. However, the Flexicord sample shows even higher
Weibull beta in comparison to the HVOF and plasma samples
indicating even higher distribution homogeneity. If the weakest
spot of Flexicord (8.4 V/um) is excluded from the Weibull
parameter calculation, the resulting o and  parameters are 18.5
V/um and 15.9, respectively.

D. Discussion

DC resistivities of all the coatings are quite similar at low
electric fields. Due to the special microstructure, hydrophilicity
and slightly porous structure of thermally sprayed ceramic
coatings, humidity can be absorbed in the coating. This can be
seen in both the resistivity and dielectric spectroscopy results
which show higher dependency on relative humidity than on
temperature.

Like the humidity also the temperature has a clear influence
on the dielectric properties, as increasing temperature decreases
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Fig. 3. The dielectric breakdown strength distribution of the studied coatings
and the Weibull parameters o and .

the DC resistivity and increases the relative permittivity and the
dielectric losses. However, it is difficult to distinguish exactly
the individual effects of temperature and humidity although
quite good indications can be made based on the RH 20 %
results. In any case it is obvious that the dielectric
measurements of thermally sprayed ceramic coatings should be
made at controlled conditions and good documentation of the
measurements conditions is of significant importance.

Flexicord had the highest porosity and dielectric strength
but the lowest dc resistivity. HVOF and Plasma samples have
lower porosities and breakdown strengths but higher dc
resistivities in comparison to Flexicord. It may be speculated
that the slightly higher conductance of Flexicord may form a
more preferable charge distribution in the dielectric for DC
strength and this way improve the fast rate-of-rise DC
breakdown strength.

IV. CONCLUSIONS

In DC resistivity and dielectric spectroscopy measurements,
the relative humidity has higher influence on the results than
temperature. This can be linked to the coatings capability to
absorb moisture. Thus, the dielectric measurements should be
performed at carefully controlled conditions in order to be able
to compare results to other studies. The highest DC breakdown
strength was measured for flame sprayed Flexicord which had
the lowest resistivity although more dense HVOF coatings
typically has the highest dielectric strength. The main reason
for this result is probably in the properties of the experimental
powder used for HVOF coating.

REFERENCES

[1] F.-L. Toma, L. M. Berger, S. Scheitz, S. Langner, C. Rddel, A. Potthoff,
V. Sauchuk, and M. Kusnezoff, “Comparison of the Microstructural
Characteristics and Electrical Properties of Thermally Sprayed Al 20 3
Coatings from Aqueous Suspensions and Feedstock Powders,” J. Therm.
Spray Technol., vol. 21, no. 3—4, pp. 480-488, 2012.

[2] M. Niittymaki, B. Rotthier, T. Suhonen, J. Metséjoki, and K. Lahti,
“Effects of ambient conditions on the dielectric properties of thermally
sprayed ceramic coatings,” in Proceedings of the 23th Nordic Insulation
Symposium Nord-1S 2013, 2013, Trondheim, Norway, pp. 131-135.

[3] F.L.Toma, S. Scheitz, L. M. Berger, V. Sauchuk, M. Kusnezoff, and S.
Thiele, “Comparative study of the electrical properties and
characteristics of thermally sprayed alumina and spinel coatings,” J.
Therm. Spray Technol., vol. 20, no. 1-2, pp. 195-204, 2011.

[4] L. Pawtowski, “The relationship between structure and dielectric
properties in plasma-sprayed alumina coatings,” Surf. Coatings Technol.,
vol. 35, no. 3-4, pp. 285-298, 1988.

[5] M. Niittymaki, K. Lahti, T. Suhonen, U. Kanerva, and J. Metséjoki,
“Dielectric properties of HVOF sprayed ceramic coatings,” in
Proceedings of the IEEE International Conference on Solid Dielectrics,
2013, Bologna, Italy, pp. 389-392.

[6] “IEC standard 60093 Methods of test for volume resistivity and surface
resistivity of solid electrical insulating materials,” no. IEC Standard
60093. IEC, 1980.

[7] “ASTM Standard D257 - 07 Standard Test Methods for DC Resistance
and Conductance of Insulating Materials,” no. ASTM Standard D257—
07. ASTM International, West Conshohocken, PA, 2007.

[8] “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,” no. IEC Standard 60250. IEC, 1969.

[91 M. Niittyméki, J. Metsdjoki, T. Suhonen, and K. Lahti, "Breakdown
strength of thermally sprayed ceramic coatings - effects of different test
procedures,” J. Therm. Spray Technol. (unpublished, under review)



Publication III

Dielectric breakdown strength of thermally sprayed ceramic coatings:

effects of different test arrangements

M. Niittymaki, T. Suhonen, J. Metsédjoki and K. Lahti

Journal of Thermal Spray Technology, vol. 24, no. 3, pp. 542-551, 2015.
DOLI: 10.1007/s11666-014-0211-1

Publication reprinted with the permission of the copyright holders.


http://dx.doi.org/10.1007/s11666-014-0211-1




JTTEES
DOI: 10.1007/s11666-014-0211-1

1059-9630/$19.00 © ASM International

Dielectric Breakdown Strength of Thermally
Sprayed Ceramic Coatings: Effects
of Different Test Arrangements

Minna Niittymaki, Kari Lahti, Tomi Suhonen, and Jarkko Metsajoki

pomaInayY Joad

(Submitted July 4, 2014, in revised form November 12, 2014)

Dielectric properties (e.g., DC resistivity and dielectric breakdown strength) of insulating thermally
sprayed ceramic coatings differ depending on the form of electrical stress, ambient conditions, and aging
of the coating, however, the test arrangements may also have a remarkable effect on the properties. In
this paper, the breakdown strength of high velocity oxygen fuel-sprayed alumina coating was studied
using six different test arrangements at room conditions in order to study the effects of different test and
electrode arrangements on the breakdown behavior. In general, it was shown that test arrangements have
a considerable influence on the results. Based on the results, the recommended testing method is to use
embedded electrodes between the voltage electrode and the coating at least in DC tests to ensure a good
contact with the surface. With and without embedded electrodes, the DBS was 31.7 and 41.8 V/um,
respectively. Under AC excitation, a rather good contact with the sample surface is, anyhow, in most
cases acquired by a rather high partial discharge activity and no embedded electrodes are necessarily
needed (DBS 29.2 V/pm). However, immersion of the sample in oil should strongly be avoided because

the oil penetrates quickly into the coating affecting the DBS (81.2 V/pum).

Keywords Al,Os;, breakdown strength, coating, dielectric,
HVOF, thermal spraying

1. Introduction

Thermally sprayed ceramic coatings, such as alumina
and magnesium aluminate, can be utilized as an electrical
insulation in demanding conditions (e.g., in harsh envi-
ronments or in high-temperature applications) where
normal insulating materials, such as polymers, cannot be
used. However, relatively few studies on the dielectric
properties of thermally sprayed ceramic coatings can be
found in literature which makes this area of research
interesting and necessary. In order to be able to design
electrical insulation systems based on thermally sprayed
ceramics, the electrical performance of these materials
must be known. The performance is defined by dielectric
parameters (e.g., permittivity, tan &, resistivity, and
breakdown strength) which are, anyhow, not constant
values but differ depending on the form of electrical stress
(e.g., DC, AC, frequency of AC, transients) and ambient
conditions (such as temperature, humidity) and also the
aging of a material (long-term properties). Arrangements
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during tests and measurements may affect the results
remarkably. Due to the above reasons, the measurements
of dielectric parameters are typically made according to
standards, like IEC 60243-1 or ASTM D 149-09(2013) for
dielectric breakdown strength. Although a certain stan-
dard is used, there are often several details which may
vary between separate tests. In the case of breakdown
measurements, for example, different voltage application
methods and electrode configurations may be used as well
as different insulating mediums may be used around the
test sample to prevent surface arcing and flashovers over
the sample. Since details of test arrangements may have an
effect on the test results, tests shall always be documented
in detail and comparisons between the results of different
tests shall be made with careful consideration (Ref 1, 2).

Because of the spraying process, the microstructure of
thermally sprayed coating consists of splats, voids, cracks,
and different kinds of defects due to which thermally
sprayed coatings have some degree of porosity. Increased
porosity decreases the dielectric breakdown strength of
thermally sprayed ceramic coating (Ref 3, 4). Typically,
insulating solid ceramics is less porous than the thermally
sprayed coatings. Due to this, solid ceramics may usually
be tested as immersed in insulating oil to prevent flash-
overs over the sample surface, because the oil will not
easily penetrate inside the material structure and thus
affect the test results. Most of the previous studies on
insulating ceramics are focused on the electrical properties
of solid alumina which has different microstructural
properties than thermally sprayed coatings, and due to this
direct comparison between the dielectric properties of
solid and thermally sprayed materials is not reasonable.
Quite many of the breakdown strength measurements of
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the solid ceramics are made using AC voltage (50 or
60 Hz), but the dielectric breakdown strength measure-
ments of ceramic coatings are typically performed using
DC voltage in air without oil immersion (Ref 3-16).

As it was mentioned earlier, the used electrode con-
figuration may have influence on the dielectric breakdown
results. In Ref 3, 17-19 the breakdown measurements of
thermally sprayed ceramic coatings were performed
without silver-painted or other way embedded electrodes
on sample surface, but in Ref 4, 5 silver-painted electrodes
were used to improve the contact between the steel elec-
trode and the coating. The effect of steel electrode shape
was studied for solid alumina in Ref 11, and a ball-shaped
electrode was recommended. The ball-shaped electrode
arrangement is also introduced in the IEC standard 60672-
2, but since it requires a ball-shaped hole to be machined
in the sample to be tested and as a consequence of this a
rather thick sample is required, this method is not in
practice applicable to thermally sprayed coatings (Ref 20).
However, when a ball-shaped electrode is used, the elec-
tric field distribution over the tested area is more
homogenous, and thus it is a more preferable electrode
arrangement for breakdown testing. On the other hand,
the tested area is really small since the maximal field
strength is present only at the vicinity of the head of the
ball electrode. Due to this, a rather high deviation of re-
sults can be expected in Ref 20 with this arrangement and
as a consequence, a large number of parallel tests are
needed in order to get a realistic view of the breakdown
distribution over the large areas of a material. Actually,
the IEC Standard 60672-2 recommends using a test
method where a ball-shaped hole is not machined in the
sample.

The breakdown test results of thermally sprayed
ceramics are usually presented as an average value from
five to ten parallel measurements (Ref 3-5, 17, 18). Typi-
cally, breakdown data of solid ceramics are also presented
as Normal distribution values (mean and standard devia-
tion), but in Ref 11 the weakest link failure analysis was
used in a case of solid alumina, and the results were
analyzed statistically with two distributions: Weibull and
Laplace. The latter was reported to agree better than
Weibull. In typical solid electrical insulations (e.g., poly-
mers), Weibull analysis is normally performed for break-
down data if the parallel measurements of more than 10
are made (Ref 11, 21, 22).

In this paper, the breakdown strength of one type of
high velocity oxygen fuel (HVOF)-sprayed aluminum
oxide coating is studied with several different test
arrangements at room temperature conditions. The
breakdown measurements are performed with silver-
painted electrodes and without any embedded electrodes
in air and in oil mainly with DC voltage. Statistical ana-
lysis, such as Normal and Weibull distributions, are per-
formed for the breakdown data. The measurement
methods are documented in detail, and the effect of
electrode arrangements as well as the effect of insulation
oil immersion is analyzed. The dependence between the
coating microstructure and the breakdown strength is also
discussed.

Table 1 Main spray parameters

Parameter
Spray distance, mm 170
Gas parameters, L/min
H, 700
O, 350
N, 20
Sweeps, pcs 15
Scanning step size, mm 4
Relative torch scan velocity, m/s 1

2. Experimental

2.1 Studied Material

Commercial fused high purity Al,Os-powder (99.9 wt.
%, Praxair) was deposited on carbon steel substrate by
high velocity oxygen fuel (HVOF) spraying method. The
particle size of the powder was from 5 to 22 um which is a
very suitable size for HVOF process. The used HVOF gun
was HV2000 (Praxair), and the main spray parameters are
listed in Table 1. The coating was tested as sprayed
without any polishing, grinding, or sealing because a sealer
can fill the voids of the coating, thus affecting the results
(Ref 3).

The porosity values of the studied coating were defined
by image analysis from optical micrographs (OM) with
image magnification of 320 and using scanning electron
microscope (SEM) micrographs taken with two detectors:
secondary electron detector (SE) and backscattered elec-
tron detector (BSE) both with image magnification of
1000. The porosity values were defined by three OM
images and by two SEM images. Five parallel surface
roughness measurements were made with 2D-profilometer
along the coating surface.

2.2 Sample Preparation

DC resistivity, relative permittivity, and breakdown
strength measurements were made at the temperature of
20 °C and at the relative humidity of 45%. These condi-
tions were maintained in the big climate room of TUT
High voltage laboratory where all the measurement ac-
tions were made at the above-mentioned ambient condi-
tions. At first, the samples were preconditioned at 120 °C
for 2 h and then stabilized at 20 °C and RH 45% for 12 h
before the measurements. For DC resistivity and relative
permittivity measurements, a round silver electrode
(@=50 mm) was painted on the middle of a coating
sample before preconditioning. In addition, a shield elec-
trode was painted around the measuring electrode to ne-
glect possible surface currents. For some of the breakdown
measurements, silver electrodes (J=11 mm) were pain-
ted on the samples before preconditioning. Silver paint
penetration was studied from cross-sectional optical
micrographs. It was observed that the used paint (SPI
Conductive Silver Paint) did not penetrate into the coat-
ing.
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2.3 DC Resistivity and Relative Permittivity
of the Studied Material

DC resistivity was studied at three different electric
field strengths because some thermally sprayed ceramic
coatings have shown non-ohmic behavior already at quite
low electric fields (Ref 18). DC resistivity measurements
were made using Keithley 6517B electrometer. The test
voltage was maintained until a stabilized current level (i.e.,
pure resistive current) was reached. In practice, the tests
were performed at test voltages ranging from 10 to 30 V,
and the stabilized DC current was measured approxi-
mately 1000 s after the voltage application. The DC
resistivity was calculated using the mean value of the
stabilized current at 998-1000 s, the test voltage, and the
sample thickness. All the measurement arrangements
were in accordance with the standards IEC 60093 or
ASTM D257-07 (Ref 23, 24).

Relative permittivity and dielectric losses of the mate-
rial were studied with an insulating diagnosis analyzer
device (IDA 200). During the measurements, a sinusoidal
voltage with varying frequency was applied across the
sample. The measuring voltage was 200 V., corre-
sponding to the electric field of 1.5 Vpca/pm.

The complex impedance of a sample was expressed by
IDA device as an equivalent parallel RC circuit model and
calculated from the measured test voltage and the current
through a sample. The relative permittivity (e,) and dissi-
pation factor (tan 3) were calculated from the measured
parallel resistance and capacitance using Eq 1, 2, where C,
is the measured parallel capacitance and R, the parallel
resistance of the equivalent circuit model of the dielectric.
Cy is the so-called geometric capacitance of the test sample
(vacuum in place of the insulation) and ® is the angular
frequency. The edge field correction (C,) was not used in
these measurements because a shield electrode was utilized
in the measurements. All the test arrangements were per-
formed in accordance with the IEC standard 60250 (Ref 25).

_é

Loss index (g,”) includes all the losses of a sample: both
conductive and dielectric ones (as well as the dissipation
factor). It can be defined from relative permittivity and
dissipation factor, tan J, using Eq 3.

g =g tand. (Eq 3)

2.4 Breakdown Measurements

During the breakdown tests, the samples were clamped
between two stainless steel electrodes: a rod (& =11 mm)
and a flat plate (& =50 mm). The used rod electrode was
flat-ended and edge-rounded with a radius of 1 mm.
Schematic figure of this measurement bench is illustrated
in Fig. 1(b). Some of the measurements were made with a
graphite felt disk electrode (&=11 mm, the thickness of
0.76 mm) placed in between the stainless steel rod elec-
trode and the coating, and some of the measurements
were made in oil immersion with “Shell Diala oil DX
Dried” insulation oil.

Breakdown measurements were made using six differ-
ent measuring arrangements:

(1) at DC voltage in air without oil immersion or painted
electrodes on coating surface

(2) at DC voltage in oil immersion without painted elec-

trodes

(3) at DC voltage with silver-painted electrodes
(J=11 mm) in air

(4) at DC voltage with graphite disk electrodes
(@ =11 mm) in air

(5) at DC voltage with silver-painted electrodes

(@=11 mm) in oil
(6) at AC voltage (50 Hz) in air without oil immersion or
painted electrodes.

All the breakdown voltage measurements were made
with linearly ramped DC or AC voltage. Software-con-

e g — & _ % (Eq 1) trolled linear ramp rate of 100 V/s was used in all tests. In
r TCy Gy oil measurements, the ramp rate of the voltage was started
30 s after the sample was immersed in the oil. The sche-
tand — 1 (Eq2) matic figure of the measurement circuit is presented in
Ry,Coo Fig. 1(a). The used DC voltage source was Spellman
voltage
divider
voltage sample fop vlestrods coating
voltage SOLIrce R, P
ramp <
control -I—_> | ] > - —
R, O
bottom carbon steel
‘ electrode substrate
(a) - (b)

Fig. 1 (a) Measurement circuit of the breakdown measurements and (b) schematic figure of the measurement bench where the sample is

clamped between the rod electrode and the larger flat electrode
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SL1200 (Upax=130 kV). In the DC measurements, the
voltage divider was Spellman HVD 100-1 resistive voltage
divider (U,=100 kV and scale factor 10000:1). The used
AC voltage source was Hipotronics test transformer
(Umaxrms=50 kV), and the measured voltage was re-
corded directly from the high voltage side of the trans-
former. After each test, a confirmation was made to check
that a breakdown had occurred, not a flashover along the
surface of the coating.

After the measurements, the thicknesses of samples
without silver-painted electrodes were measured at the
point right next to the breakdown points to define exactly
the dielectric breakdown field strength of each breakdown
point. For the samples with silver-painted electrodes, the
thickness of each coating was measured before painting
the silver electrodes. The thicknesses were measured with
a magnetic measuring device (Elcometer 456B).

In DC tests, the dielectric breakdown strength of a
coating, E,, was calculated by dividing the measured
breakdown voltage, V, by the corresponding thickness of
the breakdown point, d, (Eq 4). In AC tests, the dielectric
breakdown strength was calculated by dividing the mea-
sured peak value of the measured AC voltage by the
thickness of the measurement point since the peak value
of the ac-based breakdown strength is comparable to the
DC dielectric breakdown strength.

(Eq 4)

2.5 Statistical Analysis of Breakdown Data

The mean value and experimental standard deviation
of Normal distribution can be easily calculated from
dielectric breakdown strength data. However, typically the
electrical breakdown data of solid insulations are Weibull,
Gumbel, or log-normal distributed. These distributions
can be used reliably only if at least 10 parallel tests are
made because less test results are not statistically relevant
enough. Typically, Weibull distribution is used to analyze
the breakdown voltage data of solid insulations. This dis-
tribution is a one of the extreme value distributions which
means that the system fails when the weakest link of the
system fails. The cumulative density function of a two-
parameter Weibull distribution is given in Eq 5:

Flt,0,p) = 1 — exp{(é)ﬁ},

where F(t) is the breakdown probability, ¢ is the measured
breakdown strength (V/um), o is the scale parameter (V/
pum), and B is the shape parameter (V/um). Both o and f
are positive values. The scale parameter represents the
breakdown strength at the 63.2% failure probability and it
is analogous to the mean of Normal distribution. The sh-
ape parameter is a measure of the range of failure volta-
ges. Larger f means that the range of breakdown voltages
is smaller. B is analogous to the inverse of standard devi-
ation of the Normal distribution (Ref 21, 22).

Weibull parameters can be estimated in different ways
such as using Maximum Likelihood estimation (MLE) and

(Eq 5)

rank-regression methods. The statistical analysis was per-
formed using Weibull++ software, and the Maximum
Likelihood method was used in the parameter estimation.

3. Results

3.1 Properties of the Studied Coating

The mean porosity values of the studied HVOF coating
are listed in Table 2. They were defined by image analysis
from optical micrographs and by scanning electron
microscope (SEM) micrographs taken with two detectors:
secondary electron (SE) and backscattering electron
(BSE). A cross-section surface image of the studied
HVOF-sprayed Al,O3 coating is shown in Fig. 2 where
the darker spots are pores and voids. The typical lamellar
microstructure of thermally sprayed ceramic coating can
be seen in Fig. 2. The substrate of the coating was grit
blasted before spraying to enhance the attachment of the
coating which, anyhow, has an effect on the thickness
deviation of the coating (Fig. 3a). A cross-section image
taken by optical microscope is shown in Fig. 3(b) where
the rough substrate surface can obviously be seen. The
thickness variation of the coating (minimum =89 pm,
average=115 pm) is also illustrated in Fig. 3(b). The
mean value of the surface roughness, R,, is 2.7 um with a
standard deviation of 0.15 um which is a typical value for
HVOF-sprayed coatings.

