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In this study, APS and HVOF processes have been used to prepare alumina (Al2O3) and magnesium
spinel (MgAl2O4) coatings designed for insulating applications. The electrical characteristics, i.e.,
dielectric strength and electrical resistance (electrical resistivity) were investigated using different
methods: dielectric breakdown test, direct current (DC) measurements, and electrochemical impedance
spectroscopy (EIS). The electrical resistance was measured at room temperature at different relative
humidity (RH) levels (from 6% RH to 95% RH) as well as at 200 �C. The coating microstructure, phase
composition, and water vapor sorption were studied. Differences in the electrical insulating properties
due to the different coating system characteristics are discussed. Of the coatings and conditions inves-
tigated in this study, the HVOF spinel coatings showed superior dielectric breakdown strength and
electrical resistance stability at high humidity levels.
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1. Introduction

Owing to its remarkable insulating properties, alumin-
ium oxide (Al2O3) is widely used in industrial applications
in the fields of high-voltage electrical devices and inte-
grated electronic systems. Thermally sprayed alumina
coatings with suitable dielectric properties have been
prepared and tested for manufacturing of electrostatic
chucks, discharge devices, ozonizer tubes, and insulating
coatings for reliable high-temperature heater systems
(Ref 1-6). The electrical resistivity of sintered alumina
(a-Al2O3, corundum) at 20 �C is stated to be on the order

of magnitude of 1012-1013 X m (Ref 7, 8). At room tem-
perature, different values for the volume resistivity of the
plasma-sprayed Al2O3 coatings have been reported in the
literature depending on the feedstock powder, the spray
process, and the method used for the estimation of the
resistivity: 1010-1013 X m (Ref 2); 5 9 107-3 9 1010 X m
(Ref 9); 4-13 9 1010 X m (Ref 6); and 1012 X m (Ref 10).
A major difference between sintered alumina and ther-
mally sprayed alumina coatings is that the latter are
composed of different thermodynamically unstable forms
of Al2O3 (e.g. c- or d-Al2O3) (Ref 11, 12), even though all
commonly used feedstock powders consisted of a-Al2O3,
the only stable modification of Al2O3. The properties of
metastable Al2O3 phases differ significantly from those of
corundum; i.e., c-alumina has a higher hygroscopicity
which is supposed to be deleterious to the dielectric
properties of the material.

Sintered magnesium spinel (MgAl2O4) possesses good
mechanical strength at room and high temperatures, high
chemical inertness, good shock resistance, a low dielectric
constant, and low electrical losses at microwave frequen-
cies. It has a wide range of applications, for example, as a
high-performance refractory material in furnace regener-
ators and radioactive waste confinements, a ceramic
ultrafiltration membrane, an optical material, a catalyst,
and a humidity sensor (see, e.g., Ref 13-16). The electrical
resistance of spinel thin films decreases from 108-1011 to
106-109 X when the relative humidity increases from 2%
to 98% (Ref 16). Relatively few studies have been pub-
lished on the preparation of thermally sprayed spinel
coatings (Ref 17-23). It has been shown that spinel is a
stable compound during spraying and the coatings exhibit
good mechanical properties. Electrical measurements
have shown that they are good base dielectric materials at
microwave frequencies (dielectric constant of ~6-8 in the
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as-sprayed state with loss tangent <0.005), electrical
insulators in radiation environments and humidity sensors
(Ref 20, 24). The electrical resistance of APS spinel
coatings at very low humidity levels has been reported to
be on the order of 109 X (Ref 24). Several authors (Ref 22,
23) proposed spinel coatings produced by vacuum plasma
spraying as electrically insulating layers on metallic in-
terconnectors in solid oxide fuel cells (SOFC). Nonethe-
less, thermally sprayed spinel coatings as insulating
materials in electronic devices have been less extensively
studied than alumina coatings.

This study is focused on the investigation of the elec-
trical insulating properties of APS and HVOF thermally
sprayed alumina and spinel coatings using different
methods: dielectric breakdown test, direct current (DC)
measurements, and electrochemical impedance spectros-
copy (EIS). The effects of various factors, i.e., relative air
humidity level, test temperature, microstructure, phase
composition, and water adsorption, on the insulating
properties of the coatings are presented and discussed.

