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Abstract– Thermally sprayed ceramic coatings partly include desired inhomogeneities like pores, which can be
filled by sealers. Common bearings for drive trains in rail vehicles with electrical engines are coated with ceramics
by thermal spraying for electrical insulation. The lifetime of these bearings can be reduced by the electrical
characteristics of modulated frequency converters in electrical engines. High frequencies and a strong increase of
the voltage may lead to a premature breakdown of the bearing. This breakdown is identifiable by electrical
discharge machining of the bearing surface and caused by the functional failure of the ceramic coating at high
frequency currents. Therefore, a novel measurement approach for the reproducible validation of the electrical
insulation properties of coating materials is developed. With this approach, the influence of the frequency on the
alternating current resistance (impedance) of different coatings is investigated at frequencies between 100 mHz
and 5 MHz under dry and moist conditions. Furthermore, XRD measurements are used to examine the phase
composition in the ceramic coatings. The microstructure and inhomogeneities are evaluated by optical and electron
microscopy. Correlations between impedance results, XRD measurements and the coating microstructure have
been identified. Increased impedance is measured for the samples produced with feedstock material with a grain
fraction of -22 +5 µm. The investigated increased micro-crack density and the reduced large pore content of these
samples lead to increased impedance in dry and moist ambient conditions.
Keywords – thermal spraying, atmospheric plasma spraying, electrical insulation, impedance measurement
parameters, which influence the coating
microstructure and phase composition.
Ceramic-coated bearings used in systems with
electrical engines are, in general, deposited by
atmospheric plasma spraying (APS), which is
schematically displayed in Figure 1. In the APSprocess, a hot plasma jet with temperatures up to
T = 20,000 K [3] is generated between an anode and
a cathode. To generate an arc inside the torch, a
voltage is applied between the two electrodes. The
incoming process gas mixture of Argon and
Hydrogen is ionised and forms a plasma jet. In
general, the current I between depends on the applied
voltage and the electrical conductivity. In plasma
spraying, the current is controlled by adjusting the
applied voltage to control the power input. As the
plasma temperature is well above the melting point
of oxide ceramics, it is possible to coat the outer
surfaces of rolling bearings with alumina using APS.
[4]

1. Introduction
Since the European Union has decided that the CO2emission rates for 2030 must be reduced by 32 %
compared to 1990 [1], electro mobility has been
gaining a tremendous increase of interest in the last
decade. Additionally to the decarbonisation of
transport, the efficiency of electrical transport
systems should be increased. For this, efficient
electrical engines in modern rail vehicles were
developed. These engines experience high voltages
with steep increases due to the frequency
modulators. These conditions can reduce the lifetime
of bearings in drive trains without sufficient
electrical insulation due to parasitic discharges
damaging the raceway by electro erosion.
Consequently, commercially available bearings are
coated on the outer ring with alumina (Al2O3) to
successfully protect bearings from electrical
discharges in current drivetrains. However, future
engine developments and extreme environmental
conditions with high air humidity levels might
require an improved insulation. Therefore, Al2O3based high performance coating systems are being
developed.
Thermal spraying (TS) is a coating technology with
the possibility to coat complex geometries and to
apply a broad variety of feedstock materials [2].
Feedstock materials are used mostly in form of
powder or wires. The particles of the feedstock
material are molten in or in front of a torch and
accelerated towards a substrate by the carrier gas.
Properties like particle temperature or velocity vary
between the different TS-processes and process
parameters. Moreover, the coating properties can be
modified by selective adjustment of the process

Figure 1: Schematic of the APS process [5]

In general, alumina as sintered bulk material is
known for its high electrical resistance of
ρ = 4-13 ∙ 1010 Ω m [6], which can vary due to
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variation of the coating microstructure from
ρ = 5 ∙ 1073 ∙ 1010 Ω m for thermally sprayed
coatings [7]. The main difference between sintered
alumina and thermally sprayed alumina coatings is
the content of the α-alumina phase. In contrast to
sintered alumina, thermally sprayed alumina
coatings consist predominantly of metastable γalumina [8]. The reason for the high γ-alumina
content in TS-coatings is the high cooling rate during
coating deposition [3]. The thermodynamically
stable α-alumina phase has an oxide sub lattice with
a hexagonal closest packing (hcp) structure. The
metastable γ-alumina phase is present in a defect
spinel structure (Fig 2, (a)). This causes a change in
the electrical resistance, in the water absorption and
in the coating microstructure. In contrast to αalumina, γ-alumina is strongly hygroscopic and can
be even used as a catalyst due to its high water
absorption [9].