Table 2 Porosity of the studied coating

Measurement method Magnification Average porosity, % SD, %

optical micrographs %320 14 0.1
SEM/SE %1000 1.1 0.5
SEM/BSE %1000 22 0.2

Fig. 2 Cross-section figure of the studied coating taken by SEM/
BSE
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Carbon steel substrate

d,,,=89.42 um

- L

=115

um

(b) Carbon steel substrate

Fig. 3 (a) Cross-section figure of the studied coating taken by SEM/BSE. (b) Cross-section figure of the studied HVOF coating taken by
optical microscope. Thickness variation is marked in the figure; 89.42 um is the lowest value and 115 um is the average value

Table 3 DC resistivity of the studied material at low
electric field strengths (T'=20 °C, RH 45%)

Thickness, pm  Voltage, V  Electric field, V/um Resistivity, Qm

92 10 0.11 4.66E+12
20 0.22 3.80E+12
30 0.33 1.12E+12

3.2 DC Resistivity and Relative Permittivity

Low field DC resistivities of the studied alumina coat-
ings are given in Table 3. In author’s previous studies, the
resistivity of HVOF alumina was 9 x 10> Qm at the
electric field of 0.5 V/um (thickness 279 um), and the
resistivity of HVOF spinel was 2.9 x 10' Qm at the
electric field of 0.5 V/um (Ref 17, 18). Thus, the resistivity
values obtained in this paper are at a similar level com-
pared to the previous studies. The relative permittivity
and the loss index of the studied material at various fre-
quencies are given in Table 4; measured values are lower
than in author’s previous studies (HVOF alumina,
279 pm), presumably due to the different raw materials
and the different sample thickness (Ref 17).
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Table 4 Relative permittivity of the studied material at
various frequencies, the RMS value of the measuring
voltage was 140 V which corresponds to the electric field
of 1.5 V,,/pm (T'=20 °C, RH 45%)

Frequency, Hz Relative permittivity, €, Loss index, &,”

1 10.4 1.94
10 8.5 0.93
50 79 0.50
100 7.7 0.37
1000 7.4 0.16

3.3 Dielectric Breakdown Strength

Fifteen parallel breakdown measurements for the
HVOF-sprayed alumina coating were made with each of
the six different test arrangements mentioned in Chapter
2. The mean values of the dielectric breakdown strengths
and the corresponding experimental standard deviations
were calculated and are presented in Table 5 and Fig. 4.
The deviation of dielectric breakdown strength between
parallel measurements was quite large with all the
arrangements. The thickness variation of the samples is
also listed in Table 5, where the mean and standard
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Table 5 Average dielectric breakdown strength of 15 parallel measurements and experimental standard deviations in
different test arrangements as well as Weibull parameters and the breakdown probabilities at 10 and 90% failure

probability (7'=20 °C, RH 45%)

Weibull, parameters

DBS, DBS, V/pm
Voltage Test Mean thickness, Average V/pm at at probability
form arrangement pm SD,pm  DBS, V/um  SD, V/jum o, V/pm B probability 10% 90%
DC Dry 114 3.0 41.8 8.1 44.9 6.6 32.0 51.0
DC Dry +silverpaint 116 32 31.7 5.8 34.0 6.4 239 38.8
DC Dry + graphite 115 3.9 37.1 4.5 39.1 8.6 30.1 43.1
DC Oil 111 5.0 81.2 20.2 89.0 43 52.7 108.1
DC Oil +silverpaint 114 4.1 45.5 72 48.3 8.5 37.0 533
AC Dry 114 4.4 29.2 6.0 31.5 6.1 21.8 36.2
s 120
5
5 100 [ Voltage electrode
[
3
§ - 80 l
3 2 60
o< T
£ a0 I T : L e e = ' ? ped
3 T ! s Coating o
2 204 S : . Fo :
o 418 31.7 371 81.2 455 29.2
) ) ) o ) Fig. 6 Formed air gap between the voltage electrode and the
o sil\?e?p;int grdargh+ite o silvzl:;aint oy tested coating during the breakdown measurements

Fig. 4 Average dielectric breakdown strength with different test
arrangements. The error bars show the experimental standard
deviations
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Fig. 5 Weibull distributions with different test arrangements:
AC dry, DC dry, DC dry with silver-painted electrodes, DC dry
with graphite electrodes, DC oil, and DC oil with silver-painted
electrodes

deviation of 15 measured breakdown point thicknesses are
shown. Weibull parameters o (the breakdown field at
the failure probability of 63.2%) and B (shape parameter)
of the breakdown measurements are also presented in

Table 5 along with the breakdown field values at the
breakdown probabilities of 10 and 90%. Better compari-
son between different test arrangements can be made
using Weibull distributions illustrated in Fig. 5, where all
the breakdown events are shown. Probability of break-
down is shown in y-axis, and the dielectric breakdown
strength is in x-axis.

As it can be seen from the results, large variation of
breakdown strength results was depending on the test
arrangement used. Anyhow, the differences in the results
are well understandable. In DC tests, the lowest result
(31.7 V/um) was obtained with the air-insulated arrange-
ment with embedded silver paint electrodes. In this way,
the whole electrode area (J=11 mm) is truly tested in
each individual breakdown test. In other words, the
weakest point of the breakdown strength distribution over
the tested area is measured in this case. Due to the same
reason, it is also understandable that the deviation of the
results is one of the smallest in this case. The deviation of
thickness measured along the electrode area has an effect
on the breakdown strength results but this will be dis-
cussed in detail in Chapter 4.

However, a 44% higher result (45.5 V/um) was ob-
tained with otherwise exactly similar test arrangements
except that the whole test setup was placed in the oil. The
reason for the remarkable increase is most probably that
the oil had enough time to penetrate into the coating and
fill the voids and pores of the coating even though the
breakdowns occurred approximately 1 min 30 s after the
sample was immersed in the oil. Breakdown strength of
transformer oil is clearly higher (~100 V/um) than that of
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Fig. 7 Comparison between the results of AC breakdown test in
air and the DC test with silver-painted electrodes in air

air or Al,O; coatings (Ref 26, 27). It may be assumed that
the breakdown path develops in dry conditions through
the air-filled pores and voids in the coating. When the
voids are filled with highly insulating oil, the breakdown
strength of the oil-impregnated coating will increase.
When the breakdown test was made without any
embedded electrode on the coating surface, the steel
electrode will contact only some of the highest points of
the coating, as illustrated in Fig. 6. Evidently, those con-
tact points will be tested in parallel with test arrangements
of this kind, and the weakest point will cause the break-
down. In this case, there is air between the steel electrode
and the coating surface, and partial discharges will take
place in this volume above a certain field strength defined
by Paschen’s law (Ref 26). The plasma channel of an
electrical arc is well conductive, and in this way the point
of coating where partial discharge takes place will be
tested as well. Since partial discharges will “bombard” the
surface of the coating rather intensively (this way testing
most of the area of the coating under the electrode)
especially in the case of AC voltage stress, it is under-
standable that the result obtained with this arrangement at
AC test voltage (29.2 V Ac peax/tm) was close to the result
obtained with DC voltage with the silver-painted elec-
trodes (see Fig. 7). In the case of DC excitation, the partial
discharge repetition rate is typically much lower (Ref 26,
28), which is probably at least one of the reasons for the
higher result in that case (41.8 V/um). In the case of lower
partial discharge activity, the smaller area will be ““bom-
barded” and tested. Also, in this case, the test voltage has
time to increase to a higher level before discharge arc
takes place at a point weak enough to cause breakdown.
However, in the case where a piece of graphite felt disk
(=11 mm) was placed between the steel rod electrode
and the coating, the breakdown strength (37.1 V/um) was
between the case of silver-painted electrodes and the case
of steel electrode in air. The graphite felt is a slightly soft
allowing better contact with the highest points of the
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coating than the stainless steel electrode itself. Due to this,
the tested area is larger than in the case without any
embedded electrode but the area is still smaller than in the
case with silver-painted electrodes.

When the air gap between stainless steel electrode and
the coating is filled with a well insulating medium like
transformer oil, no partial discharges will take place and
only the contact points of electrode and the coating will be
tested. Understandably, a significantly higher breakdown
strength (81.2 V/um) and deviation of the results were
measured with this test arrangement.

4. Discussion

When measuring the breakdown voltage of an insulat-
ing material, several parameters such as the rate of raise
and frequency of the test voltage, specimen thickness,
electrode material, configuration, and attachment as well
as temperature affect the dielectric breakdown strength.
Humidity and aging of the material typically also affect
the results (Ref 21).

In Ref 4, 5, silver-painted electrodes were used, and the
dielectric breakdown strength of HVOF-sprayed alumina
was reported to be 34 V/um for 120 pm coating and 22 V/
um for 200-210 pm coating at room temperature ambient,
while 31.7 V/um was now measured with the same elec-
trode arrangements for 116 pm thick samples at a tem-
perature of 20 °C and relative humidity of 45%. In
author’s previous studies (Ref 17), a test procedure with
air-insulated steel electrode without embedded contacts
was used, and an average dielectric breakdown strength of
31.3 V/um (SD=2.1 V/um) was measured for HVOF-
sprayed alumina (thickness of 270 pum) at a temperature of
20 °C and relative humidity of 20%. In this study, the
mean value with similar arrangements was 41.8 V/um
(T=20 °C/RH=45%, 116-um sample). The thicker sam-
ple partly explains the difference although the ambient
humidity was now higher, and the raw material as well as
the spraying parameters was different than in the previous
study. Anyhow, it can be concluded that the results
obtained in this study are in line with the above-men-
tioned earlier studies.

4.1 Effect of Thickness

In Ref 3, 4, it was discussed that the increased amount
of voids, cracks, and other defects in the ceramic coating
probably decreases the dielectric breakdown strength. The
unideal features of the coating are normally the weakest
points, and thus increased amount of those decreases the
materials’ capability to withstand high voltages. Because
the microstructure of thermally sprayed coating consists of
voids, splats, and pores forming lamellar structure (Fig. 2),
the breakdown channel probably forms along the voids.
Thus, the breakdown channel might be longer than the
measured thickness. In Ref 6, 16, the effect of direction
and actual length of breakdown channel through an alu-
mina ceramic material on the breakdown strength has
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been discussed. The formation of the breakdown channel
in the coating microstructure is an interesting detail, but
from the definition of a breakdown strength, it is clear that
the breakdown strength of a material must be calculated
using the perpendicular thickness of a coating.

In general, the thickness of an insulating material has
an effect on the breakdown field strength of material,
and thinner samples have typically higher breakdown
strengths than thicker ones. There are several reasons for
this, partly dependent on breakdown mechanism. In the
case of electro thermal breakdown mechanism, the thin-
ner insulation will withdraw heat easier resulting in higher
breakdown field strength. From a more general statistical
point of view, according to the so-called enlargement law,
there is a higher probability to have weak points in larger
volume of insulating material due to which the breakdown
will take place with higher probability in a case of thicker
or larger insulation. This enlargement law is generally
expressed mathematically as a power-law relationship
(Eq 6) where the exponent, n, has to be determined for
each material composition separately (E is electric
strength and d is the thickness of the sample) (Ref 22, 26,
29).

By =Ei(T,) " (Eq 6)

In Ref 8, the influence of thickness on the AC breakdown
strength of solid alumina ceramics was studied, and an
empirical equation was defined based on the measured
data for breakdown strength calculation for ceramics with
the thickness of 0.7-3.5 mm (Eq 7) (V4 is the breakdown
voltage, ¢ is the thickness of the sample). The idea of
evolution law is that the results with different thicknesses
are comparable when all the results are calculated for 3-
mm-thick insulation using Eq 7. This empirical equation is
also used in other studies of breakdown strength of solid
alumina, but in the previous studies of thermally spayed
coatings, the calculations of breakdown strength are made
according to Eq 4 without any thickness corrections. In
any case, these empirically defined equations shall be used
with careful consideration.

Vy [t
S V3
The thickness of a coating can be defined either from
cross-section figures or with magnetic measuring device.
Cross-section figures are usually taken only from a certain
small section of a sample. When several breakdown
measurements are made from several samples (although
all sprayed at the same time, the same method and the
same powder), it might be that the thickness of the coating
at the breakdown point is not the same what was defined
from cross-section figure. Also, from the cross section of
the studied material (Fig. 3b), it can be seen that the ac-
tual coating thickness varied more than 25 pm in the small
area depending on where the value was defined. Because
of this variation of thickness, in this paper, the measure-
ments were made with magnetic measuring device at each
breakdown point. Due to the measuring principle, the
thickness measured with magnetic measuring device is

Ey, (Eq 7)

always an average value over a rather small area. This
kind of local but averaged thickness measurement is one
practical and good way (together with the cross section) to
define the thickness. Anyhow, it is clear that the rather
high local deviation of thickness will cause remarkable
deviation and error in the individual breakdown field re-
sults. This fact underlines the need to make large number
of parallel measurements to average the individual errors.

Because the silver paint penetrates even into the
deepest notches of the surface, the actual breakdown path
(thickness) most probably starts from one of these not-
ches. The ball-shaped head of the magnetic thickness
measurement device does not fit into these small notches.
This might result in a situation where the device gives the
thicknesses mainly comparable to the peaks or the average
of the surface roughness deviation of a sample. The
measured values were, in practice, the only usable thick-
ness values for breakdown strength calculations. Due to
the above-mentioned facts, the defined breakdown
strength results for this setup are, on average, most
probably to some extent too small.

4.2 Effect of Oil

Oil immersion is often used in breakdown measure-
ments to avoid flashovers on the sample surface, and it has
been used in several solid alumina measurements (Ref 6-9,
11, 14-16). In Ref 11, two different insulation oils were
compared in the breakdown measurements of solid alu-
mina ceramic, which porosity and gas permeability was
zero, unlike in thermally sprayed ceramics. Thus, in these
cases, the use of oil is reasonable because the tested
materials have not had open porosity so that the oil could
penetrate into the ceramics. Anyhow, care shall be taken
to avoid oil layers between the electrodes and the ceramic.

Typical thermally sprayed coating consists of voids,
splats, and unmelted particles, i.e., there is some porosity
in the coating (Fig. 2). Because of the porosity of the
ceramic coatings, the oil penetrates very quickly into the
coating and fills the voids when the sample is placed in the
oil bath. The breakdown strength of the insulation system
of oil and alumina coating is significantly higher than
alumina coating. Thus, it can be concluded that the oil
immersion is not a recommended measurement method
for the breakdown testing of thermally sprayed ceramics.

However, if the flashovers cause problems while making
the breakdown testing and oil immersion is not an option;
the sample can be placed only partly in the oil. The idea is
that the testing area is dry so that it is isolated from the oil by
aninsulating cylinder. The cylinder is pressed tightly against
a ceramic sample with the help of a rubber O-ring sealing
toward the specimen surface. The high voltage rod elec-
trode is placed in the middle of the cylinder and pressed
against the ceramic sample. Small amounts of insulation oil
can be poured outside this plastic cylinder.

4.3 Effect of Electrode Arrangements

In Ref 11, the comparison between stainless steel ball
and the cylindrical plate electrodes was made in the
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breakdown measurements of alumina at AC voltage and
the breakdown strength was higher with ball electrodes. It
is well known that when using a ball electrode as a voltage
electrode and a spherical hole is machined onto the sam-
ple for it, the slight local field enhancement is not formed
in the tested area. Due to this, maximum electric field
strength is achieved with this test setup (this measurement
arrangement is also mentioned in IEC standard 60672-2).
However, preparing a spherical hole on coating samples is
really laborious which makes it impractical to use this test
arrangement with thermally sprayed ceramic coatings.
Actually, ASTM Standard D149-09(2013) also recom-
mends using fixed cylindrical electrodes with flat ends
which is the commonly used method in the breakdown
testing of solid insulating materials.

According to the breakdown testing standard ASTM
D149-09(2013), painted electrodes can be used but the
painting may affect the results (Ref 1). In this paper, when
the silver-painted electrodes were used, the breakdown
strength of the alumina coating decreased both in air and
oil arrangements, since the whole electrode area was tes-
ted and truly the weakest point of the coating over that
area was found. In addition, in all the air-insulated
arrangements, partial discharge activity has an effect on
the tested area, which is discussed in the following.
However, the difference between the test results with and
without embedded electrodes depends on the variation of
the breakdown strength over the electrode area. In the
case of a more homogeneous material also the breakdown
distribution is, in practice, more homogeneous, and con-
sequently the difference between the results of the test
arrangements is smaller.

However, if a graphite disk was used between the
voltage electrode and the coating, the breakdown strength
was lower than without any embedded electrodes and the
deviation was the lowest, indicating that the slightly soft
graphite felt improves the contact with the coating. Due to
this, larger electrode area will be tested than in the case of
steel rod electrode.

4.4 Effect of Partial Discharges

As it was discussed earlier, partial discharges occur in
dry measurements without any embedded electrodes
between the voltage electrode and the coating because an
air gap is formed there as shown in Fig. 6. The highest
value for air gap is approximately 15 pm in the figure. The
breakdown strength of air is presented by Paschen curve
as a function of thickness multiplied by air pressure.
According to Paschen curve for air at a temperature of
20 °C and in normal air pressure, the breakdown voltage
for 15-um-thick air gap is 450 V (Ref 26).

Partial discharges (pd) obviously affect the breakdown
results as shown in this paper by improving the electrical
contact with the coating. The pd activity was measured for
one of the HVOF samples, and in the case of AC excitation
the discharges started at the peak voltage of 1060 V (total
electrode voltage) with a repetition rate of approximately
800 discharges per minute. In the DC case, the inception
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voltage was 1700-2000 V .k, and the repetition rate was
obviously lower than in the AC case. Due to this difference,
the coating withstood higher voltage levels in DC break-
down test (41.8 V/um) than in AC case (29.2 V/um) when
embedded electrodes were not used. When silver-painted
electrodes were used, the whole painted area was continu-
ously tested. Due to this, the breakdown occurred at a lower
voltage level (31.7 V/um) which was actually close to the
AC result (29.2 V/um). Supposing the evidently high pd
activity at AC voltage can provide a proper contact over the
electrode area, this result also indicates that the polarity of
test voltage has no major influence on the results.

5. Conclusions

The dielectric breakdown strength of thermally sprayed
alumina coating was studied with six various test
arrangements. Because thermally sprayed coating is a
porous material, the used insulation oil penetrates into
pores of the coating as well as between the electrode and
coating surface if no coating surface-embedded electrode
is used. In practice, this occurs very fast after the sample is
placed in the oil bath. Thus, the dielectric breakdown
strength of the oil impregnated alumina coating is mea-
sured to be 94% higher than without oil immersion. Due
to this, oil immersion is not a recommended measurement
method for the breakdown testing of thermally sprayed
ceramics.

Silver-painted electrodes on the coating surface im-
prove the contact between the stainless steel rod electrode
and the coating surface. The tested area is also larger than
without any embedded electrodes. In this case, the deepest
points on the coating surface are tested so that the weakest
point of the painted area is truly found. Due to this, the
DC breakdown strength test result is 24% lower than in
the case without embedded electrodes.

If embedded electrodes are not used, partial discharges
take place between the voltage electrode and the coating
improving the contact (test area) between them. Under
AC excitation, the partial discharge activity is more
extensive than in the DC case resulting in very similar
dielectric breakdown strength results than with the coating
surface-embedded electrodes. In the DC case, the rather
low discharge activity leads to smaller test area and higher
breakdown test results. Anyhow, this method can be used
to compare different materials but it shall be kept in mind
that the obtained breakdown results are probably slightly
higher than the results obtained with an arrangement with
surface-embedded electrodes.

In the case of silver-painted electrodes on the surface,
the typically averaged coating thickness measurement may
lead to use of slightly too high thickness and correspond-
ingly too low breakdown strength. In general, the marked
variation of the coating thickness is a source of uncertainty
and variation of the results. To minimize the uncertainty, a
high enough number of parallel measurements is needed,
typically at least 10 is preferred.
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All the measurement arrangements include imperfec-
tions mainly arising from the unsmoothed surfaces of the
substrate and the coating. Those could be avoided if
coatings were sprayed on a smooth surface, and the
coatings were grinded and polished before testing. In
practice, thermally spayed coatings cannot be sprayed on
completely smooth substrate; however, it might be possi-
ble to coat smooth-grinded substrates for breakdown tests
if higher accuracy is required. In any case, the use of oil
shall be avoided.

In general, among other details the test arrangements
of the breakdown tests have a considerable effect on the
results gathered. Due to this, care should be taken when
evaluating the results obtained in different studies. The
full documentation of the test conditions is a necessity.
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Abstract

Previous studies of dielectric properties of thermally
sprayed insulating ceramic coatings are focused on
linearly ramped dielectric breakdown strength as well as
DC resistivity, relative permittivity and dielectric loss
characterizations. However, reports of the effects of
ramp rate or of any kind of long term stressing on the
breakdown strength cannot be found in literature. The
aim of this paper was to study the DC breakdown
behavior of one type of HVOF sprayed alumina coating
under different stresses. It can be concluded that the
ramp rate of DC breakdown measurement has no
remarkably influence on the breakdown strength. The
breakdown behavior was also studied using step-by-step
tests with two constant step voltages and step durations.
The DC resistivity of the alumina coating showed strong
dependence on the applied electric field. The resistivity
behaved ohmicly below the field strength of ~0.5 V/um
and above ~8...12 V/um, however, the resistivity
decreased approximately three decades in the non-
ohmic region (0.5 V/um -). At electric field strengths
above ~25 V/um, the degradation started in the material
leading to breakdown. However, when the step duration
was longer (60 min), the degradation process started
already slightly below the applied field of 25 V/pm.