2. Experimental Procedures

2.1 Materials and Coating Deposition

Commercial fused and crushed alumina (>99.7 wt.%
purity) and magnesium spinel (Al2O3-28 wt.% MgO;
>99.8 wt.% purity) powders (Ceram GmbH, Albbruck-
Birndorf, Germany) with appropriate particle sizes for
both APS (�40 + 10 lm) and HVOF (�25 + 5 lm) pro-
cesses were used as the material feedstock for coating
deposition. The chemical compositions of the feedstock
powders are summarized in Table 1.

APS coatings were sprayed with an F6 Plasma Gun
(6-mm nozzle, GTV mbH, Luckenbach, Germany) using an
Ar/H2 plasma gas mixture. HVOF coatings were sprayed
with a Top Gun system (8-mm nozzle, GTV mbH) using
ethylene as a fuel gas. The main spray parameters are
summarized in Table 2. Coatings with average thicknesses
of 100 and 200 lm were sprayed on grit-blasted mild steel
(30 9 30 9 3 mm) and highly corrosion-resistant 1.4462
stainless steel plates (60 9 100 9 5.5 mm). The samples
were then vacuum sealed in plastic films so that environ-
mental contamination of the coatings during long-term
storage could be minimized.

2.2 Coating Microstructures and Phase
Compositions

The coating microstructures were examined by optical
microscopy and scanning electron microscopy on

metallographically polished cross sections. The phase
compositions of powders and sprayed coatings were
evaluated by x-ray diffraction using a D8 (Advance
Bruker AXS) diffractometer. Measurements were carried
out in the h-2h step scan mode using CuKa radiation and a
step size of 0.05�. The phases were identified using the
Diffrac EVA software. The volume content of the crys-
talline a-Al2O3 (CAl2O3

a ) was determined using the fol-
lowing equation:

CAl2O3
a %ð Þ ¼ Aa 113ð Þ

Aa 113ð Þ þ 0:89Ac 400ð Þ � 100 ðEq 1Þ

where A is the integral area of the respective peak.

2.3 Investigation of Electrical Insulating
Properties

Different methods were used to investigate the elec-
trical insulating characteristics of the coatings: dielectric
breakdown test, direct current (DC) measurements, and
EIS.

The dielectric breakdown test allows for the determi-
nation of the dielectric breakdown voltage (DBV) and
dielectric strength (Ed) of the coatings. The measurements
were performed on as-sprayed coatings, without any sur-
face finishing or sealing, at room temperature and room
humidity through application of high DC voltages, using a
PC6P testmeter (Sefelec GmbH, Ottersweier, Germany).
The applied voltage was increased linearly at a rate of
100 V s�1 from zero to the occurrence of flashover. A
silver paste was applied on the coating surface to provide a
good electrical contact and to reduce the influence of the
surface roughness. When the dielectric breakdown of the
coating occurred, the dielectric breakdown voltage (DBV)
was measured and the dielectric strength (Ed) was deter-
mined. For each sample (60 9 100 mm in size), mea-
surements were made at nine points and the average value
was calculated.

The electrical resistance/resistivity of the coatings was
determined by direct current (DC) and alternating current

Table 1 Chemical compositions of feedstock spray powders (according to product certification data sheets)

Powder Al2O3, wt.% MgO, wt.% TiO2, wt.% SiO2, wt.% Fe2O3, wt.% CaO, wt.% Na2O, wt.%

Al2O3-APS 99.77 0.04 0.02 0.03 0.02 0.02 0.10
Al2O3-HVOF 99.74 0.04 0.02 0.03 0.03 0.01 0.13
Spinel-APS, Spinel-HVOF 71.61 28.22 0.02 0.04 0.02 0.09 …

Table 2 Main spray parameters

APS
Plasma gas mixtures Ar/H2, slpm 35/13
Arc current, A 650
Plasma power, kW 59-60
Powder feed rate, g min�1 26-30
Spray distance, mm 115