To increase the electrical resistance of the
established alumina bearing coatings, the influence
of the microstructure and the phase content on the
impedance is investigated. Therefore, different
coating micro-structures were specifically adjusted
by a variation of the TS-process and the choice of
feedstock material. These samples were subjected to
a comparative study with focus on the impedance
values in dry and moist conditions over a frequency
range of 100 mHz ≤ f ≤ 5 MHz, the coatings
porosity and the process-related phase content. The
predominant mechanisms influencing the electrical
insulation were determined.

Figure 3: Schematic
representation
of
the
characteristics of a thermally sprayed ceramic
coating after [3]

Figure 2: Crystallographic structure of (a) α- and
(b) γ-alumina [10, 11]

2. Experimental procedures

In general, the water absorption of alumina coatings
for electrical insulation should be limited. In case of
bearings for electrical drive trains, steep voltage
increases and high voltage amplitudes already pose
high demands on the coatings. Therefore, these an
organic sealer is used for the coatings, as water
uptake could result in a reduced electrical resistance
of the coating.
During the TS-process, particles from the feedstock
material are molten or partly molten in the free-jet
and accelerated towards the substrate’s surface.
They flatten on the surface and solidify, forming a
layered coating structure. The particle states, when
hitting onto the substrate, depend on the particle
injection in the plasma jet and the particle size and
lead to differences in particle velocity and
temperature. Due to the difference in the particles
states, the coating microstructure exhibits inhomogeneities, which are displayed in Figure 3. The
microstructure of a TS-coating consist of a three
dimensional interconnected network of pores and
micro-cracks. These pores and micro-cracks of a TScoatings for bearings are usually filled by an organic
sealer with the overall aim to reduce the water
infiltration into the coating along the pores and
micro-cracks [12]. Therefore, to reduce the overall
water absorption of the TS-coating the performance
of the sealer is of great importance. Sealer
infiltration is affected by the coating microstructure,
which, in turn, changes when the process parameters
are adjusted to modify the α-alumina content [7].

The experimental methods and corresponding
theoretical background are presented in this chapter.
The TS-coating as the matrix material and the
applied sealer as a filler are investigated with the
overall aim to increase the performance of this
composite coating system.
2.1. Sample preparation
The investigated samples where coated using the
APS-system TriplexPro-210 by Oerlikon Metco
with a Ø = 9 mm plasma nozzle. Two different
alumina feedstock powders, Metco 6051 with a grain
fraction of -22 +5 µm and Metco 6062 with a grain
fraction of -45 +15 µm from Oerlikon Metco, were
applied on 100Cr6-steel substrates, which are
conventionally used for rolling bearing materials.
The flat substrate samples were rotating during the
coating process to imitate the relative motion of a
radial bearing during coating deposition. The free-jet
was perpendicular to the sample’s surface during the
whole process. The directions of motion are
displayed in Figure 4.
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2.2. Impedance measurement
The samples were taken from the conditioning
chamber and measured within two minutes in order
to keep the humidity levels constant. The newly
developed measurement set-up is displayed in
Figure 5. The sample is placed between two
electrodes, which are connected with the potentiostat
Reference600+ from Gamry Instruments. The clamp
presses the electrodes and the sample together to
ensure good contact. Between the lower electrode
and the grounding steel plate, an insulating material
is placed. The grounding plate is in contact with a
faraday’s cage, which surrounds the electrodesample-electrode stack. This prevents possible
influences of the surrounding electromagnetic fields
on the impedance measurement.