1 Introduction

Thermally sprayed ceramic coatings can be used as an
electrical insulation in demanding conditions such as in
high temperature applications e.g. fuel cells. Thermal
spraying as a method enables to manufacture insulating
layer on a challenging geometry in quite inexpensive
way. Despite of the clear needs for such insulating
coatings, previous studies of the dielectric properties of
thermally sprayed insulating ceramic coatings are
focused on linearly ramped dielectric breakdown
strength as well as DC resistivity, relative permittivity
and dielectric loss characterizations [1]-[8]. Anyhow,
reports of the effects of ramp rate or of any kind of
longer term stressing on the breakdown strength cannot
be found in literature. In some cases, the ramp rate is
found to have an effect on the breakdown strength of
certain insulation materials, with higher ramp rate
giving higher breakdown strength for the material due to
the space charge phenomena [9], [10].

The aim of this paper was to study the DC
breakdown behavior of one type of thermally sprayed
Al,O3 ceramic coating under different stresses as well as
the permittivity, dielectric losses and DC resistivity of

the coating. The breakdown behavior was studied with
two different linear ramp rates and with stepwise
breakdown tests varying the step size and duration
enabling evaluations of the possible changes in the
breakdown mechanisms.

The DC resistivity of thermally sprayed coatings has
been reported to be non-ohmic when the electric field is
increased above certain electric field (typically the level
was only ~0.5 V/um) [5], [6], [8]. However, DC
resistivity has been measured previously only at electric
field strengths varying from 0.1 V/um to 5 VV/um due to
the limitations of the measuring device used. In order to
study the DC resistivity at higher electric fields, new
measurement setup needed to be developed. In practice,
a sensitive current measuring system was included in
the stepwise breakdown measurements enabling the
resistivity determination at each voltage level until the
breakdown occurred.

In [8], the relative permittivity and loss index was
studied as a function of electric field in order to
investigate the effect of electric field on these
properties. As a conclusion, especially the loss index is
dependent on the electric field at low frequencies which
is well in line with the previous studies focused on the
non-ohmic behavior of DC resistivity [5], [6]. However,
in this paper the focus is not on these properties and
thus relative permittivity and loss index were measured
only at one electric field strength.

2 Experimental

2.1 Studied Material

Commercial Al,Oz powder was sprayed using high-
velocity-oxygen-fuel (HVOF) technique on stainless
steel substrate. The powder particle size varied from 7
pm to 29 pm which is a typical range for ceramic
powders used in HVOF spraying. In the spraying
process the powder particles are heated and accelerated
towards the substrate, the melted particles form droplets
which hit the substrate or coating surface forming a
coating consisting of splats with interfaces in between.
The surfaces of the splats cool down faster than the
internal parts and due to this the surfaces are normally
more amorphous areas, while the internal parts are
typically crystalline. These splats form the lamellar
structure of a coating while the coating exhibits also
defects e.g. voids as well as some cracks. During the
cooling at least some vertical cracks are rather easily
formed in the coating, and these are problematic for
electrical insulation materials. However, thermally
sprayed coatings exhibit quite typically at least some
vertical cracks and the length and amount of the cracks
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play an important role. The lamellar microstructure of
the studied coating can be seen in the Figure 1.

The coating thicknesses of the samples were defined
by magnetic measuring device (Elcometer 456B) as
well as from cross-section surface images taken by
optical micrographs [7]. In the magnetic measurements
the mean values and the experimental standard
deviations of the thicknesses were calculated from 10
parallel measurements covering the electrode area used
in the DC resistivity and dielectric spectroscopy
measurements (Table 1).

Porosity of the coatings were defined by image
analysis from optical micrographs (OM) and from
scanning electron microscope (SEM) images using
secondary electron (SE) and backscattering electron
(BSE) detectors [7] (Table 1). While making the image
analysis from the SEM figures, some problems occurred
and due to this the obtained porosity values are most
probably too small, however, the values are given as a
reference in Table 1. In addition to above, the gas
(nitrogen) permeability of the coating is also presented
in Table 1. Typically, high gas permeability value of a
material indicates high porosity. The OM porosity of the
studied alumina coating is notably higher (6 %) than the
porosities of the HVOF alumina coatings in [8] where
the porosity values were below 2 %. The gas
permeabilities of the coatings in [8] were 5.7 nm? and
19.2 nm? while in this paper the gas permeability is 11.1
nm? Thus, the gas permeability values probably give
more realistic view of the actual porosity of the
material.

Table 1 — Porosity and thickness of the studied coating
defined by using various methods as well as the gas (nitrogen)
permeability of the material.

From magnetic. meas 228
Thickness (um) SD 6.2
From cross-section image 215
oM 6.0
Porosity (%) SEMI/SE 1.7
SEM/BSE 3.7
Gas permeability (nm?) 11.1

2.2 Sample Preparation and Test Procedures
For the DC resistivity and relative permittivity
measurements, a round silver electrode (=50 mm) was
painted on the middle of a coating sample after the
thickness measurements. In addition, a shield electrode
was painted around the measuring electrode to neglect
possible surface currents. For breakdown measurements
silver electrodes (=11 mm) were painted on the
sample surface to improve the contact between the
voltage electrode and the coating. The used silver paint
(SPI Conductive Silver Paint) was studied not to
penetrate into the coating [7]. After painting the
electrodes the samples were at first dried at 120 °C for
two hours followed by conditioning at climate room at
20 °C, RH 20 % for at least 12 h before the
measurements. All measurements for the samples were
also performed in climate room at the above mentioned
conditions.

2.3 Relative Permittivity and Dielectric Losses

Relative permittivity and dielectric losses of the
material were studied with an insulation diagnosis
analyzer device (IDA 200, Upyax=200 Vea). During the
measurements, a sinusoidal voltage with varying
frequency was applied over the sample. The measuring
electric field strength was 0.88 Vpe/Um equaling the
voltage of 200 Vpeax.

The complex impedance of a sample was calculated
from the measured test voltage and the current through a
sample which was expressed by IDA device as the
equivalent parallel RC circuit model. The relative
permittivity (e;) and dissipation factor (tan &) were
calculated from the measured parallel resistance and
capacitance using Eq. (1)-(2), where C, is measured
parallel capacitance and R, parallel resistance of the
equivalent circuit. C, is the so-called geometric
capacitance of the test sample (vacuum in place of the
insulation) and w is the angular frequency. The edge
field correction (C¢) was not used because the shield
electrode was utilized in the measurements. Loss index
(e’") includes all the losses of a sample: both
conductive and dielectric ones. It can be defined from
relative permittivity and dissipation factor, tan J, with
Eqg. (3). All the test arrangements were performed in
accordance with the IEC standard 60250 [11].
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2.4 DC Resistivity

Resistivity measurements were made using Keithley
6517B electrometer. The test voltage was maintained
until a stabilized current level (i.e. pure resistive
current) was reached. In practice, the tests were
performed at test voltages ranging from 10 V to 1000 V
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Figure 2 — The schematic figure of the measurement circuit used in the stepwise breakdown tests.

in order to study the resistivity as a function of electric
field. The stabilized DC current was measured 1000 s
after the voltage application. The resistivity was defined
from the test voltage, the stabilized current, electrode
geometry and sample thickness. All the measuring
arrangements were in accordance with the standards
IEC 60093/ASTM D257-07 [12], [13]. In addition to the
electrometer measurements, resistivities of the coatings
at higher field strengths were determined based on the
current measurements made during the stepwise
breakdown measurements (details in Section 2.5).

2.5 DC Breakdown Strength

DC breakdown measurements were performed either
with linearly or stepwise increased DC voltage. Oil
immersion was not used in the measurements because
the coatings are porous allowing oil to penetrate into the
coating which significantly affects the breakdown
strength [7]. During the breakdown (BD) tests, the
samples were clamped between two stainless steel
electrodes: a flat-ended rod (&= 11 mm) and a flat plate
(=20 mm).

A software controlled linear ramp rate of 100 V/s or
1000 V/s was used throughout the ramp tests until
breakdown occurred [7]. Dielectric breakdown strength
(DBS) of a coating was calculated dividing the
breakdown voltage by the corresponding coating
thickness at the painted electrode (&=11 mm) location.

The stepwise measurements were made with two
different step durations, 6 min and 60 min. The 6 min
step tests were started at the voltage level of 250 V
which was the step size as well. The 60 min step
measurements were started at the voltage of 4000 V
(~18.6 V/pm) while the step size was 500 V. The
schematic figure of the measurement circuit is presented
in Figure 2. The current was measured throughout the
test with the help of shunt resistor which was either 1
MQ or 10 kQ depending on the signal level and the
signal was measured with Keithley 2001 DMM. The
voltage source was Keihtley 2290-10 power supply
(Umax=10 kV).

3 Results and Discussion

3.1 Relative Permittivity and Dielectric Losses

Figure 3 presents the relative permittivity and the
loss index of the studied coating as a function of
frequency at the electric field of 0.88 Ve /um. The
relative permittivity is 11.7 at the frequency of 50 Hz
and the loss index at the same frequency is 3.4. These
values are quite typical for HVOF sprayed alumina
coatings at dry ambient conditions [4], [8].

3.2 DC Resistivity

DC resistivity was defined as a function of electric field
which was varied from 0.04 V/um to 4.4 V/um. The
resistivity as a function of electric field can be seen in
Figure 4a. It can be observed that the resistivity is
practically ohmic when the applied field is below 0.5
V/um and above that the resistivity decreases non-
ohmicly as reported in [5]-[7], [8].

Because the maximum voltage of Keithley
electrometer is 1 kV and the coatings are typically
approximately 200 um thick, it was not possible to
measure the DC conductivity above the electric field
strengths of approximately 5 V/um with this device.
Thus, a new measurement setup was developed in order
to study the DC resistivity behavior of thermally
sprayed coatings up to the breakdown field strengths. In
practice, the current and the voltage was measured and
recorded during the stepwise breakdown tests allowing
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Figure 3 — The relative permittivity and the loss index of the
studied material as a function of frequency.
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Figure 4 — a) DC resistivity of the studied coating (sample A) as a function of electric field (log-log-axis). b) DC resistivities of all
the samples as a function of electric field (y-axis is logarithmic).

an estimation of DC resistivity to be made at higher
field strengths. It is considered as estimation because
typically the DC current did not fully stabilize during
the 6 min measurement periods. Anyhow, the
estimations are rather good (i.e. currents were close to
the stabilized levels). Naturally, the resistivies were
defined at the end of each step. This DC resistivity as a
function of electric field is presented in Figure 4b.

It can be noticed from Figure 4b that the resistivity
of the studied coating can be divided to certain
operating areas. The resistivity was ~10"> Qm and in
ohmic region when the applied electric field was below
0.5 V/um (Figure 4b). When the applied field was from
0.5 V/pum to 8...12 V/um, the resistivity was in the non-
ohmic region and decreased approximately three
decades (Figure 4b). At the field strengths from 8...12
V/um to 25 V/pm the resistivity was settled to ~10°
Qm, (except in case of sample S3). When the applied
field was close to the breakdown strength, the resistivity
started to slightly decrease which can be seen in Figure
4b indicating an initiation of degradation/pre-
breakdown process approximately from 25 V/um.

Typically DC resistivity of insulating materials is
defined at quite low voltage level (below 1 kV) but due
to the shown behavior this can lead in erroneous
indication of the material property since the behavior at
higher service field strengths can be evidently different.
Thus, better estimation of the DC resistivity of
thermally sprayed ceramic coating can be defined when
the applied electric field is above 10 V/um or at service
stress level of the material.

3.3 DC Breakdown Strength

3.31 Ramp tests

When the ramp rate was 100 V/s, the mean breakdown
strength of 10 parallel measurements was 29.7 V/um
while the corresponding experimental standard
deviation was 1.5 V/um. At 10 times higher ramp rate
(1000 VI/s), the mean breakdown strength was 31 V/um
(SD=2.4 V/um). It can be concluded that the ramp rate
has no significant effect on the breakdown strength of
these thermally sprayed ceramics because the
breakdown strengths of different ramping rates are

almost in the range of the standard deviations and thus
the effects due to e.g. space charge accumulation cannot
be noticed. The breakdown strength of the studied
coating (ramp rate 100 V/s) is at similar level to the
strengths obtained in previous studies [4], [7], [8] for
HVOF sprayed alumina coatings.

3.3.2  Step tests

The step-by-step tests were carried out with 6 min and
60 min step durations. Table 2 presents the breakdown
strength and total duration of each these tests. In
addition, the mean and experimental standard deviations
from five parallel DBS tests are given. The step voltage
was two times higher in the 60 min tests than in 6 min
tests, decreasing the ‘resolution’ of the 60 min tests. In
the 60 minute tests the total stress duration of the
samples varied from 100 min to 236 min. In the 6 min
tests this variation was from 121 min to 159 min. Thus,
the total duration was at quite similar level in both test
types.

During the stepwise breakdown measurements
certain problems took place in the one hour tests and
thus all the recorded current data were not valid. Due to
this, Figure 5a presents only the currents measured for
the samples L2, L3 and L5 as a function of time.

As it was discussed earlier in Section 3.2, a kind of

Table 2 — Breakdown strength of the studied alumina coating
in step-by-step tests. The step duration was 6 min for S-
samples and 60 min for the L-samples.

Sample DBS Time to Mean SD
(V/um) breakdown | (V/pum) (V/um)

S1 25.0 121 min 27.2 2.0

S2 249 121 min

S3 28.9 152 min

S4 274 145 min

S5 29.7 159 min

L1 27.36 182 min 239 23

L2 22.83 144 min

L3 20.27 100 min

L4 24.77 236 min

L5 24.12 187 min
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degradation/failure process started typically before the
studied thermally sprayed alumina coating broke down
which can be seen as a decrease in DC resistivity
(Figure 4b). This same behavior can also be noticed in
the 60 min step tests when the current started to increase
approximately two minutes before the samples broke
down (Figure 5a). It can also be noticed from the Figure
5a that the samples L2 and L5 have quite similar
behavior throughout the test although their current
levels and the breakdown strength differed. The currents
of these two samples seemed to stabilize during the last
full steps, 4.5 and 5.0 kV, respectively. On the third
step (5 kV), the current of L2 was stable until the
degradation started two minutes before the breakdown.
A quite similar process took place for the sample L5
after increasing the test voltage to 5.5 kV. During this
failure process, the resistivity of samples L2 and L5
decreased approximately one decade before the final
breakdown. Similar decrease was also seen, especially,

in the resistivity of sample S5 tested in 6 min step test
(Figure 4b). Although sample L3 had almost similar
degradation process just before the breakdown, the
current started to slightly increase already in the middle
of the first voltage step (4 kV). Thus, some kind of
failure process started already at this point and
continued on the second step (4.5 kV) The final current
increase started 2 min before the breakdown.

3.4 Further Discussion of the Field Dependent
Behavior of the Coating
Figure 4b presented the DC resistivity as a function of
electric field and Figure 5b shows the corresponding DC
currents of 6 min step tests. As it was discussed earlier,
the DC resistivity behavior of the studied coating can be
divided into different areas:
= electric field below 0.5 \V//um: the resistivity
behaves ohmicly, ~ 10%> Qm



= electric field from 1 V/um to 8...12 V/um: the

resistivity behaves non-ohmicly

= electric field from 8...12 V/pm to 25 V/um: the

resistivity behaves ohmicly at a new region,
~10°Qm

= electric field above ~25 V/um: degradation/pre-

breakdown region

From Figure 5b it can be noticed that the currents of
all S-samples stabilized at the first step (~ 1 V/um) in
the end of the measurement period although the values
are different. At the second step (~ 2 VV/um) the currents
of samples S3 and S4 stabilized while the currents of the
other samples started to gradually increase. At the
higher voltage levels, all the currents were not stabilized
during the measurement periods indicating that the
material was in the non-ohmic region. The currents
settled at quite similar level when the applied field was
8...12 V/um. The currents of samples S3-S5 started to
gradually increase when the field reached to 25 V/um.
This similar behavior can be noticed in DC resistivity as
a decrease (Figure 4b). Breakdown strength of samples
S1 and S2 was 25 V/um and the degradation process
was not seen for these samples. Also, these two samples
had higher current levels than the other samples during
the whole test duration.

It seems that above the electric field strength of 25
V/um the current started to gradually increase in case of
all samples before the breakdowns occurred in the 6 min
step tests. If the breakdown strength of the sample was
25 V/um, no degradation before the breakdown can be
seen. Based on this small set of results, the 25 V/um
may be seen as a kind of coating microstructure specific
limit for the final degradation of this coating. However,
when the step duration was longer (60 min), the
degradation process started already below the 25 V/um.
Thus, the maximum possible service stress level for the
studied thermally sprayed coating might be from ~10
V/um to ~20 V/pum at most (taking not into account
safety margins). Naturally, further long-term ageing
tests are needed for more confident result.

4  Conclusions

The ramp rate in DC breakdown measurement has no
significant effect on the breakdown strength of HVOF
sprayed alumina coating. The breakdown behavior was
also studied with increasing the voltage step-by-step
with two constant step voltages and step durations. The
DC resistivity was also defined from the shorter step
duration tests. The DC resistivity of the alumina coating
showed strong dependence on the applied electric field.
The resistivity behaved ohmicly below ~0.5 V/um and
above ~8...12 V/um, however, the resistivity decreased
approximately three decades in the non-ohmic region
(~0.5V/um - ~8...12 V/um). At electric field strengths
above 25 V/um, the degradation started in the material
leading to breakdown. However, when the step duration
was longer (60 min), the degradation process started
already slightly below the applied field of 25 V/pm.
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Abstract— High temperature applications e.g. fuel cells
require ceramic based insulation solutions instead of polymers.
The aim of this paper was to characterize the dielectric
properties of thermally sprayed ceramic coatings; especially the
electric field dependency of AC and DC behavior of thermally
sprayed ceramic coatings. One of the spinel samples and one of
the alumina samples have quite similar lamellar microstructure
which may partly explain their similar type of behavior in DC
resistivity as well as in AC loss indexes at low frequencies. These
two samples had smaller lamellar size than the other alumina and
spinel samples which also had quite similar behavior of AC losses
at low frequencies, respectively. In addition to the lamellar size
and structure, also micro cracks in the coating microstructure
are proposed to have an effect on the dielectric behavior and its
electric field dependency.

Keywords— thermal spraying; HVOF; ceramic; coating;
alumina; spinel; dielectric spectroscopy; dc conductivity; loss
index; resistivity; breakdown

I. INTRODUCTION

High temperature applications such as fuel cells require
ceramic based insulation solutions instead of polymers.
Thermal spraying is a fast and relatively inexpensive method
for producing electrical insulation for demanding application
conditions and geometries. While various materials can be
thermally sprayed, in electrical insulation applications the
commonly used materials are alumina (Al,O;) and magnesium
aluminate (MgAl,O4). Although there are clear needs and
applications for electrically insulating coating materials, the
previous studies of the dielectric properties of thermally
sprayed ceramic coatings are focused on dielectric breakdown
properties and only a few studies on dc conductivity, relative
permittivity and dielectric losses can be found in the literature
[1]-[7]. However, previous studies on the DC conductivity of
thermally sprayed coatings typically indicate that the
conductivity quite typically increases non-linearly already at
quite low electric fields [5]. Thus the aim of this paper is to
study the DC resistivity and especially the relative permittivity
and dielectric losses of thermally sprayed alumina and
magnesium aluminate coatings as a function of electric field.
All such studies have to be carried out at controlled conditions
because ambient conditions have major influence on the
dielectric properties of thermally sprayed ceramic coatings [1],
[4], [6]. Because the coatings have special microstructure
which most probably has a remarkable effect on the dielectric
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properties [1], the influence of the microstructure of the studied
coatings on the DC and AC behavior is analyzed.

II. EXPERIMENTAL

A. Studied Materials

The coatings were manufactured from two commercial
alumina (Al,O;) powders and two different experimental spinel
(MgAl,O4) powders which were sprayed by high-velocity-
oxygen-fuel (HVOF) technique on stainless steel substrates.
The difference in Al,O; powders was different particle size,
HVOF2 powder has smaller particle size (2-10 um) than
HVOF3 (5-25 um). MgAl,O, coating HVOF1 was sprayed
from AlL,O;-MgO composite powder which formed into a
spinel coating during the spraying process. However, the other
MgAl,O, coating (HVOF4) was sprayed from a spinel form
MgAlLO, powder.

When the powder particles are heated and accelerated
towards the substrate in the spraying process, melted particles
form droplets which splat on the substrate/coating surface
forming a coating consisting of splats with interfaces in
between. The surfaces of the splats cool down faster than the
internal parts, and due to this the surfaces are normally more
amorphous areas while the internal parts are typically more
crystalline. These splats form the lamellae of a coating but the
coating exhibits also defects e.g. voids as well as some cracks.
During the cooling at least some vertical cracks are rather
easily formed in the coating, which are typically problematic
for electrical insulation materials. However, thermally sprayed
coatings exhibit quite typically at least some vertical cracks but
the length and amount of the cracks play an important role. It
can be noticed from Fig. 1 that the spinel sample HVOF1 and
the alumina sample HVOF2 exhibit quite similar lamellar
microstructure where clear crystalline (lighter) and amorphous
(darker) areas can be seen. However, alumina sample HVOF3
has only small amount of amorphous areas and spinel sample
HVOF4 has significantly smaller amount of amorphous areas
than the other spinel HVOF1. In addition, HVOF1 and HVOF2
samples have smaller lamellar size than the alumina sample
HVOF3 and the spinel sample HVOF 4.