HVOF
C2H4/O2, slpm 90/270
Powder feed rate, g min�1 27-30
Spray distance, mm 150
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(AC) methods at room temperature at different relative
air humidity (RH) levels and at 200 �C (only for DC
method). The DC electrical resistance of the as-sprayed
samples was measured using an Advantest R8340 Ultra-
high Resistance Meter (Advantest Corporation, Tokyo,
Japan) through application of DC voltages of 50, 100, and
200 V. Silver paint was used as a contact material. EIS
allows the electrical properties (impedance) to be deter-
mined as a function of frequency. The EIS measurements
were performed with a Zahner IM6 Impedance Analyzer
(Zahner-Elektrik GmbH & Co KG, Kronach, Germany)
using a two-electrode cell. A stainless steel electrode with
a diameter of 3.5 cm was used as the counter electrode,
and the ground coating specimen as the working elec-
trode. An alternating voltage with an amplitude of 5 mV
at no DC bias in the frequency range from 100 kHz to
100 lHz was applied during the tests at room tempera-
ture. The contributions of the resistive and capacitive
components of the overall total impedance can be esti-
mated from these measurements. At high frequencies the
capacitive character (dielectric properties) is predomi-
nant, whereas in the low-frequency domain the electrical
resistance properties of the coatings are noticeable. The
electrical resistance of the coatings could be determined
through simple R||C equivalent circuit model fitting.

For investigation of the influence of the relative air
humidity on the insulating properties, the samples were
placed in a desiccator and conditioned for 48 h at different
relative humidity levels ranging from 6% RH to 95-97%
RH using saturated salt solutions. The electrical resis-
tances were then determined by DC and EIS measure-
ments using the same procedures as described above. The
DC resistance of coatings at 200 �C was measured after
pre-exposure of the samples for 2 h in the drying box
maintained at the same temperature.

2.4 Dynamic Vapor Sorption (DVS) Measurements

Dynamic vapor sorption (DVS) allows for the deter-
mination of the mass changes during sorption/desorption
cycles of water vapor on solid surfaces and investigation
of different phenomena such as surface adsorption-
desorption, bulk absorption, or hydration-dehydration.
In surface adsorption, water interacts weakly with the

surface by van der Waals forces (physisorption) or more
strongly (chemisorption). Physisorption can be reversed
through a decrease in humidity or an increase in tem-
perature. Chemisorption is generally considered as irre-
versible. In bulk absorption, water is attracted deep into
the internal structure of the material. Bulk absorption is
reversible, but the kinetics in this case is slower than for
surface adsorption. DVS measurements were performed
using a DVS1 apparatus (Porotec GmbH, Hofheim,
Germany) on spray powders and free-standing HVOF-
sprayed coatings at 25 �C with humidity levels increasing
from 0% RH to 95% RH. Before the tests were started,
the samples (40-60 mg) were dried with gaseous N2 (flow
rate of 200 cm3 min�1) at 0% RH humidity until the
mass was constant.

3. Results

3.1 Phase Compositions and Coating
Microstructures

The alumina powders consisted mainly of the corun-
dum phase, a-Al2O3 (JCPDS card No. 46-1212); traces of
b-Al2O3 (JCPDS card No. 10-0414) could be detected. In
the spinel powders, the cubic MgAl2O4 crystalline phase
(JCPDS card No. 21-1152) and traces of MgO (JCPDS
card No. 45-0946) were found in the HVOF powder.

Differences in the phase compositions of the alumina
powders and coatings were found (Fig. 1a). The coatings
contained the metastable phase c-Al2O3 (JCPDS card No.
10-0425) as the main phase and a-Al2O3. The a-phase
content was about 21 vol.% in the HVOF coating, but
only 4 vol.% in the APS coatings. Spinel was found to be
stable during spraying; the cubic MgAl2O4 structure found
in the powders was the only phase identified in the coat-
ings (Fig. 1b). This result was also confirmed by Mauer
et al. (Ref 23) for spinel coatings produced by very low
pressure vacuum plasma spraying (VLPPS).