Figure 4: Schematic of the samples motion and
mounting during the thermal spraying process

To evaluate the influence of the microstructure and
the α-/γ-alumina content on the electrical properties
of the coatings, the stand-off distance s was varied,
whereas all other process parameters in Table 1
remained constant. A residual coating thickness tr of
tr = 250 µm after grinding was targeted.
Table 1: Process parameters of APS process

Current I [A]
Process gas QAr/H2 [SLPM]
Surface velocity vS [mm/s]
Powder feed rate Metco
6062 [g/min]
Powder feed rate Metco
6051 [g/min]
Stand-off distance s [mm]
Residual coating thickness
tr
[µm]

450
66
750

Figure 5: Newly developed measurement set-up for
impedance measurement of flat specimen

The ceramic coating surrounded by the steel
substrate of the bearing ring and the steel housing
can be considered as an ideal plate capacitor for
further analysis. Regarding a equivilant circuit
diagramme the capacity C and the ohmic resistance
R is in parallel. The steel is electrically conductive
and the ceramic coating represents an insulating
dielectric between the plates, separating the charge.
The capacity C is given in Eq. 1:

21.5
18.0
120, 150
> 250 µm

To ensure reproducibility and comparability among
the different samples for further investigations, all
samples were post-treated identically. The samples
were first sealed in the as-sprayed state with an
epoxy-based sealer from Diamant Metallplastic
GmbH. The sealer was applied uniformly with a
pipette on each sample.
After the solidification of the sealer, the organic top
coat was removed by grinding. To ensure the same
conditions for the samples, the samples were then
uniformly ground by a cup grinder. This also ensures
plane parallel samples for further investigations.
Afterwards, the samples were cleaned using an
ultrasonic ethanol bath before they were conditioned
in different air humidity levels (r. h.) for a week at
room temperature (RT). The considered humidity
levels were 5 r. h. and 100 r. h. to compare the
samples, on the one hand, in dry conditions without
the influence of water and, on the other hand, under
extreme environmental conditions with high air
humidity levels.

C = ε0 εr

A
d

Eq. 1

𝐴

In the geometry factor
, the measured area A is
𝑑
divided by the thickness d of the dielectric. The
electrical field constant ε0 is a natural constant and
the dielectric constant εr presents a material
constant. For sintered bulk Al2O3, the dielectric
constant is εr,Al2O3 = 9,4 at f = 1 MHz [13]. The
microstructure of the thermally sprayed coatings, as
well as the different α- and γ-alumina-contents, can
influence the dielectric constant. Pawlowski found a
difference in the dielectric constants of sealed and
unsealed TS-coatings [7]. The sealed coatings
exhibit a lower dielectric constant. In general, the
dielectric constant decreases with increasing
frequency. In case of an alternating current (AC), the
dielectric constant εr is a complex variable (see
Eq. 2):
εr = εr’ – jεr’’
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The real part εr’ is dependent on the polarisation and
the imaginary part εr’’ indicates the dielectric loss
[14]. j represents the imaginary unit.
The overall insulation behaviour of bearing coatings
in the application of train vehicles is a result of the
electrical insulation of the different materials present
in the coating, such as organic sealer, ceramic
coating and water from the surrounding atmosphere.
Polarisation is defined as the sum of dipole moments
per unit of volume and can mainly be detected in
insulating materials exposed to an electric field (Efield). Without applied E-field, the dipoles are
compensated. The dipole moments are induced in
ceramics due to the shift of the anionic and cationic
crystallographic sub-lattices based on the applied
AC current. Figure 6 displays the different
polarisation mechanisms with and without applied
E-field. Figure 7 shows a superstition of the different
polarisation mechanisms, which reduces with
increasing frequency and therefore, results in a
decreasing εr’. The electron and ion polarisation
exists in every material. The electron polarisation is
based on the shift of the electrons to the atomic
nucleus by the E-field (Figure 6 a)). In ion
polarisation, anions are shifted against cations
(Figure 6 b)). Both polarisation mechanisms reduce
the electrical insulating character of the material
when a resonance with the applied AC current
occurs. This effect occurs at 1011≤ f ≤ 1013 Hz for
ion and at 1014 ≤ f ≤ 1015 Hz for electron polarisation
(Figure 7). The space charge polarisation fails first
at low frequencies. This polarisation mechanism
mainly depends on the charge separation at grain
boundaries (Figure 6 d)). With increasing frequency,
these charge separation cannot be uphold as
electrons in the material oscillate with a lower
amplitude in the applied E-field and thus, the
insulation based on charge separation breaks down.
The orientation polarisation is based on permanent
dipoles based on different electronegativity of the
atomic bonds, where charge is asymmetrically
distributed in the bonding. These permanent dipoles
occur in a preferred direction with applied E-field
(Figure 6 c)). [15]

