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Abstract Alumina is often used for electrical insulation.

However, different material systems promise to increase

the insulation due to their material characteristics. Because

of the process properties including high cooling rates,

thermally sprayed coatings generally differ from sintered

material, which also effect the electrical properties. Within

this study, different thermally sprayed coatings are ana-

lyzed via impedance spectroscopy to evaluate the capaci-

tive and the electrical insulation behavior. Besides

comparing the frequency-dependent resistance, equivalent

circuit diagrams were used to calculate the relative per-

mittivity of the coatings. X-ray diffractograms reveal the

phase stability of the coatings during thermal spraying.

X-ray diffraction was additionally conducted to classify the

systems and the respective effects. In particular, the

investigated mullite-based coatings exhibit slightly

increased impedance values compared to conventionally

used alumina-based coating systems.

Keywords atmospheric plasma spraying � ceramics �
dielectric properties � electrical insulation � impedance

spectroscopy

Abbreviations

A Area

AC Alternating current

APS Atmospheric Plasma Spraying

C Capacitance

d Coating thickness

er Relative permittivity

f Frequency

ICDD International Centre for Diffraction Data

hcp Hexagonal closest packing

Mullite 2Al2O3�SiO2

R Ohmic resistance

Rp Ohmic resistance in parallel

SEM Scanning electron microscopy

Spinel MgAl2O4.

x Angular frequency (= 2 p f).

WPS Wet powder spraying

vOF Surface velocity

X Reactance

XRD x-ray diffraction

Z Impedance

ZC Frequency-dependent capacitance part of

impedance

ZR Frequency independent ohmic part of impedance

Introduction

Alumina-based coatings applicated by thermal spraying are

already used among a broad range of applications in the

field of electrical insulation (Ref 1-3). The relatively high

electrical resistivity of thermally sprayed alumina coatings

can vary from q = 5 � 107-3 � 1010 X m for thermally

sprayed coatings (Ref 4). Reason for the variation of this

value can be differences in coating structure as well as in

the phase composition. Moreover, the electrical resistivity

of thermally sprayed coatings can as well differ from

& Elisa Burbaum

burbaum@iot.rwth-aachen.de

1 Surface Engineering Institute IOT, RWTH Aachen

University, 52072 Aachen, Germany

2 Schaeffler Technologies AG & Co. KG, Herzogenaurach,

Germany

3 DIAMANT Metallplastic GmbH, Mönchengladbach,

Germany

123

J Therm Spray Tech (2022) 31:1556–1567

https://doi.org/10.1007/s11666-022-01395-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-022-01395-z&amp;domain=pdf
https://doi.org/10.1007/s11666-022-01395-z


sintered bulk materials due to the formation of c-alumina

and differences in the coating structure compared to the

thermally sprayed coatings. For thermally sprayed alumina

coatings, the feedstock material consists of a-alumina,

whereas the coating predominantly consists of

metastable c-alumina because of the high cooling rates of

the process, known to be highly hygroscopic (Ref 5, 6).

The crystallographic system of a-alumina is present in a

hexagonal closest packing (hcp). The metastable c-alumina

phase is known to be a defect spinel structure. In a defect

spinel structure, several interstices are not occupied.

According to different publications in the literature, the

water adsorption into the crystallographic lattice of the

oxide ceramics takes place at Al vacancies in the crystal

lattice. These vacancies are introduced in the c-alumina by

less tetrahedrally coordinated Al and increased amounts of

octahedral Al. This causes the metastable alumina phase to

be highly hygroscopic, as the water molecules are not

sterically hindered. (Ref 7-9)

Various publications investigate the influence of the

coating parameters, different coating processes as well as

different alumina compositions on the electrical properties

(Ref 4, 10, 11). Toma et al. (Ref 9) additionally compared

the behavior of spinel and alumina coatings in one study,

wherein high velocity air-fuel (HVAF) spraying and

atmospheric plasma spraying (APS) were used to apply the

coatings. HVAF-sprayed spinel showed the highest

dielectric strength and the lowest influence caused by high

air humidity levels in the surrounding atmosphere (Ref 9).