The coating thicknesses of the samples were defined by
magnetic measuring device (Elcometer 456B) and from cross-
section surface images taken by optical micrographs [7]. In the
magnetic measurements the mean values and the experimental
standard deviations of the thicknesses were calculated from 10
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Fig.1.SEM/BSE micrographic images of the cross-sections of the studied
coatings.

parallel measurements covering the electrode area used in the
DC resistivity and dielectric spectroscopy measurements. The
coating thickness values have quite large deviation partly due
to the grit blasting made for the steel substrates, which makes
the surface of the rather unsmooth.

Porosity values of the coatings were defined by image
analysis from optical micrographs (OM) and from scanning
electron microscope (SEM) by two detectors secondary
electron (SE) and backscattering electron (BSE) [7] which are
presented in Table I. In addition, the thickness values and gas
(nitrogen) permeability of the coatings are presented in Table 1.
Typically, higher gas permeability indicates more porous
material, but as it can be seen from Table I alumina sample
HVOF3 has very high gas permeability in comparison to the
other samples although the porosity values are at quite similar
level with the others. This difference is most probably due to
the vertical cracks seen in the microstructure image of the
coating HVOF3 (Fig.1).

B. Sample Preparation and Test Procedures

For the DC resistivity and relative permittivity
measurements, a round silver electrode (Z=50 mm) was
painted on the middle of a coating sample. In addition, a shield
electrode was painted around the measuring electrode to
neglect possible surface currents. For  breakdown
measurements silver electrodes (&=11 mm) were painted on
the sample surface to improve the contact between the voltage
electrode and the coating. The wused silver paint (SPI
Conductive Silver Paint) did not penetrate into the coating [7].
After painting the electrodes the samples were at first dried at
120 °C for two hours followed by conditioning at climate room
at 20 °C, RH 20 % for at least 12 h before the measurements.
All the measurements for the samples were also performed in

TABLE 1. THICKNESS, POROSITY AND GAS PERMEABILITY VALUES FOR THE
STUDIED COATINGS USING DIFFERENT MEASUREMENT METHODS.

Sample HVOF 2 |HVOF 3| HVOF1 |HVOF 4
Composition AlLO; ALOs |MgO-ALOs| MgALO4
. From magnetic meas. 208 281 130 19
2 mean (pm)
£ | From magnetic meas.
=
'E SD (um) 39 9.1 3.1 34
= Fron_n cross-section 209 288 125 195
image (um)
Z OM (%) 1.9 1.7 0.9 1.3
§ SEM/SE (%) 1.0 1.0 0.6 1.3
£ SEM/BSE (%) 1.9 3.0 1.4 2.4
Gas permeability (nm?) 5.7 19.2 3.0 32

the climate room at above the mentioned conditions.

C. DC Resistivity Measurements

Resistivity measurements were made using Keithley 6517B
electrometer. The test voltage was maintained until a stabilized
current level (i.e. pure resistive current) was reached. In
practice, the tests were performed at test voltages ranging from
10 V to 1000 V in order to study the resistivity as a function of
electric field. The stabilized DC current was measured 1000 s
after the voltage application. All the measuring arrangements
were in accordance with the standards IEC 60093/ASTM
D257-07.

D. Dielectric Spectroscopy

Relative permittivity and dielectric losses of the materials
were studied with an insulation diagnosis analyzer device (IDA
200, Unax=200 Vi) and its high voltage unit (IDA HV unit,
Upmax=30 kVpea). During the measurements, a sinusoidal
voltage with varying frequency was applied over the sample.
The measuring electric field varied from 0.1 V/pm to 5 V/pum.
The measuring electric field was limited to quite low levels
(corresponding possible service stress levels) to ensure that
samples will not break down during the measurements.

The complex impedance of a sample was calculated from
the measured test voltage and the current through a sample
which was expressed by IDA device as the equivalent parallel
RC circuit model. The relative permittivity (¢,) and dissipation
factor (tan o) were calculated from the measured parallel
resistance and capacitance using Eq. 1-2, where C, is measured
parallel capacitance and R, parallel resistance of the equivalent
circuit model of a dielectric. Cy is the so-called geometric
capacitance of the test sample (vacuum in place of the
insulation) and  is the angular frequency. The edge field
correction (C,) was not used because the shield electrode was
utilized in the measurements. Loss index (g,””) includes all the
losses of a sample: both conductive and dielectric ones. It can
be defined from relative permittivity and dissipation factor, tan
o, with Eq.3. All the test arrangements were performed in
accordance with the IEC standard 60250.

. C, C

£ =€ =———r, 1
CO CO

tan&—L ")
R,C’

£ =¢tand 3)

E. DC Breakdown Strength Measurements

DC breakdown (bd) voltage measurements were made with
a linearly ramped DC voltage. Oil immersion was not used in
the measurements because the coatings are porous allowing oil
to penetrate into the coating which significantly affects the
breakdown strength [7]. During the breakdown tests, the
samples were clamped between two stainless steel electrodes: a
flat-ended rod (&= 11 mm) and a flat plate (=50 mm). A
software controlled linear ramp rate of 100 V/s was used
throughout the test until breakdown occurred. Dielectric
breakdown field strength of a coating was calculated dividing



the breakdown voltage by the corresponding coating thickness
at the painted electrode (@=11 mm) location.

III. RESULTS AND DISCUSSION

A. DC Resistivity

Figure 2 presents the DC resistivity of the studied alumina
and spinel coatings as a function of electric field. It can be
noticed that all the samples have non-ohmic behavior already
at quite low electric field values (approximately > 0.5 V/um) as
it was also reported in [5], [6].

It can be observed that the resistivity of alumina HVOF3 is
almost one decade lower than the resistivity of the other
studied coatings. This is most probably due to the notable
vertical cracks of the sample which probably is also one reason,
together with the voids, for the high gas permeability value of
this sample. The larger powder particle size of HVOF3 coating
may also partly explain the difference in resistivity of the
alumina samples, since it may lead to the thicker coating
lamellae observable in Fig.1. The DC resistivity of MgO-AlL,O5
sample (HVOF1) is at very similar level with the Al,O; sample
HVOF2, but the spinel HVOF4 sample has lower resistivity
above the electric field of 0.5 V/um. This difference in HVOF4
may be partly due to the larger size of lamellae than in HVOF1
(Fig.1).

B. Dielectric Spectroscopy

Figure 3a-b presents the relative permittivity of the studied
alumina and spinel coatings. At the frequency of 100 Hz the
relative permittivity of all samples are ~10 at all the electric
field strengths. At the lower frequency (0.1 Hz), lowest relative
permittivity was measured for MgO-Al,O; sample (HVOF1)
and the permittivity does not increase with increasing electric
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Fig. 2. DC resistivity of the studied materials as a function of electric field.

field unlike in the case of MgAl,04 sample (HVOF4). Alumina
sample made from smaller particle size powder (HVOF2) has
lower relative permittivity at 0.1 Hz than the other alumina
sample (HVOF3) made from larger particle size powder. The
permittivity of both alumina samples increase slightly with
increasing electric field but the effect is quite small.

The loss indexes of all the coatings at the frequency of 100
Hz are approximately at similar level (Fig. 3c-d). However, at
the frequency of 0.1 Hz the loss indexes of alumina and spinel
samples differ significantly. Alumina sample HVOF2 and
spinel sample HVOF1 are only slightly dependent on the
electric field at 0.1 Hz. In addition, the alumina sample
(HVOF2) has higher loss index than the spinel sample
(HVOF1). The loss index of alumina sample HVOF3 and
spinel sample HVOF4 are dependent on the electric field
especially above 0.5 V/um. As it can be noticed from Fig. 1,
the spinel sample HVOF1 and the alumina sample HVOF2
exhibit quite similar lamellar microstructure which may
explain their similar type of behavior in DC resistivity as well
as in AC loss indexes at low frequencies. These two samples
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Fig.3. Relative permittivity of a) alumina and b) spinel coatings as a function of electric field. Loss index of ¢) alumina samples and d) spinel samples with two
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Fig. 4. Loss index of sample HVOF3 at frequency of 0.1 Hz as a function
electric field after different measurements.

have smaller lamellar size and the amount of amorphous areas
is higher than in the HVOF3 and HVOF 4 which in turn have
quite similar behavior in AC losses at low frequencies although
the actual values differ.

Because DC resistivity measurements caused some
permanent changes to the thermally sprayed ceramics in [6],
dielectric spectroscopy measurements were remade for the
studied samples in order to verify the possible permanent
changes. The samples were placed again in controlled
conditions (20°C, RH 20%) and the measurements were
remade on the next day. This procedure was repeated for all the
studied samples two times and the changes in the AC losses
were significant especially in the case of sample HVOF3 which
was measured four times due to this. Figure 4 shows the loss
index of HVOF3 at a frequency of 0.1 Hz as a function of
electric field from the first measurement to the fourth.

It can be observed that at low electric fields (below 1
V/um), the loss indexes are at similar level in the different
measurements, but at higher field strengths the loss indexes
increased notably after the second measurement. Thus some
permanent changes occurred in the material, probably some of
the vertical cracks inside the coating broke into more
conducting state short circuiting part of the lamellae, which
further changed the capacitance of the coating and increased
the conductivity. Since certain field strength is required for the
short circuiting, the behavior at lower field strengths is
repeatable. The loss index of the other alumina coating
(HVOF2) increased in a quite similar way indicating similar
permanent material changes. However, the loss index and
relative permittivity of the spinel samples (HVOF1 and
HVOF4) did not increase like the properties of alumina most
probably due to the fewer amount of micro cracks.

C. DC Breakdown Strength

Table II shows the mean dielectric breakdown strength
from five parallel measurements for all the studied coatings as
well as the corresponding experimental standard deviations.
The MgO-AlLO; coating (HVOF1) has the highest breakdown
strength but on the other hand the deviation is also the highest.
However, the other spinel sample (HVOF4) has notably lower
DBS probably because of the different lamellar size (Fig. 1).
Despite the highest DC conductivity and measured material
degradation during the characterizations, the alumina sample

TABLE II. MEAN BREAKDOWN STRENGTH AND EXPERIMENTAL STANDARD
DEVIATIONS FOR THE STUDIED COATINGS.

Sample Mean DBS (V/pm) SD (V/um)
HVOF1: MgO-ALOs 30.2 5.3
HVOF4: MgALO, 19.3 3.7
HVOF2: Al,O5 21.6 44
HVOF3: ALOs 25.1 2.7

HVOF3 has higher DBS in comparison to the other alumina
(HVOF2).

IV. CONCLUSIONS

Microstructural properties of thermally sprayed ceramic
coatings have been discussed as well as the role of these
properties on their electrical behavior. Particularly, vertical
micro cracks are suggested to be one reason for the noticed
non-linearity along the applied field strength. In addition, size
of lamellae and the amount of amorphous areas may also have
significant effect on the dielectric properties, especially in AC
loss indexes at low frequencies and in DC resistivity. In
general, the spinel samples had lower AC loss indexes than
alumina samples. In addition, the DC resistivity was typically
higher than that of alumina coating which is in line with the
AC behavior.

The studied coatings were tested as-sprayed without any
electrical pre-stressing. In the dielectric spectroscopy
measurements of alumina coatings certain permanent changes
occurred already at rather low field strengths representing
realistic service stresses. Thus, in order to reflect better real
application behavior, it is recommended to make some
electrical pre-stressing prior to the characterizations.
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Abstract— Thermally sprayed insulating ceramic coatings can
be utilized in conditions where polymers are inapplicable. The
coatings exhibit a special lamellar microstructure with interfaces
and some defects (e.g. voids, cracks) in between. The aim of this
study was to analyze the relationship between the
microstructural features and the dielectric properties of various
thermally sprayed ceramics. The structural characterization of
the ceramic coatings was made based on following properties:
porosity, volumetric gas permeability and the characteristic size
of crystalline lamella. High gas permeability of the coatings
decreased the breakdown strength but similar effect cannot be
seen in the DC resistivity and the permittivity results. Decrease of
DC resistivity at high humidity did not correlate to
microstructural properties; rather it is speculated to indicate the
hydrophilic nature of the coatings. The characteristic crystalline
domain sizes showed no clear correlation with the dielectric
properties.

Keywords—thermal; spray; ceramic; coating; alumina; spinel;
resistivity; permittivity; breakdown; microstructure; porosity

l. INTRODUCTION

Thermally sprayed insulating ceramic coatings can be
utilized in conditions where polymers are inapplicable. In order
to use the coatings in real applications, the role of
microstructural features in the dielectric properties has to be
known. The coatings are deposited in layers forming a lamellar
structure consisting of interfaces and some defects (e.g. voids
and cracks) [1]-[3]. Especially, the cracks enable easier charge
carrier movement [4] which is problematic for insulating
coatings.

Typically, porosity is wused to characterize the
microstructure of thermally sprayed ceramic coatings. The
determination of the porosity can be made by using several
methods [5]. Typical method is image analysis which is made
by using cross-sectional micrographs taken by optical or
scanning electron microscopes [3]-[7]. Although the image
analysis gives a good estimation about the porosity [5], the
defined value does not represent the volumetric porosity of a
coating which would take into consideration the unique shape
of the voids which have influence on the mechanical properties
of the coatings [3]. However, the shape and orientation of the
pores can be defined by using 3-dimensional images instead of
the 2D images [8], [9] but the analyzing methods are not as
widely used as the methods based on the 2D images. Anyhow,
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the porosity cannot be the only structural parameter to
determine the microstructure of the coatings, and quantitative
methods are also required [3].

The influence of the microstructural features on the
dielectric properties have been discussed previously in [1], [6]
in which the high porosity has been suggested to decrease the
breakdown strength. However, it has been also reported that
porosity does not clearly affect the breakdown strength of
thermally sprayed coatings [7], [10], [11]. In addition, the size
of the lamella and the amount of amorphous areas has been
discussed to affect the dielectric losses at low frequencies and
DC conductivity but the analysis was made only visually [11].
The aim of this paper is to link several microstructural features
(porosity, gas permeability, the size of lamella) to the dielectric
properties of various thermally sprayed ceramic coatings.

I, EXPERIMENTAL

A. Material characterization

Six different experimental MgO-Al,O; powders were
sprayed by high-velocity oxygen fuel (HVOF)-thermal spray
method on stainless steel substrates. The amount of MgO in
the powder varied from 0 mol% to 65 mol%. Detailed
information of the studied coatings is given in Tablel. The
coating thickness was determined either by using magnetic
measuring device (Elcometer 456B) or from cross-sectional
images taken by optical microscopy (Table 1). The high
standard deviation in thickness is partly due to the grit-blasting
made for the steel substrates in order to ensure good adhesion
between the ceramic and the steel.

The porosities of the coatings were determined by
analyzing cross-sectional micrographs taken by optical
microscopy (OM, 320x magnification) and by scanning
electron microscope (SEM, 1000x magnification) using both
secondary electron detector (SE) and backscattered electron
detector (BSE), see Table 1. The porosities were determined as
the ratio of total area of voids to the total image area. In
addition to image analysis, the gas (nitrogen) permeability
(GP) was measured for the coatings, providing an indirect
measure of the porosity with a higher gas permeability
indicating a higher porosity.

In order to analyze the lamellar morphologies, the
SEM/BSE images were converted into binary pixel matrices



TABLE I.

POWDER COMPOSITIONS OF THE STUDIED HVOF COATINGS, THE DEFINED POROSITIES, THICKNESSES AND CRYSTALLINE LAMELLA THICKNESS (Lg).

Lt

Porosity Thickness (um)

Sample Powder composition (um) oM SEM/SE SEM/BSE GP From cross-  From magnetic sp
(%) (%) (%) (nm?) section image measurement
HVOF7 100 mol% Al,O3 2.184 2.9 1.0 26 771 255 237 102
HVOF8 90 mol% Al,O3 — 10 mol% MgO 2.157 3.0 1.2 31 476 195 193 8.0
HVOF9 75 mol% Al,O; - 25 mol% MgO 1.507 25 1.2 31 386 190 184 7.9
HVOF10 60 mol% Al,O3 — 40 mol% MgO 2.463 31 11 3.0 133 235 241 138
HVOF11 50 mol% Al,O; — 50 mol% MgO 1.697 24 11 38 627 257 215 24
HVOF12 35 mol% Al,03 — 65 mol% MgO 1.460 2.3 1.6 38 155 191 234 10.0

corresponding to the crystalline and amorphous areas and
analyzed quantitatively in MATLAB. In accordance with the
free-space length developed by Khare & Burris [12],
quantitative determination of the characteristic size of a
morphological domain of interest provides means to relate
structural features and material properties. In this paper, the
free-space length, Ly, was utilized to characterize the size of the
crystalline domains of the coatings. Free-space length can be
defined as the size of the largest randomly placed box for
which the most probable number of intersecting pixels
corresponding to amorphous regions is zero. The MATLAB
code, retrieved and used according to the literature [12], [13],
iterates to box size by Monte Carlo approach—a more
thorough description of the method is presented in [12], [13].

B. Dielectric characterization

For DC resistivity and permittivity measurements, a round
electrode (@=50 mm) was painted on the sample surface using
a silver paint (SPI High Purity Silver Paint). In addition, a
shield electrode was painted around the measuring electrode to
neglect possible surface currents. For  breakdown
measurements, smaller silver painted electrodes (J=11 mm)
were prepared. After painting the electrodes, the samples were
at first dried at 120 °C for two hours followed by conditioning
at a climate room at 20 °C/RH 20 % for at least 12 h before the
measurements. All the measurements were also performed at
the formerly mentioned conditions in the climate room.

DC breakdown voltage measurements were performed with
linearly increased DC voltage (100 V/s) using methods
depicted in [14]. Oil immersion was not used in the
measurements because the coatings are porous allowing oil to
penetrate into the coating which significantly affects the
breakdown strength [14]. During the breakdown (BD) tests, a
stainless steel rod electrode (@=11mm) was placed on the top
of the painted electrode while the stainless steel substrate acted
as the other electrode. Dielectric breakdown strength (DBS)
was calculated by dividing the breakdown voltage by the
coating thickness at the painted electrode location.

Typically dielectric breakdown strength of solid materials
is Weibull distributed and due to this the results were fitted to
this distribution. The cumulative density function of a two-
parameter Weibull distribution is given as

B
F(xa,p)=1 —exp{[lj }
a

where F(x) is the breakdown probability, x is the measured
breakdown strength (V/pum), o is the scale parameter (V/um)
and g is the shape parameter. The scale parameter represents
the breakdown strength at the 63.2 % failure probability and

()

the shape parameter indicates the slope of the theoretical
distribution. The statistical analysis was performed using
Weibull++ software and the Maximum Likelihood method was
used in the parameter estimation.

Resistivity measurements were made using Keithley 6517B
electrometer. In order to study the resistivity as a function of
applied electric field, the test electric field varied from ~0.1
V/um to ~5 V/um. The test voltage was maintained for a time
period of 1000 s at each voltage step. The resistivity was
defined from the stabilized current value in the end of the
measurement period. All the measuring arrangements were in
accordance with the IEC standard 60093.

Relative permittivity and dielectric losses of the material
were studied with an insulation diagnostic analyzer device
(IDA 200, Unax=200 Vpea). During the measurements, a
sinusoidal voltage (200 Vpeak) With varying frequency (1 kHz—
0.1 Hz) was applied over the sample. The permittivity of a
coating was calculated using the equivalent parallel RC-circuit.
All the test arrangements were performed in accordance with
the IEC standard 60250.

I1l.  RESULTS AND DISCUSSION

A. Structural analysis

Exemplifying SEM/BSE cross-sectional morphologies are
presented in Fig. 1, showing the porous nature and the lamellar
crystal structure of the coatings. While the porosities
determined from the cross-sectional micrographs were found to
be relatively similar for all the coatings, the gas permeability
measurements indicated significant differences between the
coatings, see Tablel. This is most likely due to the fact that gas
permeability provides a more accurate estimate of the
volumetric porosity than a single cross-sectional micrograph. It
is noted that the varying amount of small vertical cracks visible
in the cross-sectional images likely contribute to porosity and
gas permeability, with this being most prominent for HVOF10
which exhibited particularly long vertical cracks (see Fig. 1 and
Tablel). Fig. 1 also presents the corresponding binary images
utilized for quantitative determination of the characteristic
crystalline domain size and the calculated free-space lengths.
While HVOF9 and HVOF12 were found to exhibit slightly
more compact amorphous—crystalline regions, the overall
differences remained small and showed no clear correlation
with the MgO-content.

B. DC breakdown strength

Breakdown voltage measurements were performed for 15
parallel samples of each coating. The breakdown strength of
the coatings is presented in Fig. 2. The highest breakdown
strengths were obtained for HYOF9 (25 % MgO) and HVOF8
(10 % MgO) while the lowest breakdown strengths were
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Fig. 1. Zoomed-in portions of the SEM/BSE cross-sectional images of the studied coatings at 1000x magnification. The total studied image areas were 121x98
um?. The top row presents the original SEM images, with light gray, dark gray and black image regions corresponding to the crystalline, amorphous and void
(porosity) regions. The bottom row presents the corresponding binary images utilized for the quantitative structural analysis. The free-space length, Ly,
characterizing the size of the crystalline domain is presented in each figure. Free-space length determination was performed iteratively in MATLAB (in manual
mode) by gradually increasing the amount of random tests up to 100,000 in order to obtain high statistical accuracy.

measured for HVOF12 (65 % MgO) and HVOF10 (40 %
MgO). Interestingly, the breakdown strength of the alumina
(HVOF7, 0 % MgO) and spinel (HVOF11, 50 % MgO) is very
similar although typically the HVOF spinel coatings exhibit
higher breakdown strength than the HVOF alumina coatings
(6], [11].