The optical micrographs of the coatings are shown in
Fig. 2. More dense microstructures appeared in the
HVOF-sprayed coatings compared to those observed in
the APS-sprayed coatings. In high-magnification SEM

Fig. 1 XRD patterns of feedstock HVOF powders and thermally sprayed coatings: (a) Al2O3; and (b) spinel
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micrographs, the coatings showed the classical lamellar
structure of thermally sprayed coatings, with the typical
microstructural defects (porosity, cracks, unmelted parti-
cles, etc.) being observed (Fig. 3). The average porosity
for both APS and HVOF coatings, estimated by image
analysis on SEM micrographs at a magnification of 10009,

reached values between 4 and 9%. During the condition-
ing of the coatings sprayed on mild steel substrates at 95%
RH the presence of brown spots on the coating surface, in
particular for the APS coatings, indicated corrosion of the
steel substrates, as can be seen in Fig. 4. It can be sup-
posed that the APS coatings contained a higher content of

Fig. 2 Optical micrographs of thermally sprayed coatings: (a) Al2O3-APS; (b) Al2O3-HVOF; (c) Spinel-APS; and (d) Spinel-HVOF

Fig. 3 Cross-sectional SEM micrographs of thermally sprayed coatings: (a) Al2O3-APS; (b) Al2O3-HVOF; (c) Spinel-APS; and (d)
Spinel-HVOF

198—Volume 20(1-2) January 2011 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



open porosity or interconnected porosity than the HVOF
coatings.

3.2 Dielectric Breakdown Test

The average dielectric breakdown voltages (DBV) and
dielectric strengths (Ed) of the sprayed coatings as a
function of coating composition and coating thickness
are shown in Fig. 5. The DBV increased, but the Ed

decreased, with increasing coating thickness. The HVOF
spraying method allows for the production of coatings
with better dielectric properties than those prepared using
the APS method. Moreover, for APS-sprayed spinel
samples, the dielectric breakdown occurred at the lowest

voltage values presenting a dielectric strength of below
20 kV mm�1. The HVOF spinel coatings presented
superior dielectric strengths to those of the HVOF alu-
mina coatings: DBV > 3.5 kV; Ed > 30 kV mm�1.

3.3 Electrical Resistance Measurements

DC electrical resistances of coatings with average
thicknesses of 100 and 200 lm measured at room tem-
perature in air at two different humidity levels (30% RH
and 95% RH, respectively) and at 200 �C are shown in
Table 3. The resistance values were found to depend on
the measurement conditions, the spray method, and the
coating material.

Fig. 4 State of the top-surfaces of spinel coatings sprayed on steel substrates after conditioning for 48 h at 95% RH: (a) an APS coating
with 100-lm thickness; and (b) an HVOF coating with 100-lm thickness. The brown points on the coating surface indicate the substrate
corrosion, while the wide spots represent the silver paste applied on the coating surface to provide a good electrical contact during the
dielectric breakdown test. (Color figure online)

Fig. 5 Dielectric properties as a function of coating composition and coating thickness: (a) dielectric breakdown voltage; and (b)
dielectric strength (dotted lines are for orientation purposes only)

Table 3 Average values of DC electrical resistance of sprayed coatings determined under different test conditions

Coating Al2O3 (APS) Al2O3 (HVOF) Spinel (APS) Spinel (HVOF)

Average thickness (lm) 100 200 100 200 100 200
R (X) at RT, ~30% RH 2.70 9 1011 2.90 9 1011 1.13 9 1011 1.08 9 1011 3.60 9 1011 2.58 9 1011

R (X) at RT, ~95% RH 4.44 9 104 2.24 9 104 3.76 9 105 3.16 9 105 3.18 9 105 5.55 9 105

R (X) at 200 �C 2.82 9 1010 2.18 9 1010 8.03 9 1010 7.71 9 1010 1.44 9 1010 1.28 9 1011
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At the low air humidity level, the electrical resistances
were on the order of 1011 X for both alumina and spinel
coatings. Moreover the coating thickness was found to
have almost no influence on the electrical resistance. At
95% RH, the electrical resistance decreased to values on
the order of 104 X for plasma-sprayed Al2O3 coatings and
105 X for HVOF-sprayed Al2O3 and spinel coatings.
HVOF-sprayed coatings were less sensitive to humidity
than the APS coatings. At 200 �C, the electrical resistance
was on the order of magnitude of 1010 X for alumina and
APS spinel coatings, and on the order of magnitude of
1011 X for HVOF spinel coatings. In these tests, spinel
coatings presented superior insulating properties to those
of alumina coatings.