The crystallographic structure of spinel coatings is built by

oxygen forming a cubic close-packed lattice, in which the

tetradic interstices are occupied with Mg2? and the octadic

interstices with Al3? ions.

Compared to alumina, spinel exhibits a significantly

higher phase stability during the thermal spraying process

when a stoichiometric composition is present. According to

Schlegel et al. (Ref 12), only non-stoichiometric spinel,

meaning spinel composition with an increased amount of

alumina, for example, leads to phase transformation during

the thermal spraying process caused by the decomposition

of alumina and MgO. In addition, Figure 1 displays the

phase diagram for alumina and MgO with the spinel phase

MgAl2O4. The spinel phase starts at low temperatures with

a composition of 71.67 % alumina and 28.33 % MgO by

mass and expands at higher temperatures. Braulio et al.

describe this phase expansion of the spinel phase to high

temperatures, which is also a possible explanation for the

phase stability of these compositions during thermal

spraying (Ref 13).

A further alumina-based material is mullite (Al2O3-

SiO2). Among other things, mullite is used in aircraft gas

turbine engines, but also as a heat shield for re-entry

spacecraft (Ref 14). Reasons for the application of mullite

under immense thermal stresses include, for example, the

high thermal stability (Ref 15) and low susceptibility to

cracking (Ref 16). In Fig. 2, it can be depicted that mullite

is present as an intermediate phase at about 70-73 % Al2O3

and 30-27 % SiO2 by mass. As bulk material, mullite is

known due its chemical stability, corrosion resistance and

creep resistance (Ref 14, 17). With high cooling rates,

amorphous components are preferentially formed, which is

particularly noticeable in thermally sprayed mullite coat-

ings (Ref 16, 18). In the case of thermally sprayed coatings,

the process parameters and the type of feedstock material

show a great influence on the phase formation and thus on

the electrical properties of mullite. Garcia et al. (Ref 18)

already investigated that different feedstock materials have

an influence on the formation of crystalline or amorphous

phases.

Fig. 1 Phase diagram of spinel (Ref 13). Reprinted with permission

from Elsevier

Fig. 2 Phase diagram of mullite (Ref 30). Reprinted with permission

from Taylor & Francis
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In summary, the mentioned oxide ceramic materials

have the following characteristics in common: high melting

points, high electronic resistance and an ionic bond type.

When these materials are applied as a coating by thermal

spraying, high process temperatures are necessary to melt

or partly melt the particles, which results in high cooling

rates of the splats. According to the previously mentioned

literature, a phase change occurs for alumina and mullite

caused by the high cooling rates. Furthermore, differences

in the phase formation can also occur between splats within

the same coating. These can result in a local deviation of

the electrical insulation and capacitive properties and in

sum define the properties of the whole coating.

In this work, a review of the oxide ceramic dielectric

coating materials alumina, spinel and mullite is conducted,

because they represent a promising choice of material for

current but also future electrical insulation applications. In

the case of the electrical mobility sector, higher loads such

as steeper voltage increases including higher voltage

amplitudes and higher frequencies up to the MHz-regime

will be applied for higher efficiencies. Therefore, further

research of thermally sprayed electrical insulation coatings

is necessary to adjust the coatings to the surrounding load

collective. The different investigations of the phase sta-

bility, the coating structure, and the resulting electrical

insulation and capacitive properties are correlated with

investigate the properties of every single system aiming to

present a variety of properties for thermally sprayed elec-

trical insulations coatings. Within the total insulation

properties of the coatings, the ohmic resistance is in gen-

eral correlated with small frequencies, whereas the capac-

itive resistance is more important for higher frequencies.

Therefore, the impedance measurement is a promising

measurement technique to investigate and compare ther-

mally sprayed coatings.

Experimental Set-up

Coating Parameters

The investigated oxide ceramic coatings were applied

using the APS-system TriplexPro-210 by Oerlikon Metco

(Winterthur, Switzerland) with a Ø = 9 mm plasma noz-

zle. The flat 100Cr6-substrates were rotating during the

coating process to imitate the relative motion of a radial

coating deposition, i.e., for bearing coating. The free jet

was perpendicular to the sample’s surface during the whole

process. The directions of motion are displayed in Fig. 3.