Figure 6: Schematic figure of different polarisation
mechanisms: (a) Electron polarisation, (b) Ion
polarisation, (c) Orientation polarisation and
(d) Space charge polarisation after [15]

Figure 7 shows that at 10-4 ≤ f ≤ 10-2 Hz, the space
charge polarisation and at f < 1010 Hz the orientation
polarisation relaxes. In contrast to the before
mentioned ion and electron polarisation, the
orientation and space charge polarisation break
down by relaxing which is visible in Figure 7. The
reason for this is that these polarisation types cannot
resonate with the frequency of the applied E-field
due to mechanical reorientation processes of the
charges. [16]
In conclusion, the overall electrical resistance is a
superposition of all active polarisation mechanisms.
Consequently the resistance decreases with
decreasing remaining polarisation mechanisms [15].

Figure 7: Mechanisms of polarisation loss after [15]

Regarding the dielectric losses εr’’ of AC-current on
a capacitor, the impedance is investigated. The
impedance Z is the AC-resistance and depends on
the ohmic resistance R and the reactance X, see
Eq. 3:
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Z = R + jX

Cross-sections of the samples in the as-sprayed
condition were prepared for evaluation of the
microstructure. To ensure a good reproducibility and
high stability of the coating during metallographic
preparation, vacuum embedding has been used. All
samples were ground and polished uniformly.
The optical microscope Zeiss Axio Imager 2
(Oberkochen, Germany) was used to analyse the
cross-sections. A polarisation filter was used to
ensure a good material contrast between pores and
matrix. With the software, ImageJ by Fiji [17] the
porosity analysis could be conducted by optical
image analysis. The presented values may deviate
from known values as the used polarisation
diminishes phase contrasts of different alumina
phases as well as contaminations. This would falsify
the given porosity values. The result is therefore not
the porosity itself but the content of large pores.
These pores are assumed to be a challenge regarding
sealer infiltration. In addition to this value, the
combined content of porosity and micro-cracks was
determined using SEM-images with Phenom XL
from Zeiss (Jena, Germany).
Both measurements of the porosity were conducted
on three different positions. The measurement area
of the large pore content is 600 x 150 µm2 and for
the SEM porosity and micro-crack measurement is
250 x 200 µm2.

Eq. 3
1

Wherein the reactance of a capacitor X = 𝑍C = − .
fC
The overall impedance of the parallel connection of
an ideal plate capacitor is given in Eq. 4:
Z=

1
1
1
+
ZR ZC

Eq. 4

With ZR = R, the overall impedance consists of a
frequency independent ohmic part (red dotted line,
Figure 8) and a frequency dependent capacitance
part ZC (yellow dotted line, Figure 8). The measured
impedance is a nett impedance curve following the
path of the lowest impedance, which is coloured
black in Figure 8.

Figure 8: Schematic of an impedance measurement
curve with a frequency independent ohmic
resistance part (red dotted) and a capacitance
part (yellow dotted), the black line is the net
curve

2.4. Evaluation of alumina phases
The investigation of the alumina phase was
conducted by X-ray diffraction with the XRD 3000
from Seifert (Schnaittach-Hormersdorf, Germany).
CuKα radiation with a wavelength of λCuKα ≈ 1.54 Å
was used [18]. The peak positions of alumina is
given by the International Centre for Diffraction
Data (ICDD) card 00-046-1212 for α- and 00056-457 for γ-alumina. The investigation of the
content of α- and γ-alumina in the coating is
conducted qualitatively as addition to the impedance
and porosity measurement.