The EIS method was used to evaluate the electrical
properties of coatings at room temperature as a function
of humidity in a large frequency domain (Fig. 6). At low
frequencies the impedance was relatively independent of
frequency, showing purely resistive behavior. The coat-
ing resistance as a function of thickness can be more
conveniently expressed as the electrical resistivity q
which can be determined from the formula q = (RS)/d,

where R is the resistance (impedance), S the exposed
surface area, and d the coating thickness. The influence
of relative humidities on coating impedance and elec-
trical resistivity is shown in Fig. 7(a) and (b), respec-
tively. For both materials and spray processes, the
electrical resistance (resistivity) decreased almost line-
arly as the air humidity increased. HVOF-sprayed
coatings exhibited slightly higher electrical properties as
compared with the APS-sprayed counterparts. In the
case of Al2O3 coatings, the values of the electrical
resistances (resistivities) at 6% RH air humidity were
about 4.33-6.83 9 1010 X (4.01-6.51 9 1011 X m), and
decreased to 4.0-9.50 9 105 X (3.81-8.79 9 106 X m) at
97% RH air humidity. For spinel coatings, the electrical
resistances (resistivities) decreased from 5.07-
5.34 9 1010 X (1.78-3.19 9 1011 X m) to 5.30 9 106 X
(1.86-3.17 9 107 X m) as the air humidity increased from
6% RH to 97% RH. At a high humidity, the spinel
coatings still had a better insulation resistance than that
of alumina coatings, which is in good agreement with
the results previously obtained from DC measurements
(see Table 3).

Fig. 6 Impedance as a function of frequency at different air humidity levels for (a) Al2O3; and (b) spinel coatings

Fig. 7 Dependence of the impedance (a) and electrical resistivity; and (b) on relative air humidity level. For q > 108 X m, the materials
are considered as insulators (Ref 25)
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3.4 Dynamic Vapor Sorption (DVS) Measurements

DVS measurements were performed for determination
and quantification of the interaction between the water
vapor and the surface for oxide ceramics in the form of
powders and coatings at room temperature, and humidity
levels ranging from 0% RH to 95% RH. A rapid increase
in water adsorption was recorded at 95% RH. In the case
of the spray powders, the water vapor sorption at 95% RH
was 0.08% for APS Al2O3 powder (�40 + 10 lm fraction),
0.17% for HVOF Al2O3 powder (�25 + 5 lm fraction),
0.76% for APS spinel powder (�40 + 10 lm fraction), and
1.78% for HVOF spinel powder (�25 + 5 lm fraction)
(see Fig. 8). Mass changes were slightly higher for HVOF
spray powders due to a higher contact surface area, and
water sorption was more pronounced in the case of the
spinel powders.

In the case of HVOF coatings, the water vapor sorption
at 95% RH was 0.41% for Al2O3 and 0.30% for spinel
(Fig. 9). The water sorption was higher on the Al2O3

coating than on the powders. Meanwhile, contrary to our
expectations, a lower water sorption was recorded on the
spinel coating than on the powder.

4. Discussion

4.1 Electrical Insulating Properties of the Spray
Coatings

The dielectric strengths/dielectric breakdown voltages
of the plasma-sprayed Al2O3 coatings obtained in this
study were comparable with those reported in literature
(see, for example, Friedrich et al. (Ref 4), Pawlowski (Ref
9) and Yamasaki and Takeuchi (Ref 10)). APS spinel
coatings presented the lowest dielectric strength value;
this result was also confirmed by Pawlowski (Ref 9). To
the authors� knowledge, no information could be found in
the literature on the dielectric strength values of the
HVOF spinel coatings. The results of the dielectric
breakdown tests showed better dielectric properties for
the HVOF coatings than for the APS coatings which could
be due to a lower open porosity (see Fig. 4). The presence
of defects (porosity, cracks, etc.) should facilitate dielec-
tric breakdown and coating failure.