The different coating materials and parameters are listed

in Table 1. The grain fraction of the coating materials is in

a similar range, while the process parameters differ,

because of the different melting points and particle

morphologies. The higher powder feed rate of spinel can be

explained by its spherical particle shape, which increases

the feed rate. For all coatings, hydrogen was additionally

used as process gas to argon to enhance the deposition

efficiency by increasing the particle temperature during

coating deposition. During the process, pressured air was

used for cooling the substrates.

Impedance Measurement

The electrical insulation and capacitive properties of the

samples were investigated by impedance spectroscopy.

Therefore, the Reference600? potentiostat from Gamry

Instruments (Warminster, the USA) was used to apply an

alternating voltage onto the samples. With a previously

developed sample mounting, the samples were repro-

ducibly contacted and the impedance was measured (Ref

19). The measurement set-up and parameters were vali-

dated in cooperation with Schaeffler Technologies AG &

Co. KG (Herzogenaurach, Germany). The sample mount-

ing is displayed in Fig. 4. The clamps evenly press the

electrodes and the sample together to prevent an air gap,

which can falsify the results. For this reason and to ensure

reproducibility and comparability among the different

oxide ceramic samples for further investigations, these

samples were post-treated identically. The samples were

first sealed in the as-sprayed state with the epoxy-based

sealer HM RT #2510 from DIAMANT Metallplastic

GmbH (Mönchengladbach, Germany). The sealer has a

viscosity of 25 s according to DIN 53211. The sealer was

applied uniformly according to standards of the manufac-

turer with a pipette on each sample. Moreover, an espe-

cially developed permeability test was conducted by

DIAMANT Metallplastic GmbH to give prove of a com-

plete and sufficient sealer infiltration in the coating. The

Fig. 3 Schematic of the samples motion and mounting during the

thermal spraying process (Ref 19)
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mentioned testing method is further described in the pub-

lication of Elsner et al. (Ref 20).

After the curing of the sealer, the organic topcoat was

removed by grinding. To ensure that the ceramic coatings

are plan parallel for the impedance measurement, the

samples were then uniformly ground by a cup grinder. The

roughness value Ra after grinding was at Ra = 0.2 for the

investigated samples.

According to the introduction mentioned application of

the electromobility, a frequency range of 0.1 Hz � f � 1

MHz with a voltage amplitude of û = 3.54 V was applied.

The samples were measured in laboratory atmosphere with

relative air humidity levels of about 30-50 % and room

temperature. For each coating system, three similar sam-

ples were compared. The resulting Bode plots represent the

normalized impedance Z along the frequencies and are

compared in the results section. The measurement area

equals A = 707 mm2.

The theoretical background of the impedance measure-

ment is explained in the following. All assumptions are

based on the simplification of the dielectric coatings

equalling an ideal plate capacitor. The impedance Z, also

known as alternating current (AC) resistance, includes the

ohmic resistance R and the reactance X. In general, Z is

written according to Eq 1:

Z ¼ Rþ jX; with X ¼ Zc ¼ � 1

xC
ðEq 1Þ

with x: angular frequency (= 2 p f), f: frequency, C:

capacitance

As the investigated thermally sprayed coating is an

insulating material between conducting material, an ideal

plate capacitor can be assumed as equivalent circuit. Here,

the ohmic resistance R represents the DC-behavior of the

coating, whereas the capacitive part C predominantly

specifies the frequency-dependent dielectric behavior of

the coating. The overall impedance of the parallel con-

nection of an ideal plate capacitor is given in Eq 2:

Z =
1

1

ZR
þ 1

ZC

with ZR ¼ R ðEq 2Þ

The overall impedance consists of a frequency inde-

pendent ohmic part ZR and a frequency dependent capac-

itance part ZC, see Fig. 5. The given impedance can be

depicted from the net impedance curve following the path

of the lowest impedance, which is colored black in Fig. 5.