The significant difference between the lowest and the
highest DBS can be explained by the differences in gas
permeabilities. The relationship between the GP and
breakdown strength is presented in Fig. 2 in which the Weibull
parameters (o & B) are shown as a function of gas permeability.
It was noted that a coating with a high GP value also showed
lower breakdown strength. On the other hand, the characteristic
crystalline domain sizes showed no clear correlation with the
breakdown strength, which suggests that the porosity and the
vertical cracks (structural defects) play a more determining role
in the DBS of the coating than the crystalline—-amorphous
morphology, in coherence with [1], [6]. It is also remarked that
the observed long vertical cracks, particularly in HVOF10,
likely affect the DBS. However, a more detailed analysis of the
amount and size of the cracks is not presented in this paper.

Obviously, the amount of MgO has also some effect on the
breakdown strength. However, this effect is difficult to obtain
comparing the breakdown strengths because HVOF10 (40 %

- HVOF7, 0% MgO
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MgO) exhibit long vertical cracks and high GP in comparison
to the HVOF9 (25 % MgO) and HVOF11 (50 % MgO). Even
though, it can be noticed that 10 % or 25 % MgO content in a
coating produced the highest breakdown strength. When the
MgO amount is 0 % or 50%, the breakdown strength is lower.
However, the breakdown strengths of HVOF7 and HVOF11
(39.2 V/um and 40.3 V/um, respectively) is well in line with
our previous studies [11], [14].

C. DC resistivity

DC resistivity as a function of electric field is presented in
Fig. 3a). The lowest resistivity was measured for HVOF7
(100 % Al203). When 10% MgO was mixed with Al,Os, the
resistivity increased slightly (HVOF8). The DC resistivities of
the coatings (HVOF9-HVOF12) were practically at similar
level. In addition, the non-ohmic behavior cannot be seen for
these coatings at the studied field strengths, however the
HVOF7 and HVOF8 exhibit the typical non-ohmic behavior of
thermally sprayed ceramic coatings [11], [15].

In order to study the effect of high humidity on the DC
resistivity of the coatings, DC resistivity (2-4 V/pm) was
measured for the coatings HYOF8-HVOF12 at 20 °C/RH 90 %
conditions. The resistivity decreased ~5 decades. The
difference could not be seen to correlate with any of the
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Fig. 2. a) DC breakdown strength of the coatings in Weibull probability plot where the shaded areas present 90 % confidence bounds. b)-c) Weibull parameters o
and B as a function of gas permeability where the error bars present the 90 % confidence bounds for the parameters.
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Fig. 3. a) DC resistivity as a function of electric field b) relative permittivity
as a function of frequency for the studied coatings and the loss index &’ as a
function frequency (inset).

defined microstructural parameters, like gas permeabilities.
Similar decrease in resistivity was also reported in [6] in which
the DC resistivity was measured for HVOF alumina and spinel
coatings which were kept in RT/RH ~95 % conditions for 48 h
before the resistivity measurements. In [6], it was discussed
that the coatings are sensitivity to humidity due to the nature of
the material, the microstructure and the phase composition.
Thus, it can be speculated that the hydrophilic nature of the
coatings has more significant effect on the DC resistivity than
long vertical cracks or high gas permeability.

D. Relative permittivity and dielectric losses

The relative permittivity (¢’) and the loss index (&) of the
studied coatings as a function of frequency is shown in Fig.
3b). At frequencies from 20 Hz to 1 kHz, the relative
permittivity is at similar level for all the coatings. Below 10 Hz
differences exist, the HVOF7 and HVOF8 having the highest
permittivities. The permittivities of the coatings HVOF9—
HVOF12 are more or less at same level. The loss indices of
HVOF7 and HVOFS8 are significantly higher than those of the
other coatings. The losses of HYOF9-HVOF12 are also at a
similar level. Thus, the loss index results are well in line with
the DC resistivity results. However, no coherence with any of
the defined microstructural features (e.g. gas permeability) can
be seen in permittivity or in loss index.

IV.  CONCLUSIONS

The structural characterization of thermally sprayed
ceramic coatings was made based on following properties:
porosity, volumetric gas permeability and the size of
characteristic crystalline lamella. High gas permeability of the
coatings decreased the breakdown strength but similar effect
cannot be seen in the DC resistivity and the permittivity results.

It was also remarked that the observed long vertical cracks
likely affected the breakdown strength. Decrease of DC
resistivity at high humidity did not correlate to microstructural
properties; rather it is speculated to indicate the hydrophilic
nature of the coatings. The characteristic crystalline domain
sizes showed no clear correlation with the dielectric properties.
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ABSTRACT

In this study, the DC conductivity from low electric fields up to breakdown fields is
studied for several different thermally sprayed ceramic coatings. Although the DC
conductivity of bulk alumina ceramic has been observed to follow the space charge
limited current conduction mechanism, the studied ceramic coatings do not follow
or follow only partly this mechanism. Possible reason for this is their different
microstructure since bulk alumina exhibits fully crystalline microstructure while
the ceramic coating consists of crystalline and amorphous regions as well as voids,
defects and numerous interfaces. A possible conduction mechanism of the ceramic
coatings based on the different conductivities of the amorphous and crystalline
regions of the coatings is proposed. The microstructural features (e.g. volumetric
porosity) are found to affect the breakdown strength for some of the studied
coatings. The step-test breakdown strengths of the coatings were lower than the
ramp-test ones due to the longer stress durations in step tests giving an indication of
effects of electrical stress duration and possible short-term degradation of the
coatings.

Index Terms — Dielectric breakdown, conductivity, thermally sprayed ceramic

coating, alumina, spinel.

1 INTRODUCTION

THERMALLY sprayed electrically insulating coatings
can be utilized in special operation conditions like in harsh
environments or in high temperature applications such as in
solid oxide fuel cells where the typical operating
temperatures can vary from 500 to 800 °C [1]. Typically, the
materials used for manufacturing of insulating coatings are
alumina (Al>Os3) or spinel (MgAl,O4) which can be either in
powder or cord form. In the spraying process, thermal
energy is generated either by chemical (combustion) or
electrical (plasma or arc) methods in order to melt and
accelerate the powder particles towards the substrate [2, 3].
The molten particles form droplets which hit the substrate or
coating surface forming a coating consisting of thin layers of
lamellae (called splats) with interfaces in between [2, 3].
The surfaces of the splats cool down faster than the internal
parts and due to this the surfaces are normally more
amorphous, while the internal parts are typically crystalline
[3, 4]. These splats form the lamellar main structure of a
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coating while the coating exhibits also defects e.g. voids and
often also some cracks [2, 3]. During the cooling at least
some vertical cracks are rather easily formed in the
thermally sprayed ceramic coating, which is especially
problematic in electrical insulation materials. The length and
the amount of cracks play an important role in the dielectric
properties of the ceramic coatings. Especially, the DC
breakdown strength has been found to decrease when long
vertical cracks exhibit in a ceramic coating [5].

In this paper, the studied coatings are deposited either by
high-velocity oxygen fuel (HVOF) process, which is a flame
spray method in which a fuel gas (e.g. ethylene) and oxygen
are used to create a high temperature combustion jet, or by
plasma arc process. The main difference between the above
processes is that the temperature of the flame in HVOF
spraying is much lower (~3100 °C) than that of the plasma
arc (~5500 °C) in plasma spraying [2, 3]. On the other hand,
the particle velocity is much higher in the HVOF process
(610-1060 m/s) than in the plasma process (240 m/s) [2],
[6]. Accordingly, HVOF process typically results in a very
dense and well-bonded coating suitable for many
applications [2, 3].



Previous studies on the dielectric properties of HVOF and
plasma sprayed Al,Os; and MgAl.O4 coatings have been
focused on the short-term progressive breakdown strength,
DC resistivity at low electric fields, and relative permittivity
and dielectric losses [7-14]. Our previous studies have
shown that thermally sprayed ceramic coatings exhibit
strong non-ohmic conductivity starting from very low
electric field strengths (~1V/um) originating from the
special microstructure of the ceramic coatings [10, 11, 13].
However, our previous measurements on the conductivity
were limited to low electric fields of ~5 V/um or less due to
the limitations of the measurement setup [10, 11, 13]. In
order to study the DC conductivity of the ceramic coatings
up to breakdown fields, a new measurement system has
recently been developed and applied in the DC conductivity
analysis of a HVOF sprayed alumina coating [15].

Typically, the DC conduction behavior of solid insulation
materials can be explained by theoretical conduction
mechanisms such as Schottky injection, Poole-Frenkel or
space charge limited current (SCLC) mechanisms [16, 17].
Neusel et al. [18] and Talbi et al. [19] have observed that the
DC conductivity of bulk alumina follows the SCLC
mechanism. However, similar conductivity studies have not
been conducted for thermally sprayed ceramic coatings.
Typically, bulk alumina ceramic exhibits fully crystalline
microstructure while ceramic coatings have amorphous and
crystalline regions as well as voids and numerous interfaces.
Due these differences, the DC conductivity of the coatings
differs significantly from the bulk ceramic at low [10, 11,
13] and high [15, 18, 19] electric fields.

The aim of this paper is to study the DC conductivity over
the full range from low electric fields up to breakdown
fields for several different thermally sprayed ceramic
coatings. In addition, the DC conduction mechanism is
analyzed in detail. Moreover, the breakdown behavior of the
coatings is studied utilizing linearly increased (short-term)
test voltage and step-wisely increased voltage in order to get
an indication of the possible short-term degradation of the
coatings.

2 EXPERIMENTAL

2.1 MATERIAL CHARACTERZATION

Six different (Al.Oz or Al,03/MgO) powders were
thermally sprayed by the HVOF technique at VTT. In
addition, one Al,O; powder was deposited using
atmospheric  plasma  spraying technique. Detailed
information of all the studied coatings is listed in Table 1.
The commercial alumina powders utilized in the coatings
HVOF5, HVOF6 and Plasma differed slightly from each

Table 1. Studied materials and their properties.

other. However, the same experimental alumina powder was
used in coatings HVOF7-11 while the amount of MgO was
varied from 0 to 50%. All the coatings were sprayed on
2.5mm thick stainless steel substrates which were grit-
blasted before coating deposition.

Figure 1 presents the cross-section images of the studied
coatings taken by scanning electron microscope (SEM) with
backscattered electron detector. The porous nature of the
coatings as well as the lamellar structure can be seen from
the images. The porosities of the coatings were defined by
image analysis using the cross-sectional micrographic
images of either optical microscope (OM) or SEM with two
detectors: secondary electron detector (SE) or backscattered
electron detector (BSE). In image analysis, the image
magnification was 320 in OM images and 1000 in SEM
images. The defined porosity values are listed in Table 1. In
addition, the gas (nitrogen) permeability (GP) was measured
for the coatings in accordance with I1ISO 4022 standard.
Typically, high gas permeability indicates high porosity.
Especially, this relationship can be noticed when comparing
the OM and SEM/BSE porosities to the gas permeabilities.
The porosities of plasma alumina defined from SEM images
are at a higher level than the values of HVOF aluminas
which is understandable due to the higher particle velocity
in the HVOF process [2, 3].

Sample thicknesses were measured with Elcometer 456B
device from the electrode areas (@=11mm or @=50 mm
depending on the test). The average thicknesses and
standard deviations of the coatings are listed in Table 1 (10
parallel measurements from the 50 mm electrode area). In
addition, the coating thicknesses were also determined from
the cross-section images taken by optical micrographs and
the obtained values are given in Table 1. The standard
deviations of the thicknesses are quite large which may
partly be due to the grit blasting of the coating substrate and
consequently uneven lower surfaces of the coatings [11]. In
addition, the spraying process itself does not produce fully
smooth coating surface which also partly explains the
thickness deviation. Anyhow, the thicknesses obtained by
the two methods were at similar level although separate
samples were utilized for the measurements.

2.2 DIELECTRIC CHARACTERIZATION
2.2.1 SAMPLE PREPARATION
For DC conductivity measurements below 1kV
voltages, a round electrode (@=50 mm) was painted on the
sample surface using a special silver paint (SPI High Purity
Silver Paint). In addition, a shield electrode was painted
around the measuring electrode to prevent possible surface

Porosity Thickness (um)
Sample Powder composition OM SEM/SE SEM/BSE ~ GP  From cross-section From magnetic sD
(%) (%) (%) (hm?) image measurement
HVOF5 commercial Al,O; (agglomerated & sintered) 6.0 17 37 111 215 228 6.2
HVOF6  commercial Al,Os (fused) 1.4 1.4 14 32 333 307 6.1
HVOF7  experimental Al,O; (agglomerated & sintered) 29 1.0 26 7.7 255 237 10.2
Plasma  commercial Al,Os (fused) 2.3 24 36 - 245 271 114
HVOF8 90 % Al,O3 — 10 % MgO (agglomerated & sintered) 3.0 1.2 31 48 195 193 8.0
HVOF9 75 % Al,O3 — 25 % MgO (agglomerated & sintered) 25 1.2 31 39 190 184 7.9
HVOF11 50 % Al,O; — 50 % MgO (agglomerated & sintered) 24 11 38 6.3 257 215 24
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Figure 1. SEM/BSE cross-sectional images of the studied coatings at 1000x magnification. The ligth gray image areas correspond to the crystalline
regions while the dark gray areas correspond to the amorphous regions. The black image areas are voids indicating the porosity of a coating.

currents, see Figure 3. For the DC conductivity and
breakdown measurements above 1 kV, smaller silver
painted electrodes (=11 mm) were prepared, see Figure 3.
In this setup, no guard ring was used. According to
preliminary experiments, the surface currents were
evaluated to be rather small compared to the current through
the sample and the variation between the parallel samples.
Our previous study indicated that the silver paint does not
penetrate into the coating [12]. After painting the electrodes,
the samples were at first dried at 120 °C for two hours
followed by conditioning in a climate room at 20 °C, RH
20% for at least 12 h before the measurements. All the
measurements were also performed at these controlled
conditions in the climate room.

2.2.2 DC CONDUCTION MEASUREMENTS

DC conductivity was measured using two different
measurement setups due to the wide measurement range and
sensitivity required for the leakage current measurements.
Below 1kV voltages, the DC conduction current
measurements were performed using Keithley 6517B
electrometer. The measuring electric field was varied from
0.1V/um to ~4 V/um and the measurement period for each
voltage level was 1000 s. During each measurement period,
the pure constant DC conduction current was normally
reached. During the measurements, a stainless steel

a) HVOF7 & b) HVOF8 &

shield electrode
i silver painted electrodes @=11 mm

silver painted
electrode
@=50 mm

ceramic coating ceramic coating

Figure 3. Photographs of the electrode arrangements utilized in the
conductivity measurements below 1 kV (a) and above 1 kV (b) voltage
levels. The photographs were taken after the measurements.

electrode (@=50 mm) was placed on the top of the silver
painted area on the coating sample while the stainless steel
substrate of the sample acted as the other electrode. The
current density was determined from the average of the
stabilized DC current measured over 990-1000 s after the
voltage application. All the measuring arrangements were in
accordance with the standard IEC 60093 [20].

Above 1 kV voltages, the DC conductivity was studied by
increasing the voltage step-wisely in 250 /10 min steps
starting from 250 V until breakdown occurred. During the
measurements, a stainless steel rod electrode (@=11 mm,
edge rounding 1 mm) was placed on the top of the silver
painted area on the coating sample while the stainless steel
substrate of the sample acted as the other electrode. In order
to avoid surface flashovers at the highest test voltages (in
practice for all HVOF coatings), a plastic cylinder with an
O-ring sealing towards the coating surface was clamped
around the measuring electrode (@=11 mm) to extend the
surface distance over the solid insulation. The typical oil
immersion —method cannot be used due to the porous nature
of the coatings [12]. The schematic figure of the
measurement circuit as well as the test bench is presented in
Figure 2. The sample current was measured throughout the
tests by a shunt resistor (1 MQ or 10 kQ depending on the
signal level) and a Keithley 2001 digital multimeter. The
voltage source control and data recording was performed
using LabVIEW-based software. The voltage source was
Keithley 2290-10 power supply (Umax=10 kV).
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sample

coating
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+

voltage
control
& meas.

bottom stainless steel
electrode substrate

» silver e\edm\de‘

current|
meas.
b)

Figure 2. Schematic figure of the measurement circuit and test bench
used in DC conductivity measurements above 1 kV.
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2.2.3 BREAKDOWN VOLTAGE MEASUREMENTS

Breakdown strengths of the materials were measured by
using the above described step-wise tests as well as by
utilizing linear ramp tests (ramp rate of 100 V/s throughout
the test). The measurement arrangements were otherwise
similar to the step-tests but the voltage source was Spellman
SL1200 (Umax=20 kV) and the voltage was measured using a
resistive voltage divider (Spellman HVD-100-1, division
ratio 10000:1) [12]. Dielectric breakdown strength (DBS) of
a coating was calculated by dividing the breakdown voltage
by the corresponding coating thickness at the painted
electrode (=11 mm) location. Despite obvious edge field
enhancement at the edges of the painted electrodes, the
breakdown locations were noticed to be distributed
reasonably well along the electrode area. This is supposed to
be caused by the rather high deviations in the breakdown
strength.

2.2.4 STATISTICAL ANALYSIS OF THE
BREAKDOWN DATA

Typically, the dielectric breakdown strength of solid
materials is Weibull distributed and due to this the results
were fitted to this distribution. The cumulative density
function of a two-parameter Weibull distribution is given as

B
F(x):l—exp{—(;j },XZO, 1)

where F(x) is the breakdown probability, x is the measured
breakdown strength (V/um), « is the scale parameter
(V/um) and g is the shape parameter. The scale parameter
represents the breakdown strength at the 63.2% failure
probability and the shape parameter indicates the slope of
the theoretical distribution. The statistical analysis was
performed using Weibull++® software and the Maximum
Likelihood method was used in the parameter estimation.

3 RESULTS AND DISCUSSION

3.1 GENERAL BEHAVIOR OF DC CONDUCTION
CURRENTS

Figure 4a-4g presents the measured currents for each
studied coating sample as a function of time when the
voltage was increased step-wisely until breakdown. The
breakdown strengths defined from these measurements are
presented in Figure 4h. It can be noticed that the coatings
exhibit strong non-linear voltage-current relationship and
quite large deviation in breakdown results as well as in the
conduction currents between the parallel samples. It can be
observed from Figure 4 that the coatings exhibit a
‘transition-field”  region  where highly  non-ohmic
conductivity is increasing to a new current level until
breakdown occurs.

The focus of this study is to compare the DC
conductivities of the different coating materials in a more
general sense rather than to determine the DC conductivity
of only one type of coating material in detail using very
large number of parallel samples. The conduction current
behavior of the HVOF coatings sprayed using commercial
alumina powders (HVOF5 and HVOF6) is quite similar
although the absolute current values differed. In addition, it
can be noted that one of the samples of HVOF5 coating

differs significantly from the other four samples. The
conductivity of plasma sprayed alumina generally is at a
similar level with HVOF6 coating. However, the current of
plasma coating changes more rapidly in the ‘transition-field’
region with non-ohmic conduction than in the HVOF
coatings. The conduction current behavior of HVOF7 and
HVOR8 is very similar which is understandable due to the
similar amounts of MgO (HVOF7 0%, HVOF8 10%) added
in the same Al,O; powder. The conductivity of HVOF9
(25% MgO) is very similar with alumina HVOF5 although
the actual current level of HVOF9 is lower than the current
of HVOFS5. Three of five parallel samples of HVOF11 (50%
MgO) did not break down until the maximum voltage of the
power supply was reached. In addition, the current levels of
those three samples were clearly lower than the currents of
the samples which broke down. Although there are clear
general differences between the materials, the typical
current levels just prior the breakdown events were roughly
at a level of ~10° A for all the coatings.

3.2 ANALYSIS OF THE CONDUCTION CURRENTS
VERSUS ELECTRIC FIELD

In order to evaluate the conduction processes of the
coatings in more detail, current densities of the studied
coatings were determined as a function of applied electric
field. Although the steady-state current level was not
reached at each applied voltage level (this can be especially
seen in the ‘transition field’ region, see Figure 4), the
current densities of the materials were defined from the
mean values of the current at the end of each voltage step
(550-580 s). It should be underlined that in ‘the transition
fields’ the defined current densities do not thus represent DC
conductivity implicitly. Figure 5 presents the defined current
densities of five parallel samples of each coating as a
function of applied electric field. In addition, the average
current densities of the five parallel samples are presented.
Anyhow, for HVOF5 the average current density was
defined only from four samples because one of the five
samples exhibited totally different conduction behavior.

As it can be noticed from Figure 5, the current densities
measured using the low (L1) and high (H1-H5) field
measurement setups differed to some extent. This is most
probably because the sensitivity of the high field
measurement setup was insufficient at the lowest test fields
(see the high noise in the lowest test voltages in Figure 4).
Separate samples were utilized at low and high field
measurements. Quite large deviation between the parallel
samples (H1-H5) can be seen and it can further explain the
difference. As it was mentioned previously, the materials are
also in a ‘transition-field” region with non-ohmic conduction
when the high and low field setups are comparable. In this
region, the currents did not fully reach the steady-state level
during the test period of 10 min and thus the defined values
did not represent the true DC conductivity.