To evaluate the electrical insulation of the coatings
impedance measurements have been conducted.
Taking into account the intended use case of rolling
bearings for drive-trains of electrical vehicles, a
frequency range of 0.1 Hz ≤ f ≤ 5 MHz with a
voltage amplitude of û = 3.54 V, which includes the
maximum voltage amplitude and frequency for this
measurement cell, was used. Bearings might be
exposed to high r. h. levels. Therefore, to compare
the difference in water absorption of the samples and
consequently the change in impedance among the
different coatings, the samples were conditioned at
different humidity levels. Each measurement was
conducted twice; each presented data point is the
mean value of both measured values.

3. Results and discussion
For the following section the samples notation is set
up from the feedstocks’ grain fraction with F for fine
and C for coarse powder. The following number is
the off-stand-off distance s = 120 or 150 mm. The
last part of the notation is the relative air humidity
(r.h) the sample was conditioned in for a week.

2.3. Evaluation of the microstructure
The properties of a coating are determined by
chemical composition, coating microstructure and
phase composition or crystallographic microstructure. The metastable γ-alumina phase is
predominantly present in TS-alumina due to the high
cooling rates during the coating deposition.
Moreover, the process parameters as well as the
grain fraction of the feedstock material can be used
to influence the phase composition and coating
microstructure of the TS-coating.

3.1. Impedance results
All investigated samples, which were conditioned at
5 r.h, are displayed in Figure 9. The upper figure
shows the complete frequency range of the
measurement. The impedance of the samples
decrease with increasing frequency. For a more
detailed view, the critical range, in which the
impedance is the lowest, of 1 MHz ≤ f ≤ 5 MHz is
displayed in Figure 9 b). Sample C-150 exhibits the
lowest impedance with Z5MHz,C-150 = 1.3 Ω*cm2. This
comparison shows the properties of the samples in
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dry conditions. Consequently, pores inside the TScoating can improve the electrical insulation.

Figure 9: Impedance curve of all samples conditioned at
5 r. h. with an overview of the total
measurement range (a) and the same curve at
detail view in the range of 106 ≤ f ≤ 5∙106 Hz
(b)

Figure 10: Impedance curves of all samples conditioned
at 100 r. h. with an overview of the total
measurement range (b) and the same curve at
detail view in the range of 10-1 ≤ f ≤ 102 Hz
(a) and in the range of 106 ≤ f ≤ 5∙106 Hz (c)

As bearings in real applications might experience
extreme atmospheric conditions like high air
humidity, the impedance measurement was also
conducted with samples conditioned in 100 % r. h.
over one week (see Figure 10). In contrast to the
impedance measurement of samples conditioned in
5 r. h., the 100 r. h. samples F-120 and F-150 follow
an almost frequency independent slope in the range
of 10-1 ≤ f ≤ 3∙10-1 Hz, which indicates an onset of
the ohmic part, compare Figure 8. Reason for the
visible frequency independent ohmic resistance part
of the impedance curve is the reduced ohmic
resistance ZR, due to absorbed water in the coating
system. The samples coated with the coarse
feedstock material additionally exhibit an increase of
the impedance in the range of 10-1 ≤ f ≤ 1 Hz. A
possible explanation for this phenomenon could be a
decrease of the ohmic resistance based on the
presence of water in the coating system. Niittymäki
et al. [19] made a similar observation, that
impedance values at lower frequencies are more
sensitive to the amount of water in the system than
values at higher frequencies. Further investigations
need to be conducted to verify this hypothesis.

The samples with the fine feedstock material exhibit
a higher impedance than the samples with the coarse
feedstock material. Therefore, it is possible that the
F-120 and F-150 samples have a lower water
absorption then the C-120 and C-150 samples.
To compare the influence of the relative humidity on
each sample, a comparison of each sample
conditioned in 5 r. h. and 100 r. h. is displayed in
Figure 11. Furthermore, Table 2 compares the values
of the impedances at f = 0.1 Hz and f = 5 MHz. It
can be seen that the F-samples exhibit the highest
impedance at 100 r.h and f = 5 MHz, whereas the
highest impedance at 5 r. h. and f = 5 MHz was
found at C-120 and F-150. In accordance to the
literature [19], decrease of impedance with the
increased air humidity is only found at small
frequencies. At f = 0.1 Hz the impedance of the
samples decreases about one order of magnitude for
both F-samples and two orders of magnitude for the
C-samples, when exposed to high air humidity.
In contrast to this, the increased air humidity does
not exhibit a strong influence on the impedance at
f = 5 MHz. Contrary to the expectations, the
impedance even slightly increases for the 100 r. h.
samples at f = 5MHz. This effect might be caused by
water absorbed to the hybrid system of sealer and
ceramic coating, which can influence the dominant
polarisation mechanisms. Due to the defects of the
TS-coating, the different alumina phase contents and
the present sealer, the impedance curves differ from
the ideal plate capacitor. This change causes a
40