For high ohmic materials in a dry state, the ohmic part is

often not visible with the measurement set-up and the

parameters described above. Therefore, the capacitive part

is more relevant for the following. The capacitance C is

given in Eq 3: Here, the relative permittivity er is a material

constant describing the polarizability of the given insulat-

ing material. The influence of the coating structure of the

Fig. 4 Newly developed measurement set-up for impedance mea-

surement of flat specimen (Ref 19)

Table 1 Overview of the

feedstock material and process

parameters for the investigated

oxide ceramics

Al2O3 Mullite Spinel

Feedstock material Metco 6062 #1020 Saint-Gobain #171Saint-Gobain

(grain fraction) (- 45 ? 15 lm) (- 55 ? 15 lm) (- 45 ? 15 lm)

Particle morphology Fused and crushed Fused and crushed Spherical

Stand-off distance in mm 150 150 150

Surface velocity in mm/s 990 2475 2475

Current I in A 450 450 500

Process gas in SLPM 60 Ar, 6 H2 50 Ar, 5 H2 50 Ar, 5 H2

Powder feed rate 21.5 19.0 27.7

Fig. 5 Schematic of a Bode plot (black) from the impedance

measurement with a frequency independent ohmic resistance part

(red dotted) and a capacitance part (blue dotted), the black line is the

net curve
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thermally sprayed coatings, as well as the different phase

compositions, can influence the dielectric constant among

other things. Furthermore, in case of an alternating current,

the dielectric constant er is a complex variable, also con-

taining the dielectric losses. With increasing frequencies,

also, these losses increase, which results in a decrease of

the impedance. The explanation for this is that the charge

separation in the insulating medium has a certain inertia.

With increasing frequency, the charge separation is not

able to follow the external electrical field, which is the

reason for the decreasing impedance value Z for higher

frequencies.

C ¼ e0 er
A

d
with the geometry factor

A

d
ðEq 3Þ

with the measured area A and the thickness d of the coat-

ing, hence the dielectric medium. The coating thickness

was determined according to ISO 2178 using the Dual-

scope� MP 40 (Helmut Fischer GmbH, Sindelfingen,

Germany).

For comparison of the different coatings in this study,

Bode plots are used to display the frequency-dependent

behavior of the coatings. Additionally, a fitting function of

the Gamry Echem Analyst software determined the

capacitance. For this fitting, an equivalent circuit diagram

was chosen. In the case of the ideal plate capacitor, a so-

called RC-diagram was chosen, which includes an ohmic

resistor and a capacitor in parallel. After this, the simplex

method with ‘‘auto fit’’ fitted the Bode plot. A downhill

simplex method is used to for the fitting according to

Nelder et al (Ref 21). With knowing the capacitance

C from fitting parameters and the values of the samples

area A and coating thickness d, Eq 3 is used to calculate the

real permittivity er for all frequencies. Contrary to the

impedance Z, the relative permittivity er is a material

constant and not dependant on the geometry or coating

thickness. However, it should be noted that the investigated

relative permittivity er is a superstition of all the different er
values of the different coating areas, such as the interface

region, splats with different phases, pores and micro-cracks

and the sealer. Because of this, the sealer was equal for all

ceramic coatings, and additionally, the coating structure

was investigated to correlate the porosity and micro-crack

content to the electrical properties.

Evaluation of the Coating Structure

Besides pores, micro-cracks are characteristic for APS-

sprayed ceramic coatings as they form during the rapid

solidification of the spray particles when hitting the sub-

strate’s surface (Ref 22, 23). These micro-cracks have a

much smaller radius leading to the high capillary forces

compared to the pores, which is very important for the

infiltration of the sealer (Ref 24). A difference in sealer

infiltration for the ceramic coatings can also influence the

electrical insulation and capacitive properties as the rela-

tive permittivity of gas-filled pores or micro-cracks differ

from the sealer-filled areas. The infiltration depth of the

sealer was conducted by the mentioned permeability test by

DIAMANT Metallplastic GmbH. However, measuring the

percentage of pores filled by the sealer quantitatively was

not possible within the scope of this article.