In order to further study, the differences between the
materials, the experimental data were plotted as log (J)
versus log (E) where approximately straight lines with
different slopes at different regions of field strengths may be
obtained. Least-square technique was utilized to define the
best fits for the conduction currents, and thus to define the
slopes for each region. Table 2 presents the defined slopes
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Figure 4. a—g Measured DC currents of the studied materials as a function of time. The start voltage was 250 V which corresponds the electric field of ~1
V/um. The red stars and the dashed lines indicate the occurrence of breakdown (current and voltage, respectively). It should be underlined that breakdown
occurred only for two out of five samples for HVOF11 since the maximum voltage level of the power supply was reached. h) The breakdown strengths of
the studied coatings in which the cross presents individual breakdown measurement and the bar indicates the deviation between the minimum and
maximum strengths. For HVOF11 the upper limit of the bar presents the maximum electric field reached for the samples which did not break down during

the tests.

of the mean current densities in different areas as well as the
estimated transition electric fields between the different
regions.

At low field levels (Area 1), all the studied coatings are
obviously ohmic because the defined slopes are close to
unity indicating that electric field/voltage is directly
proportional to the current. The estimated transition field to

non-ohmic region varies between the materials. The lowest
field (~0.5 V/um) is noticed for alumina coatings HVOF6
and Plasma. Slightly higher transition field (~1 V/pum) can
be observed for the other commercial HVOF sprayed
alumina (HVOF5) but the highest transition field (~2 V/um)
of the alumina coatings is obtained for experimental alumina
HVOF7. The transition field of HVOF8 is the same as it is
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Figure 5. DC conduction currents as a function of applied electric field for the studied coatings. The squares (L1) represents the currents measured using
Keithley electrometer and the lines (H1-H5) presents the conduction currents recorded using the above 1 kV measurement setup. The crosses represent the
average current densities defined from the five parallel conductivity measurements performed until breakdown, except for HVOF5 the average current

density is defined from four parallel measurements.

for HVOF7 probably due to the almost similar powder
composition (10% MgO versus 0% MgO). The highest
transition field (~4 V/um) is noted for the coatings with
higher amount of MgO: HVOF9 (25% MgO) and HVOF11
(50 % MgO).

In the next region (Area 2), the conductivities of the
coatings are highly non-ohmic since the defined slopes vary
from 2.8 to 6.2. As it was already mentioned earlier in this
‘transition field” region the currents did not fully stabilize
during the DC step-stress periods (10 min), instead they
were still increasing at the end of the periods. Thus, the real
levels of stabilized DC current would have been slightly
higher than the reported values, and the above mentioned
slopes would have been correspondingly higher as well. All
in all, it can be concluded that a considerable transition from
ohmic conduction state to another state occurs in this region.
Typically, the transition field of HVOF coatings from Area
2 to Area 3 is ~10 V/um. However, the transition field of

HVOFS5 is higher (17 V/pum) but in [15] the transition field
of HVOF5 has been reported to be 10.5 V/um although the
DC stress period was only 6 min. This indicates that the
conductivities of the parallel samples of a coating material
deviate notably. The lowest transition field is noted for
plasma sprayed alumina coating (5.9 V/um). The differences
in conductivities and breakdown strength between HVOF
and plasma coatings may be linked to their different
microstructure (Figure 1) caused by the different spraying
temperatures and powder particle velocities in the spraying
processes.

In Area 3, the defined slopes are roughly two indicating
that the current density is proportional to the square of the
electric field. However, HVOF7 and HVOF8 exhibit similar
but clearly higher slopes (~5) than the other HVOF coatings,
and thus these two coatings exhibit similar behavior as the
other coatings in the previous area. In addition, the
conductivity of plasma alumina differs from the HVOF

Table 2. Estimated transition electric fields and corresponding slopes of the mean current densities (log—log scale) for the studied materials as well as the
relative permittivity measured at the voltage of 200 V.. The detailed measurement procedure of the permittivity measurements is presented in [11-13],

[15].
Area 1 Area 2 Area 3 Area 4 Permittivity
Sample E(V/um)  Slope E (V/um) Slope E (V/um) Slope E (V/um) Slope & (at 1kHz)
HVOF5 0-1.0 11 1-16.6 5.7 16.6 — 28 2.2 - - 9.1
HVOF6 0-05 11 05-8.6 3.4 8.6-17.1 18 17.1- 217 85
HVOF7 0-20 12 2-105 238 105-24.1 5.3 24.1- 13 83
Plasma 0-05 1.0 0.5-5.9 43 59-139 -03 13.9- 122 9.8
HVOF8 0-20 11 2-78 2.8 7.8-26.6 4.9 26.6— 2.6 85
HVOF9 0-3.9 1.2 3.9-103 45 10.3-37.6 16 - - 85
HVOF11 0-41 11 41-94 6.2 94-26.1 21 26.1- 11 8.4




coatings because the plasma reached ohmic level in this area
but this may be noticed only by visual evaluation because
the obtained slope has negative value due to differences
between the parallel samples current density values.

Breakdowns occurred for the alumina coating HVOF5
and spinel HVOF9 in Area 3 but for the rest of the materials
the breakdowns occur in Area 4. Although a rapid current
increase before breakdown has previously been observed for
alumina HVOF5 in [15], no such increase in conduction
current is observed for HVOF5 in this study. However,
similar rapid current increase is seen for some of the
samples of alumina (HVOF6 and Plasma) because the
obtained slopes in Area4 are very high (see Figure 4 and
Figure 5).

Throughout the tests, the conduction behavior of the
coating HVOF8 (10% MgO) is very similar to the alumina
HVOF7 (0% MgO) but in Area 4 the conductivity of
HVOF7 is ohmic (slope ~1) while the conductivity of
HVOFS8 is equal to the square of electric field (slope ~2).
Thus, it may be concluded that adding 10% MgO to the
Al,O3 has only effect when the applied electric field is
above 25 V/um. The conduction behavior of the other two
spinel coatings (HVOF9, 25% MgO and HVOF11, 50%
MgO) is very similar throughout Areas 1-3. However, the
breakdown occurred for HVOF9 in Area 3 while the
breakdowns of HVOF11 occurred in Area 4 in which
HVOF11 exhibits ohmic conduction behavior (slope ~1).
Thus, it seems that the amount of MgO (25 or 50%) has
influence on the conduction behavior only when the field is
above ~26 V/pum.

3.3 MATERIAL DEGRADATION

Our previous studies [10] have shown that the DC
resistivity of a HVOF sprayed experimental spinel coating
decreased remarkably when the resistivity as a function of
electric field (~0.1-3 V/um) was repeated. Due to these
permanent changes, the conductivity measurements below
1kV were repeated for some of the samples in this study
(two aluminas: HVOF5 and HVOF7, and one spinel:
HVOF11) in order to identify possible permanent changes at
low electric fields. The selected coatings represent the
conduction behavior of the coatings in general manner.

Figure 6 presents the original DC conduction currents of
the above coatings as a function of electric field together
with the results of repeated measurements made later on.
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Figure 6. DC conduction currents as a function of electric field for two
alumina coatings (HVOF5 and HVOF7) as well as one spinel coating
(HVOF11). The data of 1% measurement is same as it has been shown in
Figure 4.

The time between the measurements was several months
and during that time the samples were kept in a desiccator at
room temperature/low relative humidity to avoid ageing. It
can be noticed that some permanent changes occurred for
the experimental alumina coating (HVOF7) at already low
electric fields since the conductivity increases remarkably
during the second measurement period. The conductivity of
the commercial alumina (HVOF5) also increased slightly
during the second measurement time but the difference is
not so significant. No permanent changes occurred for the
spinel coating (HVOF11).

Because these permanent changes occur already at very
low electric fields, it is evident that it is not meaningful to
perform conduction mechanism analysis for all the studied
materials. In order to carry out the conduction mechanism
study for HVOF5 and HVOF11, the conductivity
measurements were also repeated at high fields to ensure
that no permanent changes/degradation occur in the
materials. Three more samples of alumina HVOF5 were
prepared and conductivity measurements were made for
these samples with steps of 500 V/10 min until the voltage
level of 3500 V was reached. The voltage corresponds to the
electric field of ~15 V/um which is approximately half of
the breakdown strength of the HVOF5. The measurements
showed that no permanent changes occur for the samples of
HVOF5 when the measurements were repeated on the next
day.

The procedure of conductivity measurements for
HVOF11 was similar but the measurements were performed
until the voltage level of 5500 V was reached. This level
corresponds to the field of ~22 V/um which is roughly half
of the breakdown strength of HVOF11. The measurements
were performed for the samples that did not break down in
the step tests with 250 /10 min steps. These measurements
indicate that the current densities are at similar levels when
the measurements were repeated two or three times
(500 V/10 min).

During the first applications of higher electric fields,
permanent changes in the conductivity may occur for some
of the coatings. The permanent changes might be due to the
changes occurred in the interfaces of amorphous-crystalline
regions of the coatings.

3.4 CONDUCTION MECHANISMS ANALYSIS

In order to evaluate the dominant conduction mechanism
of thermally sprayed ceramic coatings, the measured
conductivity data are analyzed in accordance with several
theoretical conduction mechanisms despite the fact that the
steady-state current level was not reached at each voltage
level, especially in the ‘transition-field” region. Because the
possible dominating conduction mechanism of thermally
sprayed ceramics is not so evident, all theoretical conduction
mechanisms are discussed even though some of the
mechanisms occur only at very high electric fields for other
materials such as polymers [16], and are thus not relevant
for thermally sprayed ceramic coatings. The conduction
mechanism study is only carried out for alumina HVOF5
and spinel HVOF11 for which no material degradation was
noticed and the measured conduction behavior can thus be
considered to be stable.



Charge injection from electrodes can be described either
by Schottky or Fowler-Nordheim injection mechanisms
which both occur at very high fields for polymers, e.g. the
latter takes places ~10° V/m and the former one occurs
slightly lower fields [16, 17]. Although thermally sprayed
ceramic coatings exhibit significantly lower breakdown
strengths than polymers, the Fowler-Nordheim plots (log
(J/E?) versus 1/E) were made for HVOF5 and HVOF11 [21,
22]. The obtained plots indicate that Fowler-Nordheim
tunneling can be excluded as the dominating conduction
mechanism for the studied thermally sprayed ceramic
coatings because the slopes differed clearly from those
reported in [21, 22] where the Fowler-Nordheim tunneling
occurred for the studied materials.

In the Schottky analysis, the measured data is plotted as
In (J) versus E¥? (Schottky plot) which results a straight line
where theoretical value of relative permittivity can be
evaluated. Thus, the comparison between the theoretical and
measured high frequency permittivities can be made. For
both coatings (HVOF5, HVOF11) the relative permittivities
defined from the Schottky plot are ~70% smaller than the
measured ones (Table 2), and thus the pure Schottky
injection can also be excluded as the dominating conduction
mechanism of the thermally sprayed coatings.

At high electric fields, one of the bulk-limited conduction
mechanisms is Poole-Frenkel where the theoretical relative
permittivity can be defined from the slope of the Schottky
plot (In (J) versus E¥?). The physical base of Poole-Frenkel
model is very simplified and the analysis must be made as
an-order-of-magnitude calculation [16]. Although this
consideration is made, the defined theoretical values are
~95% smaller than the measured ones. Thus, it can be
concluded that the Poole-Frenkel conduction mechanism is
not the dominating one for the ceramic coatings.

Space charge limited current (SCLC) mechanism is one
of the bulk limited conduction mechanisms and it describes
how the conduction current behavior changes with
increasing applied electric field [16, 17]. In order to validate
this mechanism, experimental J-E data can be plotted in
double logarithmic scale (see Figure 7) [16, 17]. According
to this mechanism, at low field strengths (field below the
transition field, Err) the voltage-current relation is ohmic
due to the thermally generated carriers [16, 17]. The current
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Figure 7. Relationship between electric field and current in accordance
with the space charge limited current —theory. The figure is revised from
[16].

density is thus directly proportional to the voltage.
Correspondingly, the slope is unity in a plot of log J — log E
[16, 17].

At higher fields (Region 2), the conduction is no longer
ohmic because charge can inject from electrode into the bulk
and it has difficulties to move further through the material
[16, 17]. Thus, a space charge is formed in vicinity of the
electrodes and throughout the bulk and this charge will limit
the further movement of charges which is known as SCLC
[16, 17]. When the applied field has reached the level of Etr
(see Figure 7), the space charge limited current dominates
over the ohmic component [16, 17]. The current is thus
proportional to the square of electric field and the slope is
two in a plot of log J — log E (Figure 7). When the applied
field has reached the trap-filled limit field, Ete., all the traps
in the dielectric are filled and the slope increases from two
(see Region 3 in Figure 7) to infinity. At the fields above
ErrL, the trap-free space charge conduction might take place
and the slope is two (Region 4 in Figure 7) if the breakdown
did not occur before this region was reached [16].

It has been reported in [18, 19] that a bulk alumina
ceramic follows the SCLC mechanism. However, the
conductivities of alumina HVOF5 and spinel HVOF11
coatings do not fully follow the SCLC theory since after the
initial ohmic region (Area 1 in Table 2) the conductivity is
not proportional to the square of the electric field as
indicated by the calculated slope of ~6 (Table 2). After this
region, the slope should be higher than two in accordance
with the SCLC theory (Region 3 in Figure 7) but the slopes
of the coatings are ~2. According to the SCLC theory, the
slope should be two again in the last area (Region 4 in
Figure 7) but the slope of HVOF1l is ~1 in Area 4
indicating ohmic behavior. It can be concluded that the
studied thermally sprayed ceramic coatings either do not
follow or follow only partly the SCLC theory unlike the
sintered alumina [17, 18]. The difference in the conduction
behaviors of the bulk and the thermally sprayed alumina is
most probably due to their different microstructures. Bulk
alumina exhibits fully crystalline structure while the
thermally sprayed coatings have lamellar structure
consisting of both amorphous and crystalline areas as well
as voids and defects (Figure 1). Due to above facts, the
coatings most probably exhibit a variety of trap levels which
partly explains the deviation of the performance from the
ideal SCLC theory.

A thermally sprayed coating should be considered as an
insulation system consisting of different regions which
exhibit different dielectric properties. Thus, it can be
speculated that the amorphous regions probably have higher
conductivity than the crystalline regions. The differences in
conductivity and the resulting uneven field distribution
might be the reason why the coatings followed only partly
the SCLC theory. Although there are many uncertainties, it
can be speculated that thermally sprayed coatings could
follow the SCLC theory as follows:

e At low electric fields (Area 1), the conductivity is
clearly ohmic. Since the amorphous regions most
probably exhibit higher conductivity than the
crystalline regions, the electric field concentrates on
the crystalline regions. Thus, the conduction behavior



of a coating is dominated by the conductivity of the
crystalline regions.

e At higher electric fields, charges start to collect into
the interfacial areas and traps forming space charge.
When a certain transition electric field, Er, is
reached, the space charge limited current dominates
over the ohmic component in the crystalline-
amorphous interfaces of a coating. Theoretically, the
current density is proportional to the square of
electric field when there is only one trap depth in the
material. In the coatings, the microstructure varies
along the material and due to this the Etr and the
current density changes are not as ideal, instead the
changes take place ‘smoothly’.

e When the conductivity increases in the crystalline
regions, this also changes/equalizes the electric field
distribution between the crystalline and amorphous
regions at the same time. Due to this, at first the
current is limited and is increasing with a slope lower
than two but after a while the electric field is more
concentrated on the amorphous regions, and thus the
current is increasing strongly with a slope higher than
two. This can occur since the transition field (Err) of
amorphous regions is expected to be lower than the
transition field of the crystalline regions due to their
different conductivities.

e After this transition field range where a new electric
field distribution is formed for a coating by the SCLC
currents of amorphous and crystalline regions, the
current of a coating system is increasing with a slope
of ~2.

At higher test voltages prior to breakdowns, partial
breakdowns of certain regions are suggested to occur. Just
before breakdowns, rapid current increase was measured for
certain coatings (HVOF6, Plasma). This is most probably
caused by partial breakdowns e.g. in the amorphous regions
and/or at the interfaces between the splats which may take
place because the trap filled limit (Evr) of that region is
reached. According to the SCLC theory, a sudden fast
current increase occurs, when the Err. is reached. However,
this current increase should lead to breakdown very rapidly
[16]. As the current increase of the coatings did not occur as
rapidly, it is suggested that the breakdown for some of the
coatings proceeded partially, and this way the breakdown
process was delayed.

3.5 DC BREAKDOWN STRENGTH

Figure 8 presents the DC breakdown strengths of the
coatings when the voltage was increased with 100 V/s linear
ramp rate. Two-parameter Weibull distributions were fitted
to the breakdown data. The Weibull parameters o and p are
listed in Table 3 along with the breakdown strengths at the
breakdown probabilities of 10% and 90%.

The lowest breakdown strength (Weibull ) is obtained
for the plasma sprayed alumina. In addition, the deviation
between the parallel samples is large (the difference
between the breakdown probability of 10% and 90%). The
Weibull B of Plasma also is clearly lower than the Weibull
of HVOF coatings which show very similar values (see the
inset in Figure 8b). The lowest breakdown strength (Weibull
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Table 3. Weibull parameters o and (3 as well as the breakdown strenghts at
the breakdown probabilities of 10% and 90%.

Plasma HVOF5 HVOF6 HVOF7 HVOF11 HVOF8 HVOF9

10% 8.3 25.7 25.0 317 33.9 40.8 415
a 197 318 34.8 39.2 40.3 48.1 49.6
90%  27.2 345 39.4 423 43.0 51.2 52.9
B 2.6 10.5 6.8 10.7 131 13.6 12.7

a) for the HVOF coatings is obtained for HVOF5 and only
slightly higher value for HVOF6 which both were
manufactured from different commercial alumina powders.
The experimental alumina coating (HVOF7) exhibits the
highest breakdown strength of the alumina coatings and the
breakdown strength is at a similar level with HYOF11 (50%
MgO). Typically, the breakdown strength of HVOF alumina
coatings are significantly lower than the breakdown strength
of HVOF spinels [8, 13]. The highest breakdown strengths
are obtained for HVOF8 (10% MgO) and HVOF9 (25%
MgO) which practically exhibit equal breakdown strengths
(Weibull o).

Due to the rather high deviation of parallel breakdown
results, it is difficult to distinguish the exact effect of MgO
content on the breakdown strengths. However, it seems that
adding MgO in Al,O3 improves the breakdown strength, and
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the amount of 25% gives the highest breakdown strength in
step and linear tests (see Table 3, Figure 8 and Figure 9).

Other microstructural features, e.g. gas permeability
which is related to the volumetric porosity of a coating,
seem to affect the breakdown strength of the HVOF coatings
deposited from experimental powders (HVOF7-HVOF11)
more obviously than the amount of MgO [5]. The higher gas
permeability results in lower breakdown strength since the
highest breakdown strength was obtained for HVOF9 (GP
3.9 nm?) and the lowest for HVOF7 (GP 7.7 nm?) [5].
Because HVOF11 (50% MgO) has quite similar breakdown
strength and gas permeability with HVOF7 (0% MgO), it
can be speculated that the gas permeability has a more
profound effect on the breakdown strength than the MgO
content [5]. However, the effect of gas permeability on the
breakdown strength is not as evident when the comparison is
made for all studied HVOF coatings since the gas
permeability of the alumina coating HVOF6 (3.2 nm?) is the
lowest one of the HVOF coatings but the breakdown
strength is not the highest one even though the comparison
is only made between the alumina coatings. Anyhow, the
HVOF5 coating (the other commercial alumina powder)
exhibits higher gas permeability (11.1 nm?) and slightly
lower breakdown strength than the other commercial HVOF
alumina coating (HVOF6). Although the difference between
the breakdown strengths is not significant, it might be
speculated that the difference is partly due to their different
volumetric porosities.

Figure 9 presents the average breakdown strengths of the
coatings when the voltage was increased either linearly or
step-wisely. For plasma sprayed alumina the breakdown
strength in step-test is practically same as the breakdown
strength in ramp-test because the deviation between the
parallel samples in linear tests is significant (see Figure 8a).
For HVOF coatings, the step-test breakdown strengths are
lower than the ramp-test breakdown strengths. The
difference is from 3.9 V/um (HVOF5) to 18.7 V/um
(HVOFS8). It is understandable that the step-test breakdown
strength is lower than the ramped one due to the clearly
longer stress durations. The differences thus give an
indication of the effects of electric stress duration and
possible time dependent degradation of the coatings. An
interesting continuation of this work would be long-term
ageing testing for evaluating suitable service field strengths
of the coatings.

4 CONCLUSIONS

In this study, the DC conductivities of several different
thermally sprayed ceramic coatings were studied in order to
determine the conduction behavior of the coatings in general
manner. Although great differences in the conductivities of
the different coatings were observed, it was seen that in all
coating types the conduction currents reached similar level
prior to the breakdown.

Thermally sprayed ceramic coatings exhibit a special
lamellar microstructure consisting of crystalline and
amorphous regions as well as voids and defects, while bulk
ceramics exhibit fully crystalline structure. Due to this
difference, their DC conductivities differ; thermally sprayed
ceramic coatings exhibit strong non-linear conduction
behavior already at low field strengths unlike bulk ceramics.
In addition, as opposed to bulk alumina, the ceramic
coatings do not follow or follow only partly the space
charge limited current conduction mechanism while the bulk
alumina has been reported to follow this mechanism. A
possible conduction mechanism for the ceramic coatings
was proposed based on the differences in the conductivities
of the amorphous and crystalline regions of the coating
which further causes an uneven electric field distribution in
a coating.