Elisa Burbaum – Bearing World Journal Vol. 5 (2020) page 35 – page 46

different slope of the capacitive part of the
impedance curve. Additionally, water also changes
the slope of the impedance curves according to
Küchler [14], which can be seen in Figure 11 when
comparing the different impedance curves of the
same sample qualitatively.

Table 2:

Comparison of the impedance results of
different samples at f = 0.1 Hz and f = 5 MHz

sample

r. h.

F-120

5
100
5
100
5
100
5
100

F-150
C-120
C-150

Z0.1 Hz
[GΩ*cm2]
54.2
7.9
56.8
5.1
60.3
0.3
46.6
0.2

Z5MHz
[kΩ*cm2]
1.3
1.5
1.3
1.7
1.1
1.5
1.3
1.3

3.2. Microstructure
The light microscopic images with polarisation filter
of the four different samples are shown in Figure 12.
The high contrast between large pores (black) and
the coating (bright) was achieved by using a
polarisation filter.

Figure 11: Comparison of impedance of F-120 (a), F-150
(b), C-120 (c) and C-150 (d) conditioned in
5 r. h. and 100 r. h.

In conclusion, the F-samples exhibit the best
insulation properties for this measurement
conditions in combination with the selected sealer.
This is clearly shown by the relatively low decrease
of the impedance at f = 0.1 Hz from 5 r. h. to
100 r. h., indicating a lower water absorption. In dry
conditions, the lowest impedance is found in the
C-150 sample, which might be caused by the
microstructure and alumina phase contents in this
coating.

Figure 12: Light microscopic images with polarisation
filter of cross-sections of the investigated
samples a) F-120, b) F-150, c) C-120 and
d) C-150 in the as-sprayed state

The content of large pores of each sample, measured
based on light-microscopic images, is displayed in
Table 3. It is obvious that with increasing grain
fraction of the feedstock material there is also an
increase of the large pore content visible.
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In relation to Figure 10, it can be seen that at low
frequencies, when exposed to 100 % r. h., the fine
powders exhibit the highest impedance. This
correlates to the low porosity values from Table 3.
As large pores are usually not completely filled by
the sealer, such a partially filled pore can be
considered as a reservoir for water. The presence of
water decreases the electrical insulation.
Consequently, with this sealer and TS-coating
combination, fine powders result in a denser ceramic
coating, which reduces the water absorption and
increases the impedance.
Table 3:

sample
F-120
F-150
C-120
C-150

Porosity measurement by light microscopy of
three different positions of given samples in an
area of 600 x 150 µm2

Large pores
[%]
0.3
1.6
11.5
5.3

Standard
deviation
0.2
0.7
7.7
2.5

Comparing the impedance results of all samples
conditioned in moist conditions, both C-samples
show almost the same impedance curve at low
frequencies. This correlates to the increased content
of large pores of these samples compared to the Fsamples, as the large pores of the TS-coating
probably were not filled completely by the sealer and
water was absorbed to the coating system. C-120 is
approximately twice as porous as C-150, but
regarding Figure 10 b) the impedance measurement
does not show a great difference between the two
samples. This might be explained by the hypotheses
that the sealer fill the pores up to a certain content of
large pores and limits water absorption into the
coating. When the content of pores cannot be filled
by the sealer properly, the impedance decreases.