The porosity and the content of the micro-cracks of were

investigated by microscopic images of cross sections on the

scanning electron microscope (SEM) Phenom XL G2 from

ThermoFisher Scientific Inc., (Waltham, the USA). By

using SEM, micro-cracks can be identified. The metallo-

graphic sample is electrically contacted with graphite tape

and is sputtered with gold for 10 s with 30 mA. In total,

nine images per coating with 750x magnification are

acquired by applying an acceleration voltage of 15 kV in

SE-mode. Image analysis is conducted via the open-source

tool FIJI (2.1.0/1.53c.) which is also publicized in (Ref 25).

As the whole amount of coating defects including pores

and micro-cracks is necessary for the correlation to the

electric properties of the coatings only SEM images were

investigated. The approach for the analysis of the SEM and

light microscopic images differs in the measured porosity

due to the difference of magnification and the general

detection mode.

In Fig. 6, the process of the image analysis with FIJI is

depicted. The cropped images are segmented manually by

standard settings of the FIJI plugin ‘Trainable WEKA

Segmentation’ (v.3.9.4), according to (Ref 26). For SEM

images, a training class for micro-cracks is added. The

‘classified image’ is binarized via FIJI manual threshold

Fig. 6 Schematic process of image analysis regarding cracks and

pores with FIJI
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‘Default.’ In this step, for SEM images, two binaries can be

generated: one showing pores and bulk material and

another displaying cracks and bulk material. To determine

porosity and percentage area, the FIJI function ‘Analyse

particles’ for each binary is applied.

Evaluation of the Crystallographic Phases

The investigation of the coatings was conducted by x-ray

diffraction with the XRD 3000 from Seifert (Schnaittach-

Hormersdorf, Germany). CuKa radiation with a wavelength

of kCuKa � 1.54 Å according to (Ref 27) was used. The

reflex position of the different coatings is given by the

International Centre for Diffraction Data (ICDD). The card

numbers are given in the legend of the XRD diffrac-

tograms. All coatings were investigated and compared to

the feedstock material in powder state.

Results and Discussion

Impedance

All presented results from impedance measurement are

normalized to the measured area A and coating thickness d

resulting in the unit Xm. Figure 7 and 9 displays the Bode

plot and the phase angle of three equally produced coatings

each for the different coatings systems. Starting with

mullite in Fig. 7, the sample Mullite 3 shows a high

deviation from the other coatings in the low-frequency

regime 0.1 B f B 10 Hz, which is also detectable in the

phase angle being comparably higher than Mullite 1 and 2.

A perfect capacitive behavior of the coating results in a

phase angle at u = - 90�, whereas the behavior of a ohmic

resistor is at u = 0�. Contrary to this, the two other mullite

coatings display an equal curve progression in impedance

and phase angle. Regarding the differences in coatings

thicknesses of dMullite1 = 378 lm, dMullite2 = 362 lm and

dMullite2 = 271 lm, Mullite 3 exhibits the lowest coating

thickness. In general, increasing coating thickness would

lead to increased impedance as the capacitive C would

decrease. Also, the decreased coating thickness might

result in a different behavior in the low-frequency regime

of the impedance measurement despite the thickness

nominated results.

For spinel in Fig. 8, the three analyzed coatings also

show differences in the phase angle in the range of 0.1 Hz

B f B 10 Hz. Furthermore, starting from 104 Hz the phase

angle of the coating Spinel 3 increases and therefore does

not follow the perfect capacitive behavior. This is also

visible in the Bode plot resulting in an increased impedance

compared to spinel 1 and 2. Regarding the coating thick-

nesses dSpinel1 = 246 lm, dSpinel2 = 279 lm and

dSpinel2 = 247 lm, the coatings are in the same range of

coating thickness.

Lastly, alumina coatings were compared. The three

different Bode plots from the coatings can be depicted from

Fig. 9. Compared to the other coatings almost no deviation

between the conducted impedance measurements was

detectable. Regarding the phase angle, there are stronger

Fig. 7 Impedance plot and

phase angle of three equal

mullite coatings of one

parameter
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deviations for spinel and mullite present. These can be

explained by variating coating thicknesses of the different

samples. Furthermore, different subsystems such as sealer,

pores and different phases are present in the samples,

which might influence the phase angle. Further investiga-

tions of the several subsystems are necessary to investigate

these deviations.