Due to the large variations in the DC breakdown strength,
it was difficult distinguish the exact effects of MgO content
or porosity. However, it seems that the volumetric porosity
has a more profound effect on the breakdown strength for
the experimental coatings, higher porosity indicating lower
breakdown strength. The step-test breakdown strengths of
the coatings were lower than the ramp-test ones due to the
clearly longer stress durations in step-tests which gives an
indication of the effects of electric stress durations and
possible short-term degradation of the coatings. An
interesting continuation of this work would be long-term
ageing testing for evaluating of suitable service field
strengths of the coatings.
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ABSTRACT

Breakdown strength, DC resistivity, permittivity and loss of thermally sprayed
alumina coatings were studied at various temperatures and relative humidities. The
studied coatings were sprayed by utilizing three different spray techniques: flame,
high-velocity oxygen fuel (HVOF) and plasma spraying. Breakdown behavior of
HVOF sprayed alumina were studied up to very high temperatures (800 °C). At 20—
180°C, no significant trend could be seen in the breakdown strength of HVOF and
plasma sprayed alumina coatings. The breakdown strength of alumina coatings
decreased gradually from 300 to 800 °C reaching a value which was only 14% of the
breakdown strength measured at 20 °C/RH 20%. Increasing humidity (from 20 to
90%) decreased the DC resistivity of the alumina coatings five orders of magnitude.
Correspondingly, permittivity and losses increased with the humidity; in most cases
with a notable contribution due to DC conduction. The material behavior may be
linked to the microstructure of coatings consisting of amorphous and crystalline
regions with interfaces in between. Moreover, the alumina coatings exhibited notable
amount of highly hygroscopic y-phase which also affected the moisture sensitivity of
the coatings.

Index Terms — Alumina, aluminum oxide, thermally sprayed ceramic coating,
flame spray, HVOF, plasma spray, dielectric breakdown, resistivity, conductivity,

permittivity, dielectric losses

1 INTRODUCTION

ALUMINA (Al,03) is a widely used electrical insulation
material in high temperature applications since it exhibits
high hardness and refractory nature [1]. Thermal spraying is
an effective and rather low cost method to produce a
protective/insulating layer for demanding conditions such as
thermal barrier coating in gas turbine components, protective
insulation layer in aero-engine parts or in fuel cells [2, 3]. In
the thermal spraying process, the raw alumina is typically in
powder form but it can also be used in rod form [2—4]. During
spraying, thermal energy is generated either by chemical
(combustion) or electrical (plasma or arc) methods in order to
melt and accelerate the ceramic powder particles towards the
substrate [2, 3]. The molten particles form droplets which hit
on the substrate (e.g. steel plate) or on the coating surface
forming a coating consisting of thin layers of lamellae (called
splats) [2, 3]. In particular, the lower surfaces of the splats
cool down faster than the internal parts.

Manuscript received on 3 July 2017, in final form 1 February 2018,
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Due to this, the surfaces are normally more amorphous,
while the internal parts are typically crystalline [3, 5]. In
addition to the splats, the coating exhibits some unmelted
powder particles, voids and often also some cracks which can
be formed during cooling [1-3]. If long perpendicular cracks
are formed, the breakdown strength of a thermally sprayed
ceramic coating can decrease significantly as noticed in our
previous study on MgAl,O4 coating [6].

Previous studies of the dielectric properties of thermally
sprayed alumina coatings are mostly focused on the
breakdown strength at room temperature. However, the effect
of high temperature on the breakdown strength of alumina
coatings is not studied although one relevant application for
alumina coatings is solid oxide fuel cells which have very
high operating temperatures (500-800 °C) [7]. Thus, one aim
of this paper is to study the breakdown strength of alumina
coatings at 120-800 °C. In addition, the breakdown strength
is studied at the temperatures of 20-60 °C at various
humidities in order to distinguish the possible effect on
humidity.



The alumina coatings have a special lamellar
microstructure, which differs significantly from sintered bulk
alumina, and due to this direct comparison between the
dielectric properties of these two is not worthwhile.
Furthermore, the sintered alumina and alumina powder
utilized in thermal spraying consist of thermodynamically
stable a-Al>O3 as the main crystalline phase but due to the
rapid solidification during the spraying [8] the alumina
coatings exhibit metastable y-phases as a main phase [9-13].
This y-Al2O; is highly hygroscopic [3, 14] which can be one
reason for the significant increase of dielectric constants and
losses of the coatings at high humidity [11, 15, 16]. However,
the high amount of y-phase in alumina coating cannot only
explain the moisture sensitivity since the DC resistivity of
MgAI,O, coatings, which have stable crystalline phases,
decreased several orders of magnitude with increasing
humidity in [6, 12]. Thus, it should be emphasized that the
special microstructure together with the hygroscopic nature
can explain the moisture sensitive nature of the alumina
coatings. However, the effect of humidity and temperature on
the DC resistivity, permittivity and loss of thermally sprayed
alumina coatings is not comprehensively studied. Due to this,
together with the breakdown study the other aim of this paper
is study the effect of temperature (20-60 °C) and humidity
(20-90%) on the DC resistivity, permittivity and losses of
thermally sprayed alumina coatings.

1.1 BACKGROUND

In this paper, the studied alumina coatings are deposited by
utilizing three different spraying processes which are flame
spraying, high-velocity oxygen fuel (HVOF) spraying, and
atmospheric air plasma spraying (APS). The main differences
between these techniques are flame temperature and powder
particle velocity. In flame and HVOF spraying, the flame
temperature is ~3000 °C [1, 3] while in the plasma spraying
the temperature is >15000 °C [1, 2]. The powder particle
velocities in flame, HVOF and plasma spraying are 30-120
m/s [1, 3], ~700-800 m/s [1, 17] and 100-300 m/s [1, 13],
respectively. In particular, the high powder particle velocity
improves the coating properties which can be seen in HVOF
sprayed coatings as well-adhered and dense structures [1, 3].
However, numerous and complex processing parameters
affect the coating properties and microstructure [4].
According to Kotlan et al. [13], increasing the spray distance
in plasma spraying decreased the dielectric breakdown
strength of alumina coating. However, increasing the spray
distance had decreasing effect on the particle velocity and
temperature [13], and thus it is difficult to distinguish exactly
the effect of processing parameters on the dielectric
properties.

The studies on the dielectric properties of thermally
sprayed Al,O3 coatings are mainly focused on the dielectric
breakdown strength. The DC breakdown strength of plasma
sprayed alumina coatings has been reported to be 10-20
V/um [11], 17-36 V/pm [18] and 22-23 V/um [12] at room
temperature conditions. Slightly higher DC breakdown
strength is typically obtained for HVOF sprayed alumina: 22—
34 V/um [12], 20-32 V/pm [14] and 32 V/um [19]. The AC
breakdown strength of HVOF alumina coating was 29
Vpea/Um in our previous study [19]. The AC breakdown
strength of plasma sprayed alumina coatings have been

reported to be 13.5-16.6 VV/um [13], 6-17 VV/um [18] and 20—
115 V/pm [5]. However, in [5] the breakdown measurements
were performed in insulating oil. In our previous studies [19],
the breakdown strength of HVOF sprayed alumina coating
increased significantly in oil immersion in comparison to the
breakdown strength obtained without oil since the thermally
sprayed ceramic coatings are typically quite porous and
sensitive to the moisture and liquids.

In comparison to the alumina coatings, sintered alumina
exhibits typically dense and fully crystalline structure. Thus,
utilization of insulation oil in breakdown voltage
measurements has not been observed to affect the breakdown
strength of sintered alumina [20-27]. However, the DC
breakdown strength of sintered alumina can be at similar or
higher level with the alumina coatings, being 90-150 V/um
[20], 30-130 V/um [28], and 26-96 V/um [25]. AC
breakdown strength of sintered alumina is at a very similar
level with the ceramic coatings since it was 31.6 V/um [21],
15-34 V/pm [27], 22 V/pm [22], 13-15 V/um [23], 19-25
V/um [24], and 10-42 V/um [26]. It should be noted that the
thicknesses of the sintered alumina are typically higher than
those of the coatings.

Typically, sintered alumina has higher DC resistivity
(>10%2 Qm) [27] but the DC resistivity of thermally sprayed
alumina coating can vary from 10° to 10 Qm [11, 12, 29].
Our previous studies [30—-34] have shown that DC resistivity
of thermally sprayed Al,Os; and MgAI,O, coatings can be at
the level of ~10'2 Qm at the electric fields below 1 V/pm but
at higher electric fields the resistivity decreases several
decades indicating a strong non-ohmic conductivity. In
addition, the DC resistivity of the Al,O3 and MgAI,O4
coatings have been found to decrease several decades when
the relative humidity increased [6, 12] which can be linked to
moisture sensitive nature of the coatings.

Interestingly, notable differences in dielectric constant has
not been reported. The dielectric constant of sintered alumina
was 9 at 1 MHz [22, 27] and 7 at 1 kHz [25], while for plasma
sprayed alumina it was 6-8 [11] and 11-23 [15] at 1 kHz, and
for HVOF alumina 6-8 [35] at 10 kHz. However, the
measuring frequencies are quite high and the microstructural
differences between bulk and coating cannot be seen as
clearly as they may be noticed in the DC conductivity and in
the slow charging phenomena at lower frequencies. However,
the dielectric constant of plasma sprayed alumina increased
with humidity which was explained by the hygroscopic
nature of the alumina coatings due to the high amount of
metastable y-phase instead the stable o-phase [15, 16].

1.2 THEORETICAL CONSIDERATIONS

Compared to typical insulating materials, the dielectric
behavior of thermally sprayed ceramic coatings is remarkably
different. Due to the manufacturing process, the coatings
exhibit layered structure which consists of splats with clear
interfaces in between (see Figure 1). As it was shown in [5],
[33], amorphous and crystalline regions exist in the splats.
These regions most probably have different conductivities as
it was discussed in our previous studies in [33] where it was
shown that the conduction mechanism of the coatings differ
from the SCLC mechanism known for Al,O; [22, 36]. A
suggested conduction mechanism for the coatings in [33]



satisfies the measured non-linear conduction behavior and is
based on the microstructural and phase differences of the
coatings. Different conductivities in the different regions will
lead the non-uniform field distribution and further, when the
highly stressed regions turn into dominating SCLC
conduction, the other regions still have ohmic conduction,
resulting in the measured behavior.

Based on above, it may be hypothesized that the
microstructure full of interfaces and splat volumes with
presumably varying conductivities tend to enhance the
interfacial type of polarization mechanisms at low
frequencies, at least in cases with highest resistivity. On the
other hand, at the same time the conductivity of the coatings
may be remarkably high, which tend to limit and prevent the
charging phenomena. When the DC conductivity is high, the
conductivity o will notably contribute to the imaginary part
of the complex permittivity (e*) [37]. It can be defined as:
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where & is the is real part of the permittivity, & is the loss
term due to polarization, ¢ is DC conductivity,  is the
angular frequency, and & is vacuum permittivity [37]. Any
dielectric measurement result always includes both loss
components, caused by both polarization and conduction.

2 EXPERIMENTAL

2.1 MATERIAL CHARACTERIZATION

Three different Al,O; materials were sprayed by HVOF,
plasma or flame spray methods. In HVOF process, the
coatings were deposited from fused high purity Al.O3; powder
(99.9 wt %, Praxair). In plasma spraying process, another
fused high purity Al,O3; powder (99.25 wt%, Saint-Gobain)
was utilized. In the flame spray process, the Al,O3; was in a
cord form (99.7 wt%, Saint-Gobain). All the coatings were
sprayed on stainless steel substrates (100 x 100 x 2.5 mm).
Before the spraying, the substrates were grit-blasted to ensure
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better adhesion between the substrate and the ceramic
coating.

Breakdown voltage measurements for HVOF coatings
were also made at high temperatures (200-800 °C). Since
alumina and steel have different thermal expansion
coefficients, which can cause problems at high temperatures,
80 pm thick bond coatings (NiCrAlY, H.C. Starck) were
HVOF sprayed on the substrates before HVOF spraying the
alumina powder (99.9 wt%, Praxair). The bond coat was
found to have no significant effect on the breakdown strength
of alumina coatings.

Figure 1 presents the cross-section images of the studied
coatings. As it can be seen from the figure, all the coatings
exhibit porous nature and lamellar structure. The porosities of
the coatings were determined by analyzing cross-sectional
micrographs taken by several different microscopy
techniques, see Table 1. The porosities of Plasma coating
defined from SEM images are at a higher level than those of
HVOF coating which is attributable to the higher particle
velocity in the HVOF process [2, 3]. The spraying process of
Flexicord samples differs from the HVOF and plasma
processes which can explain the higher porosities of
Flexicord.

Sample thicknesses were measured with magnetic
measuring device (Elcometer 456B) from the electrode areas
(2=11 mm or @=50 mm depending on the test). The average
thicknesses and standard deviations are listed in Table 1 (10
parallel measurements from the 50 mm electrode area). In
addition, the coating thicknesses were also determined from
cross-section images taken by optical microscope (Table 1).
The standard deviations of the thicknesses are quite high
which is partly due to the grit blasting of the coating substrate
and consequently uneven lower surfaces of the coatings. In
addition, the spraying process itself does not produce fully
smooth coatings, which also partly explain the thickness
deviation.
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Figure 1. SEM/BSE cross-sectional images of the studied coatings at 1000x magnification (a—c). Black image regions correspond to void type imperfections,
while in general, the light grey regions indicate crystalline material and the slightly darker color correspond to amorphous regions. Mainly in Flexicord image

also unmelted particle regions can be seen.

Table 1. Raw material info of the studied coatings. The porosities of the coatings were defined from cross-sectional images taken by either optical microscope
(OM, 320x magnification) and scanning electron microscope (SEM, 1000x magnification) using secondary electron detector (SE) and backscattered electron
detector (BSE). Thicknesses of the coatings were determined by using cross-section images and utilizing magnetic measuring device.

Porosity (%) Thickness (um)
Sample Powder composition From cross-  From magnetic
oM SEM/SE SEM/BSE section image measurement Sb
HVOF commercial Al,O; (fused powder) 1.4 14 1.4 333 307 6.1
Plasma commercial Al,O3 (fused powder) 2.3 24 3.6 245 271 11.4
Flexicord  commercial Al,Os (cord) 2.7 3.8 4.8 235 225 44




2.2 DIELECTRIC CHARACTERIZATION

2.2.1 Sample preparation and measurement
conditions

For DC resistivity and permittivity measurements, a round
electrode (@=50 mm) was painted on the sample surface
using a special silver paint (SPI High Purity Silver paint). In
addition, a shield electrode was painted around the measuring
electrode to prevent possible surface currents. For DC
breakdown voltage measurements performed at the
temperatures of 20-180 °C, smaller silver painted electrodes
(2=11 mm) were prepared. Our previous study indicated that
the silver paint does not penetrate into the coating [19]. After
painting the electrodes, the samples were first dried at 120 °C
for two hours followed by conditioning in a climate room at
20 °C/RH 20% for at least 12 h before the measurements. At
200-800 °C, the breakdown voltage measurements of HVOF
coating were made without any embedded electrodes on the
sample surface.

At 20-60 °C, the measurements were performed in a
climate room where the temperature and relative humidity
were controlled. The detailed measurement conditions are
given in Table 2. The breakdown measurements for all
coating types were made at 120 and 180 °C in a custom made
oven. In addition, the breakdown behavior of HVOF sprayed
alumina coating was also studied at the temperatures of 200,
300, 350, 400, 600 and 800 °C in a high temperature oven.

The coating samples were stabilized for three hours at the
measurement conditions in the climate room before the
resistivity, permittivity or breakdown measurements. In all
the high temperature measurements, the coatings were placed
into the oven at room temperature and the temperature was
slowly increased to the set value. For the breakdown
measurements at 120 and 180 °C, the heating times required
for the samples to stabilize to set temperature were carefully
determined prior to actual breakdown measurements. At 120
°C the stabilization period was one hour and at 180 °C it was
two hours. At the high temperatures (200-800 °C), the
temperature was increased with a ramp of 25 °C/min to the
set point. When the steel substrate reached the set
temperature, an hour was waited until the first breakdown
measurement was started. After the measurements, the oven
was switched off and the samples were left in the oven to
slowly cool down to ~20 °C.

2.2.2 DC breakdown strength

DC breakdown voltage measurements were performed by
utilizing linearly increased DC voltage (ramp rate of 100 V/s
throughout the test). The voltage source control and data

Table 2. Measurement temperatures and relative humidities and the
corresponding absolute humidities for resistivity and permittivity
measurements. The breakdown measurement conditions are bolded.

Temperature (°C) RH (%) Absolute humidity (g/m3)
20 20 35
20 45 7.8
20 70 12.2
20 90 15.6
40 20 10.3
40 45 231
40 70 35.9
60 20 26.1
60 45 58.7

60 70 913

recording was performed using LabVIEW-based software.
The voltage source was Spellman SL1200 (Unax=20kV) and
the voltage was measured using a resistive voltage divider
(Spellman HVD-100-1, divider ratio 10000:1) [19].

At 20-180 °C, a stainless steel rod electrode (@=11mm,
edge rounding 1 mm) was placed on top of the silver painted
area on the coating sample while the stainless steel substrate
of the sample acted as the other electrode. In order to avoid
surface flashovers at the highest test voltages at 20-60 °C, a
plastic cylinder with an O-ring seal was clamped on the
coating surface around the measuring electrode (@=11 mm)
to extend the surface distance over the solid insulation. For
high temperature measurements (200-800 °C), a nickel based
rod electrode (@=9 mm) was placed on the sample surface
while the substrate acted as the other electrode.

Dielectric breakdown strength (DBS) of a coating was
calculated by dividing the breakdown voltage by the
corresponding coating thickness at the painted electrode
(2=11 mm) location. In the high temperature measurements
(200-800 °C), the thickness was measured near the
breakdown point after the measurement.

2.2.3 DC resistivity

Resistivity measurements were made using Keithley
6517B electrometer and a sample holder where the sample
with substrate and silver painted electrode was placed in
between two stainless steel electrodes (@=50 mm). The
measuring electric field varied from 0.1 V/pm to 2.5 V/pm.
The test voltage was maintained for a period of 300 s at each
voltage step. Typically, the DC resistivity is determined from
a stabilized current value (i.e. resistive current) but the current
of the coatings did not reach a fully stabilized level at every
applied field. However, the resistivity was defined from the
average current value in the end of the measurement period.
All the measuring arrangements were in accordance with the
standard IEC 60093.

2.2.4 Relative permittivity and losses

Relative permittivity and losses of the material were
studied by utilizing an insulation diagnosis analyzer device
(IDA 200, Unax=200 Vpeax) using the same sample holder as
in the resistivity measurements. During the measurements, a
sinusoidal voltage with varying frequency was applied over
the sample. The measuring electric field strength was 0.3
Vpeak/pim for all the coatings. All the test arrangements were
performed in accordance with the IEC standard 60250.

The complex impedance of a sample was calculated from
the measured test voltage and the current through a sample
which was expressed by IDA device as the equivalent parallel
RC circuit model. The real part of the relative permittivity
(&) is defined as:

— CF Ce 2

¢, C 2
where C, is measured parallel capacitance of the equivalent
circuit. Co is the so-called geometric capacitance of the test
sample (vacuum in place of the insulation) and ® is the
angular frequency. The edge field correction (Ce) was not
used since the shield electrode was utilized in the
measurements. As indicated by Eqg. 1, conductivity of a
material will also contribute to the relative permittivity (Je/]).

Re{s,*} =g



However, in this paper & values are reported, which in
authors’ opinion better reflect the dielectric behavior of the
materials.

Imaginary part of the relative permittivity indicates the
total losses of a material, both polarization and conduction
losses. It can be defined as:

. .o 1

Im{e;}=¢, + pr—— ®)
where R, is the parallel resistance of the equivalent circuit. In
this paper, the total loss contribution is expressed. The
conductivity related component can be estimated by using the
measured conductivities but since the conductivity is shown
to be dependent on several factors (e.g. field), an exact
determination of the loss components would require more
detailed studies. However, at the driest conditions the
conductivity component is negligible (e.g. ~0.3% for HVOF
at 20 °C/RH 20%) but it is totally dominating at the highest
absolute humidities, see Figure 6.

3 RESULTS AND DISCUSSION

3.1 DC BREAKDOWN STRENGTH

The DC breakdown strengths (BDS) of the studied
coatings at each conditions are presented in Table 3, where
the results are based on 10-15 parallel breakdown
measurements. In addition, Figure 2 shows the BDS of the
coatings at 20, 60 and 180 °C. The highest BDS is noticed for
HVOF at all the ambient conditions and the lowest one for
Flexicord. The deviation between parallel samples was the
highest for Plasma coatings, as indicated by the lowest
Weibull £ values in Table 3.