Figure 13: SEM images of cross-sections of the
investigated samples with pores, micro-cracks
and contaminants from the metallographic
preparation

Micro-cracks are a few micro-metres or less long
and usually exhibit a width of w < 1 µm. Figure 14
exemplarily displays micro-cracks found in all
samples. The micro-cracks can appear perpendicular
to the flattened splats and along their boundaries.

A closer view on the cross section with scanning
electron microscopy (SEM) was conducted to
evaluate micro-cracks and small pores in the TScoating. The SEM images of the investigated
samples are displayed in Figure 13. As the SEM
images are based on the interaction of electrons from
the SEM with the atoms of the investigated sample,
the colours are dependent on the material
composition. The higher the mass of the atoms, the
brighter the colour.

Figure 14: Detail view of F-150 as example for pores
and micro-cracks in ceramic TS-coatings

The micro-crack and pore contents where
determined with the ImageJ software in an area of
250 x 200 µm2. The micro-crack and pore contents
are given in Table 4.
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Table 4:

Sample
F-120
F-150
C-120
C-150

In case of TS-coatings, the sealer must displace
gases in the porous network when infiltrating the TScoating. Therefore, the Washburn equation (Eq. 6) is
used with the same hypothesis, which again
correlates to the assumption from Eq. 5, that the
infiltration is improved with decreasing pore radius
r:

Content of micro-cracks and pores
measurement by SEM of three different
positions of given samples in an area of
250 × 200 µm2

Micro-crack and
pore content [%]
18.4
18.3
15.0
15.3

Standard deviation
2.9
0.1
2.1
1.8

L=

4ηv

Summarised, the F-samples show the lowest content
of large pores but the highest pore content including
the micro-cracks. This indicates a high content of
micro-cracks in the coating. Regarding the
theoretical basis of Eq. 5 and Eq. 6, the smaller the
pore radius the higher the sealer infiltration depth.
These results correlate to the impedance values
indicating a lower water absorption of the
F-samples. Consequently, the newly developed
F-samples indicate the best performance with the
considered epoxy-based sealer.

As the sealer is applied on the top of the samples, it
infiltrates the coating by filling the network of pores
and
micro-cracks. The
micro-cracks are
characteristic for ceramic coatings as they form
during the rapid solidification of the spray particles
when hitting the substrate’s surface [20, 21]. These
micro-cracks have a much smaller radius as the
pores. If the sealer infiltration were compared to a
capillary effect, a smaller capillary radius r would
predominantly influence the infiltration depth. This
hypothesis has been made by Kuutilla at al. [22] and
considers predominantly the capillary force ∆𝑃 in
Eq. 5. It also includes the surface energies of the
solid-vapour phase interface γSV and the solid-liquid
phase interface γSL. In the present case, the ceramic
coating is the solid phase, the liquid phase is the
sealer and the vapour phase is the surrounding air:
2 (γSV - γSL )

Eq. 6

With infiltration depth L, surface energy of the
liquid-vapour phase interface γSV, wetting angle ϴ,
viscosity of the liquid η, and the infiltration rate v.
[22]

In contrast to Figure 12 and Table 3, Table 4
indicates that the F-samples and the C-120 sample
are in the same range of porosity and micro-crack
content. As the F-samples had, compared the Csamples, a lower content of large pores, the Csample’s micro-crack content is, relative to the total
porosity and micro-crack content, lower than for the
F-samples. This result correlates to the impedance
measurement, in which the F-samples exhibit the
highest impedance for 100 r. h. and low frequencies.
The high impedance at 100 r. h. can result from the
lower water up-take due to the potential higher fill
level of the sealer. Micro-cracks, in theory, improve
the infiltration of the sealer into the coating.

∆P =

r γLV cos ϴ

3.3. Phase analysis
As mentioned in the beginning, different present
alumina phases can result in various material
properties. Figure 15 illustrates the difference in the
XRD-measurement of the feedstock material and the
TS-coatings. In the feedstock material, the α-phase
is predominantly present, whereas in the TS-coating
the γ-phase is the main phase.

Eq. 5

r

Consequently, the infiltration depth of the sealer can
be enhanced by reducing the radius r and reducing
the surface energy γSL. Regarding this, the surface
energy difference between the solid TS-coating and
the liquid sealer should be decreased. In this study,
the same sealer is investigated for the same coating
material with different coating porosities. Therefore,
the surface energy can be neglected for further
consideration in this work.