For comparison of the coating systems, the median

values of three coatings for a single impedance value |Z| at

three different frequencies are given in Table 2. For all

frequencies, the coatings systems are all in the same

magnitude. However, spinel shows the lowest impedance

in all frequencies.

In summary, the choice of feedstock material for ther-

mal spraying results in differences in the coating charac-

teristics. For dielectric materials, the relative permittivity

or dielectric constant er varies among different materials.

As explained in the beginning, the relative permittivity er
mainly describes the polarizability of a dielectric medium.

With higher polarizability, a medium is of a factor er more

conductive compared to the vacuum. Following Table 3

should give an overview of the dielectric constant and

specific resistivity q of different coating materials addres-

sed in this work and compares it to values from the liter-

ature of thermally sprayed coatings and bulk material.

Despite the differences in phase angle, the described fitting

model was used over the whole measurement range of f =

0.1 Hz-5 MHz to enhance the accuracy of the fitting.

In the literature, the relative permittivity of alumina bulk

material is about er = 9.4. Compared to this, Pawlowski

(Ref 4) investigated thermally sprayed coatings with

varying values of relative permittivity of er = 6-8 at f = 1

kHz, which can be explained by the differences in alumina

feedstock materials, post-treatments and coating structures.

Mullite as a bulk material exhibited a relative permittivity

of 6.5 (Ref 28) to er = 6.7 (Ref 17). According to Ctibor

et al. (Ref 29), the relative permittivity of mullite in the

sprayed state is similar to that of the bulk material. These

mullite coatings of Ctibor et al. (Ref 29) are produced by

water-stabilized plasma system (WSP�) and a porosity of

7.8 %. The relative permittivity of plasma-sprayed spinel

coatings according to (Ref 3) is er = 8.1 for coatings on Ti

substrates with a thickness of d = 72 lm measured at

f = 10 kHz. In comparison, the value of relative permit-

tivity of solid materials is er = 8.3 and thus in the range of

thermally sprayed spinel coatings. Compared to alumina,

this value is lower than the relative permittivity of alumina

bulk material. The relative permittivity is connected to the

dielectric properties and relevant for the coating properties

at higher frequencies. In general, the specific ohmic resis-

tance q is relevant for lower frequencies and shows the

ohmic behavior of the coatings. Within this publication, an

ohmic behavior of the coatings is almost not noticeable in

the Bode plots as it is much higher than the capacitive

resistance.

Compared to the values in the literature, alumina has the

highest deviation of the permittivity values between bulk

and coating material. This can be explained by the low

phase stability during the spraying process and following

the formation of different amounts of phases depending on

Fig. 8 Impedance plot and

phase angle of three equal spinel

coatings of one parameter
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the process parameters. As most bulk materials are present

in the a-alumina phase, the thermally sprayed alumina

coatings predominantly consist of c-alumina. Therefore, a

difference in the relative permittivity is reasonable, due to

different values of the relative permittivity er for a- and c-
alumina.

The measured values for the relative permittivity within

this work are displayed in Table 3 and show slightly lower

values than to the ones found in the literature for thermally

sprayed coatings. One reason could be a difference in the

sealer or the use of a sealer in general within this work. The

sealer as an organic material can influence the relative

Fig. 9 Impedance plot and

phase angle of three equal

alumina coatings of one

parameter

Table 2 Overview of the

median impedance values

calculated from three coatings

per coating system at different

frequencies

Frequency Impedance |Z| [Xm]

Mullite Al2O3 Spinel

0.1 Hz 2.7E?10±8.8E?09 2.8 E?10±1.1 E?09 1.8 E?10±9.2 E?08

1 kHz 3.5 E?06±7.9 E?04 3.4 E?06±1.2 E?05 .5 E?06±1.8 E?05

1 MHz 3.6 E?03±7.3 E?01 3.6 E?03±1.5 E?02 .8 E?03±1.9 E?02

Table 3 Overview of measured

relative permittivity and specific

resistance for f = 0.1 - 5 MHz

compared to values from the

literature [-] for thermally

sprayed coatings and bulk

material

er Al2O3 Mullite Spinel

Measured 5.32 ± 0.19 5.86 ± 0.66 7.31 ± 0.33

Literature TS-coatings 6-8 (Ref 4) 6.7 (Ref 29) 8.1 (Ref 3)