At 20-40 °C, the BDS of HVOF alumina remains at very
similar level (¢=34-39 V/um) but at 60 °C/RH 45% it
decreased slightly (a=28 V/um). However, similar decrease
cannot be seen for Plasma and Flexicord since at 2060 °C
the BDS for Plasma is 17-21 VV/um and for Flexicord 12—
18 V/um. The obtained breakdown strengths are at similar
level with breakdown strengths of HVOF and plasma sprayed
alumina coatings reported in the literature [5, 12-14, 18] as
well as with our previous studies [6, 19, 32, 33]. Although the
higher absolute humidity conditions seemed to decrease the
BDS of HVOF alumina, similar effect is not seen for other
coatings and it may be concluded that humidity did not
directly affect the breakdown strength.

At 120 and 180 °C, the breakdown strength of HVOF does
not change in comparison to the 20 °C/RH 20% results (o=34
V/um at 120 °C and 35 V/um at 180 °C). However, at 120 °C
the BDS of Plasma is obviously higher (o= 27 VV/um) than at

99.0 T —@—20°C/IRH20%
95.0 | - ~®--60°C/RH45%

90.0

63.2
50.0

25.0

1.0

5 30 40 50

10 20
Breakdown strength (V/um)
Figure 2. DC breakdown strenghts of the studied coatings at 20°C, 60°C
and 180°C (FC is Flexicord).

20-60 °C but at 180 °C the BDS (¢=18 V/um) is again at a
similar level with the low temperature results. It should be
noted that the deviation in breakdown data of Plasma is very
high (low f values in Table 3).

The breakdown strength of Flexicord is 22 V/um at 120
and 180 °C which is higher than the BDS at the low
temperatures. It may be speculated especially for Flexicord
that at the higher temperatures (120 and 180 °C), moisture is
partially escaped from the porous coating, and thus the BDS
increases compared to 20-60°C results. Pawlowski [11]
noticed that the dielectric constant of plasma sprayed alumina
decreased after a long (48 h) period at 120 °C which was
linked to the hygroscopic nature of the coatings which
enables the moisture to penetrate into the coating easily. In
this study, although the samples were in oven for a shorter
period (1-2 hours) than in [11], the heat treatment most
probably removed part of the moisture from the porous
coating. This can explain the higher breakdown strengths of
Flexicord at 120 and 180 °C.

Pawlowski [11] also noticed that high porosity decreased
the breakdown strength of the plasma sprayed alumina
coating. Toma et al. [12] made similar observation since
HVOF sprayed alumina coating had a lower porosity and
correspondingly a higher BDS than a plasma sprayed alumina
coating. Our own previous studies have shown that high
porosity of HVOF sprayed MgO-Al,O3 coatings (as indicated

Table 3. The breakdown fields of the studied coatings at the breakdown probabilities of 10%, 63.2% and 90% at 20°C—180°C and Weibull B. The statistical
analysis of the breakdown data was performed using Weibull++® software and the least-square regression method was used in parameter estimation. The
goodness of the fit results can be expressed by correlation coefficient, A. The closer to 1 X is, the better the fit is. A was 0.91-0.97 for HVOF, 0.93-0.98 for

Plasma and 0.93-0.98 for Flexicord.

HVOF Plasma Flexicord
Epg (V/Um) ) Epg (V/um) 5 Epg (V/um) )
10% 0,632% 90% 10%  0,632% 90 % 10%  0,632% 90 %

20°C/RH 20% 229 35.1 41.2 5.3 8.6 19.4 26.2 2.8 125 14.1 147 19.3
20°C/RH 45% 29.5 39.2 435 7.9 8.7 18.7 248 3.0 11.8 13.8 14.7 14.3
40°C/RH 20% 27.2 38.7 44.1 6.4 17.2 21.2 22.9 10.8 16.3 17.6 18.1 30.2
40°C/RH 45% 29.0 35.6 385 10.9 8.8 16.8 21.3 35 10.7 124 131 154
60°C/RH 45% 229 27.6 29.6 12.0 11.6 17.3 20.0 5.7 11.6 14.2 15.3 111
120°C 24.1 339 385 6.6 18.8 27.0 30.9 6.2 17.7 21.7 234 11.0
180°C 24.6 35.0 39.9 6.4 8.1 18.4 24.9 2.7 17.7 22.1 24.0 10.3
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Figure 3. BDS of HVOF alumina as a function of temperature. The error
bars represent the 90% confidence bounds. The relative humidity was 45%
in 20°C, 40°C and 60°C results.

by relatively high gas permeability) decreased the breakdown
strength [6], although for some of the HVOF alumina
coatings similar decrease was not noticed [33]. Although the
effect of porosity on the breakdown strength is not always so
straightforward, in this study the most porous alumina coating
(Flexicord) had also the lowest BDS while the lowest porosity
alumina coating (HVOF) exhibited the highest BDS.

Since the ceramic coating may be used also at notably
higher temperatures than 180 °C, the breakdown
measurements were extended to higher temperatures (200—
800 °C). Figure 3 presents the breakdown strength of the
HVOF coating as a function of temperature. The BDS is at
quite similar level from 20 to 200 °C although the deviation
between the parallel samples is quite large in many cases.
Interestingly, the deviation between parallel samples is
remarkably lower at higher temperatures (above 350 °C)
which can be seen as a high g in Figure 3. Above 300 °C the
breakdown strength starts to decrease reaching the value of
5.2 V/um at 800 °C which is 14% of the BDS at 20 °C/RH
20%. Yoshimura and Bowen [20] made almost similar
observation since the breakdown strength of polycrystalline
alumina decreased gradually from room temperature (90-100
V/um) to 900 °C (~25 V/um). Above 900 °C, the BDS of
alumina decreased at much higher rate reaching 2 V/pm at
1400 °C [20].

3.2 DC RESISTIVITY

Figure 4 presents the DC resistivity of the coatings as a
function of electric field at all the studied ambient conditions.
At 20 °C/RH 20%, the DC resistivities of all the coatings are
at the level of ~10%> Qm from 0.1 to 0.5 V/um. Above 0.5
V/um, the resistivities start to decrease gradually indicating a
non-ohmic behavior which has also been observed in our
previous studies [30, 31, 33, 34]. In [33], a detailed analysis
of DC conduction mechanisms up to breakdown fields was
made for HVOF and plasma sprayed Al,O3 coatings and for
several HVOF sprayed Al;0s-MgO coatings. It was
speculated [33], that the conductivity of the coatings follows
only partly the space charge limited conduction (SCLC)
mechanism unlike the sintered bulk alumina [22], [36]. The
microstructure of the ceramic coating, which consists of
amorphous and crystalline regions as well as voids and
unmelted particles, can be thought as an insulation system in
which the conductivity of the amorphous regions is most
probably higher than that of the crystalline regions. The
differences in the conductivities and the resulting non-
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Figure 4. DC resistivity of the coatings as a function of electric field.
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uniform electric field distribution are most probably the
reasons why the coatings exhibit non-linear conductivity
already at rather low electric fields in comparison to
crystalline bulk alumina [33].

When the humidity and temperature increase above 20
°C/RH 20%, the non-ohmic conductivity cannot be seen for
Flexicord (Figure 4). However, it can be noticed for HVOF
and Plasma at 20 °C/RH 45% and at 40 °C/RH 20% but not
at higher temperatures or humidities. It can be speculated that
the conductivity caused by observed moisture most probably
overrun the non-ohmic behavior of the coatings at high
absolute humidities.

The resistivities of the coatings at the electric field of 0.3
V/um are listed in Table 4. It can be noticed that Flexicord
has evidently lower resistivity at all conditions in comparison
to HVOF and Plasma which exhibit very similar resistivities.
The differences of DC resistivities at various conditions
between the coating types may be linked to their different
microstructural features since the spraying parameters (e.g.
flame temperature, particle velocity) affect the coating
microstructure. The interfaces, thicknesses of the amorphous
and crystalline layers, etc. differ between the coating types



Table 4. The DC resistivity at the electric field of 0.3 V/um for the studied coatings as well as the real part of permittivity (&) at frequency of 50 Hz and
the imaginary part of permittivity (e "+o/weo) indicating total losses at 50 Hz and 1 kHz.

HVOF Plasma Flexicord
T RH P & Im{e*} Im{er*} P & Im{e*} Im{e*} P & Im{e*} Im{er*}
(°C) (%) (Qm)  (50Hz) (50Hz) (1kHz) (Qm) (50Hz) (50Hz) (1kHz) (Qm) (50Hz) (50Hz) (1kHz)
20 20 13 x10% 11.3 3.8 0.7 23 x 10% 12.9 45 0.7 53 x 104 13.0 5.4 11
20 45 3.2 x 10% 250 2138 41 24 x 10% 266 225 41 29 x 107 335 518 7.2
20 70 5.1 x10° 445 60.2 9.3 1.1 x 108 40.0 216.9 17.4 8.2 x 108 427 925 10.8
20 90 1.8 x 107 532 2536 226 1.2 x 107 68.8 997.7  60.6 5.6 x 10° 543 216.3 18.1
40 20 2.4 x10% 14.8 6.9 1.6 21 x 10% 15.2 6.6 1.2 49 x 108 16.6 9.3 2.0
40 45 5.8 x 107 392 302 6.8 43 x 107 379 310 7.0 5.6 x 106 340 614 7.8
40 70 1.7 x 107 535 116.5 14.8 1.3 x 107 433 2711 210 54 x 10° 425 160.6 14.9
60 20 1.0 x10° 188 10.0 25 71 x 108 18.3 8.6 1.9 19 x 108 184 103 25
60 45 4.1 x 107 494 471 9.9 38 x 107 410 349 82 5.0 x 106 471 744 111
60 70 5.9 x10° 49.3 1555 15.9 6.0 x 10¢ 55.7 2662 228 3.5 x 108 46.7 2482 19.7

and these differences can partly explain the differences in the
DC resistivities.

It may be speculated that porosity partly affects the DC
resistivity since the highest porosity alumina coating
(Flexicord) exhibits the lowest resistivities at all conditions
while HVOF exhibits the highest resistivity and
correspondingly the lowest porosity. Plasma has slightly
lower resistivity and higher porosity than HVOF. Pawlowski
[11] noticed that the most porous plasma sprayed alumina
coating exhibited the lowest DC resistivity which is well in
line with the results in this study. Also, the DC resistivities of
plasma sprayed alumina coatings were 5x10°-3x10* Qm in
[11] which is comparable to the results obtained in this study.

As can be seen from Table 4, increasing the relative
humidity from 20 to 90% decreased the DC resistivity of the
studied coatings five orders of magnitude at 0.3 VV/um. Toma
et al. made similar observation in [12] when increasing the
relative humidity from 30 to 95% decreased the DC resistivity
of HVOF sprayed alumina coating from 1x10'* Qm to 3x10°
Qm. For the plasma sprayed (APS) alumina coating the
decrease was from 3x10* to 2x10* Qm.

In our previous study [30], the DC resistivity of spinel
(MgAI204) coatings deposited by HVOF, Plasma and
Flexicord techniques were studied at 20-60 °C at RH 20%
and 45%. When comparing the DC resistivities of the spinel
coatings to the resistivity of alumina coatings in this study,
the values are at very similar level at 20 °C/RH 20%.
However, when the temperature or humidity was increased
above 20 °C/RH 20%, the resistivities of these alumina
coatings decreased more than those of spinel coatings in [30]
although the porosities of the spinels coatings in [30] were
slightly higher. It can be speculated that the alumina together
with water forms to aluminum hydroxide which can have a
decreasing effect on the resistivity of alumina coatings.
According to Toma et al. [12], the HVOF and plasma sprayed
spinel coatings exhibit higher resistivities at RH 30% and RH
90% in comparison to the alumina coatings. In our previous
study [6], the DC resistivity of HVOF sprayed Al,O3-MgO
coatings decreased correspondingly to the DC resistivities in
here (five orders of magnitude) when the humidity increased
from 20% to 90%. However, the DC resistivities of the Al,O3-
MgO coatings [6] were at a higher level at 20 °C/RH 20%
than the resistivities of Al,O3 coatings in here. It was also
noticed in [6] that the high porosity (as indicated by relatively
high gas permeability) did not affect the resistivity although
the humidity increased from 20 to 90%.

As it was discussed in [12] and as the resistivity results
indicate in this study, the thermally sprayed alumina coatings
exhibit sensitivity to absorbed moisture due to the nature of
the coating, the microstructure, and the phase composition.
However, as indicated by the above analysis, it is very
difficult to clearly distinguish between exact effects of
various microstructural or other details on the resistivity with
increasing humidity, -only above like speculations may be
made. However, it can be seen that all the coatings can absorb
notable amount of moisture which can significantly decrease
the resistivity, seemingly stabilizing to the range of 107
10%Qm. At the same time, the resistivity seems to turn from
originally field dependent behavior to linear behavior.

3.3 RELATIVE PERMITTIVITY AND LOSSES

Figure 5 and Figure 6 present the relative permittivities and
the total loss contributions of the studied Al,Os coatings as a
function of frequency at 20-60°C. As can be seen from the
figures, at the low frequencies (below 1 Hz) the permittivities
and the losses increase 3-5 orders of magnitude, indicating
the notable conduction at increased humidities, as seen also
in the resistivity results. At higher frequencies, the increase is
much lower. However, it shall be remembered that the given
permittivity values are the real parts of the complex
permittivity (see Eq. 1) and do not thus include the loss
related component, only the real polarizability related
component. It can be speculated that main part of the
increased permittivity is most probably originating from
water content (H.O: &=80 at 20°C). Interestingly, the
permittivity increases at lower frequencies also at driest
conditions which may be due to the hypothesized interfacial
polarization due to the coating microstructure with varying
conductivities.

The increase in the real part of relative permittivity is well
in line with the literature since Brown et al. noticed [15] that
the dielectric constant of plasma sprayed alumina coating
increased from 8.3 to 9.8 at 100 kHz when the relative
humidity increased from 0% to 95%. In this study, the
dielectric constant of plasma sprayed alumina coating
increased from 9.8 to 30.6 at 1 kHz when the humidity
increased from 20 to 90%. In our previous studies [30], the
dielectric constants of HVOF, plasma and Flexicord sprayed
MgAI,O4 coatings were found to increase with increasing
temperature (20 to 60°C) when relative humidity was either
20 or 45%. The dielectric constants of the spinel coatings in
[30] were at lower level than those of alumina coatings in this



—k— T=20°C/RH 20%
—<— T=20°C/RH 45%
—A— T=20°C/RH 70% }
—P— T=20°C/RH 90%
T=40°C/RH 20% |
T=40°C/RH 45%
T=40°C/RH 70%
T=60°C/RH 20%
T=60°C/RH 45% }
—— T=60°C/RH 70%

[N
o
)

a) HVOF

[N

o
o
-

[N
o
IS

[N

o
N
T

20%
45%

Relative pemmittivity, €~
=
o

[N

o
N
-

[N
o
©

10°

= = = =
o o o o
w IS ” >

Relative permittivity, €’
=
o

10°
. 102 10t 10° 10! 102 10°
10 T T T T T
c) Flexicord
10° f p20%

10*

N

10

Relative permittivity, €
=
o

10° 10t 10°
Frequency (Hz)

Figure 5. Relative permittivity (indicated as Re{e*}) as a function
frequency when the measuring electric field was 0.3 Vea/pm. In RH 90%
measurements, the high losses caused measurement problems and due to this
the permittivity data at lowest frequencies are missing.

study. This is well in line with the DC resistivity results since
the spinel coatings exhibited also higher DC resistivities in
[30] than the alumina coatings in this study. In general, the
lamellar microstructure with interfaces and regions of
different dielectric properties enhance the permittivity of the

At 20 °C/RH 20% at the frequency of 1 kHz, the dielectric
constants of HVOF, Plasma and Flexicord alumina are 8.4,
9.8 and 8.9, respectively. In [35], the dielectric constant of
HVOF alumina coatings varied from 5.9 to 8.2 at 10 kHz
which is quite well in line with the results obtained in this
study. Brown et al. noticed [15] that the dielectric constant of
plasma alumina coating was 11-23 at 1 kHz when the highest
value was obtained for the coating which exhibited the lowest
powder particle size. Correspondingly, the lowest dielectric
constant was obtained for the highest particle size coating.
These values are quite well in line with the real part of relative
permittivity of Plasma at 20 °C/RH 45% and 20 °C/RH 70%
where the permittivity was 12.2 and 17.8, respectively.
Pawlowski reported in [11] that the dielectric constant of
plasma sprayed alumina coatings was 6-8 at 1 kHz, which is
slightly lower than reported in here. The differences in the
dielectric constants can be partly explained by the different
sample preparation since in [15] the coating samples were
baked for 13 hours at 135 °C and in [11] for 1-3 days at
120°C while in here the samples were heat-treated in 120 °C
for 2 hours. Longer baking time removes more completely
moisture from a porous coating which can be seen as lower
dielectric constant.

It should be noted that the measuring voltage was 1 Vims in
[11] while in this study the measuring voltage depends on the
coating thickness varying from 57 Vims t0 69 Vims
corresponding to the electric field of 0.3 Vpea/pm. Although
the measuring field might affect the relative permittivity, we
noticed in [32] that at the frequency of 100 Hz the real part of
relative permittivity of HVOF alumina and spinel coatings
was not dependent on the measuring electric field (0.1-5
V/um). However, at 0.1 Hz small increase in the real part of
relative permittivity can be seen for some of the samples
when the electric field was above 0.5 V/um which is similar
non-linear behavior as noticed for DC conductivity in [32].

As it can be seen from Figure 6, the losses increase with
increasing humidity. The effect of increasing humidity on the
losses at various temperatures can be seen in detail in Figure
7 where the losses are presented at the frequency of 50 Hz. It
needs to be emphasized that the presented values indicate
total measured losses including the contributions of both DC
conductivity and polarization (see Eq. 3). At high humidities,
the DC conduction part of the losses is more dominant
limiting and preventing the charging phenomena, which can
be seen obviously in Figure 6. HVOF alumina coating has the
lowest losses while the Flexicord exhibits the highest values,
see Figure 7 and Table 4. This similar trend was also noticed

coatings. . o
in the DC resistivity results.
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3.4 FURTHER DISCUSSION

The results indicate that the dielectric properties of
thermally sprayed alumina coatings clearly differ from that of
bulk alumina, and thus lamellar microstructure and porosity
most probably affect the dielectric properties. Furthermore,
the properties of alumina change during thermal spraying
process since varying amount of metastable y-Al,Os, which
is more hygroscopic than the stable a-Al,O3 [11, 12, 14], may
form. Brown et al. [15] and Pawlowski [11] proposed that
high dielectric constant of plasma sprayed alumina coating is
related to high y-Al,O5 content. Toma et al. [12] noticed that
HVOF sprayed alumina coating had higher a-phase content
than plasma alumina coating and correspondingly at high
humidities (>RH 75%) the HVOF alumina coating had higher
resistivity than plasma alumina but at low humidities (<RH
45%) the HVOF and plasma alumina exhibited similar
resistivities. Anyhow, for both coating types the resistivity
decreased approximately five orders of magnitude when the
relative humidity increased from 30 to 95% [12] which is a
similar decrease as obtained in this study. Toma et al.
suggested in [14] that the higher DC resistivity of suspension
HVOF alumina coating can be due to lower porosity and
higher a-Al;O3 content in comparison to the conventional
HVOF alumina coatings

However, Favre et al. [38] noticed that the DC resistivity
of a-Al,O3; powder decreased approximately five orders of
magnitude when the relative humidity increased from 20% to
80%. Thus, high y-content of thermally sprayed alumina
coatings cannot explain completely their sensitivity to the
humidity. Although thermally sprayed spinel coatings exhibit
more stable form also in coating [12, 15], their dielectric
properties are also sensitive to the humidity [6, 12, 30, 39].
Thus, the nature of thermally sprayed ceramic coatings is
moisture sensitive. If the operation temperatures of a
thermally sprayed coatings are low enough, it is possible to
impregnate a coating with an organic or inorganic sealant in
order to make it more insensitive against the moisture
penetration [40]. This also affects the dielectric properties of
the impregnated coating.

4 CONCLUSIONS

Dielectric properties of thermally sprayed alumina
coatings were studied at various conditions. It was found that
spraying technique, temperature and humidity affected
notably the dielectric properties. However, temperature had
only a minor effect on the breakdown strength of the alumina
coatings in the range of 20-180°C although the deviation in
the breakdown data was quite high. The breakdown strength
of alumina coatings decreased gradually from 300 to 800 °C

reaching a value which was only 14% of the breakdown
strength measured at 20 °C/RH 20%.

DC resistivity, permittivity and losses of the studied
alumina coatings were at quite similar level at low
temperatures and humidities. However, increasing the
relative humidity from 20 to 90% decreased DC resistivity
five orders of magnitude while AC losses increased
correspondingly. In all coating types, permittivity increased
at low frequencies also at dry conditions, possibly indicating
interfacial type of polarization.

These major changes with humidity are attributable to the
highly hygroscopic nature of the coatings, which, for alumina
coatings, can partly be explained by the notable amount of
metastable y-phase. Moreover, the lamellar microstructure
consisting of amorphous and crystalline regions with
interfaces and voids in between can be speculated to enhance
the moisture sensitive nature of the coatings.

In the potential applications for thermally sprayed ceramic
insulations, the insulating layers are subjected to demanding
conditions (e.g. high temperature, challenging geometries,
mechanical or chemical stress, etc.). Thus, careful
consideration of the effect of demanding conditions on
dielectric properties of thermally sprayed ceramic coatings is
of great importance in order to enable their reliable operation
in final applications. Furthermore, it is necessary to evaluate
the long-term ageing and degradation behavior of the
coatings.
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