Figure 15: Normalised
XRD diffractograms of the
coatings and the feedstock material
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The evaluation of the phase content between the
different samples is conducted qualitatively. For
this, the diffractogram in Figure 16 is normalised to
the highest γ-peak at 2θ ≈ 46.13° of each sample and
the α-peak at 2θ ≈ 37.74° is displayed in detail.
Based on the higher peak-intensity of the C-samples,
the α-content of the C-samples is assumed to be
higher than in the F-samples.
Additional to this observation, the C-samples exhibit
α-peaks at 2θ ≈ 43.3° and 2θ ≈ 57.43°, which are
not visible for the F-samples. These observations
indicate an increased stability for the α-phase for
coarse feedstock materials. It would also underline
the theory of Davis [3], that the formation of the γphase is connected to the cooling rate. Therefore,
coarser particles lead to a higher stability of the αphase, as they have a lower surface to volume ratio
and the core of the splats might exhibit a lower
temperature during the spraying process.
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content in addition to the content of pores and microcracks is displayed on the left y-axes.
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Figure 17: Summary of the porosity, pore and microcrack content and impedance results at f = 0.1
Hz of the investigated samples

The overview highlights the decrease of the
impedance value of 100 r. h. conditioned samples
from fine to coarse feedstock material. Regarding
this, also a tendency of increasing large pore content
is visible. In contrast, the F-samples exhibit an
overall higher micro-crack and porosity value then
the C-samples. This indicates a decreased large pore
content but relatively higher micro-crack density of
the F-samples, which could be beneficial for the
infiltration of the sealer due to the high capillary
forces.
The impedance values of the 5 r. h.-samples is
directly correlated to the porosity of the samples.
Comparing only samples of the same feedstock
materials, an increased large pore content leads to an
increased impedance in the 5 r. h.-samples. The
observation underlines the hypothesis, that pores can
increase the electrical insulation in dry conditions.
This result only correlates within the samples of the
same feedstock material. Sample F-150 has a lower
content of large pores than samples C-150 but the
impedance of F-150 is higher. This result indicates
an additional influence of the overall microstructure
of the coatings inclusively the micro-crack content,
which is higher for the F-samples.
The high standard deviation at the porosity of the C120 sample is ascribed to different measurement
positions. Since for each individual measurement an
area of 600 x 150 µm2 is chosen, the porosity might
vary within the sample. Despite this, Figure 12 c)
underlines the higher porosity of sample C-120
compared to other samples, as it appears to be the
most porous samples within this study.

Figure 16: Detailed view on the XRD measurement
normalised to 2θ ≈ 46.13 on the range of
2θ = 36-39°

The theory discussed in section 1, that an increased
α-content can result in a lower water absorption and
consequently in higher electrical insulation, is not
verifiable within this work. The impedance curves in
Figure 10 display a higher water absorption for the
C-samples, which have a higher α-content. These
results underline the fact, that a change in the phasecontent due to different process parameters is
directly related to a change in the microstructure of
the coating. Consequently, the microstructure of the
coating combined with the chosen sealer is
predominantly influencing the electrical insulation
properties of the coating system.

4. Conclusions
To summarise the results of this study, Figure 17
shows the impedances for the samples conditioned
at 5 r. h. and 100 r. h. at f = 0.1 Hz on the right yaxes. These impedance values indicate the tendency
of water absorption of each sample by the reduction
of impedance. The investigation of the large pore

44

Elisa Burbaum – Bearing World Journal Vol. 5 (2020) page 35 – page 46

For further investigations, a feedstock material with
narrow grain distribution should be analysed.
Besides the stand-off distance further process
parameters like current I or the process gas flow rate
Q could be varied as well to produce suitable
microstructures for specific sealers. Since the phase
content did not show a predominant influence on the
impedance values, the stabilisation of the α-alumina
phase must be considered in combination with the
coating microstructure. Different sealers could also
be adapted and investigated for the different coatings
to increase the overall performance of the hybrid
coating system.
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