Literature bulk material 9.4 (Ref 31) 6.3-6.7 (Ref 17, 31) 8.3 (Ref 32)

q in [Xm] Al2O3 Mullite Spinel

Measured 1.27 E ? 11 ± 4.83E ? 09 2.77E ? 11 ± 1.77E ? 10 4.43E ? 10 ± 7.56E?09

Literature TS-

coatings

5 � 107 - 3 � 1010 (Ref. 4) 5.3 � 1010 (Ref 29) 3.6 � 1011 (Ref 9)

Literature bulk

material

1012-1013 (Ref 9) 1010-1011 (Ref 29) 1012 (Ref 33)
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permittivity of the whole coating system and can decrease

the relative permittivity. Another reason can be that the

value is calculated from a fitting of the Bode plot over a

frequency range of 0.1 B f B 5 MHz, whereas mostly, in

the literature, the value was measured for only one fre-

quency. Nevertheless, the trend is comparable to the liter-

ature as the mullite and alumina coatings are in the same

range of the relative permittivity and spinel comparingly

exhibits higher values.

Coating Structure

The cross sections are displayed in the following Fig. 10.

All investigated ceramic coatings consist of pores and

micro-cracks. For spinel a higher number of micro-cracks

is visible, which correlates to the results of the image

analysis and can also be depicted from Fig. 10. Correlating

the coating structure to the impedance measurements,

spinel shows the highest defect content in the coating but

the lowest impedance values among the whole frequency

regime. As defects usually influence the dielectric proper-

ties in dry conditions, it is assumed that within this com-

parison, the dielectric behavior is mainly determined by the

dielectric properties of the chosen coating material and the

deviation of the defect does not predominantly control the

dielectric properties of the coating system. Additionally,

mullite shows a dense coating, which can be also depicted

from the low defect density in the table of Fig. 10. In

particular, the number of micro-cracks strongly differ from

the other ceramic coatings. Compared to the XRD

diffraction, a amorphous characteristics are present in the

coating, which can result in a less brittle behavior and

consequently in a decreased amount of micro-cracks in the

coating. Referring to the impedance measurement, mullite

and alumina show similar behavior. Focusing on the

coating structure on the other sides, spinel and alumina are

more similar. Consequently, within these measurement

conditions, the coating structure is not predominantly

influencing the capacitive values of the thermally sprayed

coatings.

Fig. 10 SEM images of the

cross sections of the ceramic

coatings including the results

form image analysis from FIJI

in a bar diagram and the

according values in the

table below
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XRD Results

For comparison to the literature and comparison of the

produced coatings among each other, the present phases in

the coating can differ to these of the bulk material and

influence the electrical properties. For all samples, the

feedstock material is compared to the coating by XRD

measurement. Figure 11 displays the difference of phases

between alumina feedstock material and the coating. As

expected, and correlating to the literature, the c-alumina

phase is predominantly present in the coating, whereas the

feedstock material consists of a-alumina. This is especially

visible for the reflexes between 2h = 40� and 45�.
In Fig. 12, mullite shows only few characteristic reflexes

and a high amount of braking radiation. The braking

radiation is connected to the presence of SiO2 in the

feedstock material. Due to the high cooling rates, SiO2

forms amorphous phases when solidifying at the cool

substrate surface. According to Miller et al. (Ref 16), the

SiO2 in the mullite stable phase in the composition 3Al2-
O3�2SiO2 precipitates to maintain the thermodynamic sta-

bility, which provides a sufficient amount of glass-forming

phases. The other phases present in the coatings correlate

to the thermodynamic stable phase mullite and can also be

depicted from the reflexes in Fig. 12. The amount of

amorphous phases was not analyzed quantitatively in this

publication. However, a variation of the amorphous phase

content could affect the capacitive behavior of the coating.

Different to mullite and alumina, one main characteristic

of spinel is the phase stability.

Figure 13 emphasizes the phase stability, which corre-

lates to previous results from the literature. Even though

spinel does not show the highest impedance values com-

pared to alumina and mullite, when it comes to preventing

water-uptake into the coating via the crystallographic

lattice, spinel can be advantageous to prevent water uptake,

which was shown by Toma et al. (Ref 9) for HVOF-

sprayed spinel coatings compared to alumina.

Summary and Conclusion

To summarize, APS was used to apply mullite, spinel and

alumina coatings on rotating samples. Impedance mea-

surement was conducted to determine the capacitance C for

the samples by simplex method. The relative permittivity er
was calculated according to the given equations. Hence, the

measurement technique is a powerful tool to provide many

specific data for electrical insulation coatings, especially

regarding new development of insulating coatings with

adapted properties. For further investigations, the XRD

measurement was used to evaluate the phase composition

of the feedstock material by comparing the diffractograms

Fig. 11 Comparison of the XRD results of a thermally sprayed

alumina coating and the used alumina feedstock material

Fig. 12 Comparison of the XRD results of a thermally sprayed

mullite coating and the used mullite feedstock material

Fig. 13 Comparison of the XRD results of a thermally sprayed spinel

coating and the used spinel feedstock material
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of the coating and the feedstock material. The micro-crack

content and the pore content were determined on SEM

images of cross sections of the coatings. Regarding the

investigated samples, the following main results can be

concluded:

• Spinel has the highest phase stability, and as expected

no amorphous phases are detected. The relative

permittivity shows the highest value which equals to

the lowest impedance. Furthermore, spinel coatings

have the highest number of structural defects in the

coating in form of pores and micro-cracks. In dry

conditions, a higher number of coating defects lead to

an increased impedance. Due to the increased relative

permittivity of the coating, the comparingly higher

amount of coating defects was not enough to exhibit

higher impedance values in the high-frequency regime.

Therefore, the properties of spinel strongly differ to the

other investigated oxide ceramics. Despite the lowest

impedance values, spinel might be a good candidate for

special applications in higher temperatures because of

its high phase stability.

• Within the APS-sprayed ceramic coatings, mullite is a

promising candidate for higher impedance values than

conventionally used alumina. Therefore, for applica-

tions mullite shows a possibility to increase the

electrical insulation properties and also decrease the

necessary coating thickness while maintaining the same

insulation and capacitive properties compared to alu-

mina. Additionally, no phase transition, but the forma-

tion of amorphous phases was depicted, which can be

preferable compared to alumina when a high-perfor-

mance electrical insulation under humidity is

important.

• Referring to the chosen analyzation methods impe-

dance measurement, XRD and SEM, correlating these

methods can be useful to present a qualitative overview

of the investigated coatings. The qualitative overview

can be powerful for iteratively adapting coatings for

industrial applications. Moreover, the combination of

these investigations can present new knowledge of

correlations between crystallographic phases, dielectric

behavior and microscopic defects of the developed

coatings. One major challenge is the superstition effects

of the present phases and coating structure on the

dielectric behavior and therefore the relative permittiv-

ity. More research must be conducted to distinguish and

evaluate the predominant effects of the coating char-

acteristics on the dielectric behavior, especially regard-

ing the general imperfections of thermally sprayed

coatings.

According to the impedance measurement results, mul-

lite is a good candidate for high-performance electrical

insulation applications for high-frequency regimes. The

mentioned crystal structures allow it to differ and adapt the

electrical insulation and capacitive properties by the ratio

of alumina to SiO2 or the thermal spraying process leading

to different cooling rates with one and the same feedstock

material. As the formation of amorphous phases can reduce

the impedance of the coating, due to the formation of new

energy levels in the band gap regions for the band diagram,

the formation of amorphous phases should be suppressed.

Therefore, less amount of SiO2 in the feedstock material

should be chosen or the cooling rate during spraying pro-

cess should be decreased.
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