It was observed that with increasing coating thickness,
the DBVs increased, whereas the dielectric strength val-
ues decreased. This decrease in dielectric strength could

Fig. 8 Sorption/desorption cycles of water vapor on feedstock spray powders: (a) Al2O3; and (b) spinel

Fig. 9 Sorption/desorption cycles of water vapor on HVOF-sprayed coatings: (a) Al2O3; and (b) spinel
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be explained by the heat/thermal mechanism (Ref 26).
With increasing thickness, the puncture (the breakdown)
will occur at a higher voltage (breakdown voltage).
However, the electrical resistance increases more slowly
than the thermal resistance of the sprayed coating. Thus,
at high electric field densities, heat is generated at a rate
faster through ionic conduction than that at which it can
be dissipated in the coating volume. Breakdown may then
occur because of local thermal instability in the material.
Any internal coating defects (especially cracks and
impurities) reduce the breakdown stability. Several
authors (Ref 27, 28) have also confirmed that the dielectric
breakdown is mainly based on the electrical discharges
(corona) producing high local fields which typically
include the surrounding medium.

From the DC electrical resistance and EIS measure-
ments, the following conclusions were drawn:

– At low RH levels, the values of electrical resistivity
were comparable for alumina and spinel coating mate-
rials (order of magnitude of 1011 X m).

– The electrical resistivity dramatically decreased in a
highly humid (95% RH) environment: by about five
orders of magnitude for alumina coatings and about
four orders of magnitude for spinel coatings.

– HVOF coatings presented slightly better insulating
properties than those of APS coatings, and HVOF spi-
nel coatings showed the best results.

The electrical resistivities of APS alumina coatings
(determined at low RH levels) were comparable with or
even slightly higher than those reported by Pawlowski
(Ref 9) and Prudenziati (Ref 6), but lower than those
published by Swindeman et al. (Ref 2) and Yamasaki and
Takeuchi (Ref 10). In this study, it was found that the
electrical resistivity values of the APS spinel coatings were
higher by an order of magnitude than those reported by
Ahn et al. (Ref 24).

4.2 Dynamic Vapor Sorption (DVS) of Feedstock
Powders and Sprayed Coatings

Dynamic vapor sorption (DVS) measurements per-
formed on HVOF feedstock powders showed a rapid
increase in the water adsorption at 95% RH. The water
adsorption on the surface of oxide powders depends on
the material, the particle sizes, and the presence of
impurities resulting from the process of powder manu-
facturing. Compared with alumina powder, spinel feed-
stock powders (especially HVOF spinel feedstock
powder) exhibited more pronounced water adsorption at
high RH levels (see Fig. 8). An explanation for this could
be that the HVOF spinel powder contained traces of free
MgO (as identified by XRD analysis, as shown in Fig. 1b)
which, due to the increase of the humidity, hydrolyzed to
the very stable Mg(OH)2 compound; consequently, a
certain amount of water could be irreversibly retained
during the DVS measurements, even at very low RH
levels.

The DVS analysis performed on free-standing HVOF
Al2O3 coatings showed a higher amount of water adsorbed
in comparison with that of the feedstock powder. This can
be explained by the presence of coating microstructural
defects (cracks, porosity) and the metastable c-phase
which is more hygroscopic than the a-phase. The amount
of water adsorbed on the spinel coating was less than that
adsorbed on the alumina coating because of the very high
stability of the spinel structure during spraying (same main
phase as in spray powder). Contrary to the authors�
expectations, a lower water sorption was recorded on the
spinel coating than on the powder. A possible explanation
for this could be the elimination of some impurities
(including MgO which could not be found in the XRD
pattern of the coating) during spraying. Nonetheless, more
investigations must be carried out to gain a better
understanding of this result.

4.3 Influence of Humidity and Coating
Characteristics on Electrical Properties
of Thermally Sprayed Coatings

The electrical (insulating) properties of the thermally
sprayed alumina coatings are inferior compared with those
published for sintered (bulk) alumina (Ref 7, 8). In the
literature, this behavior is mainly explained by the pres-
ence of the metastable c-phase, exhibiting a higher
hygroscopicity than the stable a-phase, in the sprayed
coatings. Moreover, a higher content of c-Al2O3 and a
porous microstructure are associated with pronounced
degradation of the insulation behavior of thermally
sprayed coatings (Ref 9).

In this study, the HVOF alumina coating had a higher
a-phase content than the one produced by APS (a-
Al2O3(HVOF):a-Al2O3(APS) = 5) and, consequently, was
expected to possess better insulating properties. The
electrical measurements showed that at low humidity
levels (<45% RH), the resistivities of the HVOF and
APS alumina coatings were comparable. Only at higher
humidity levels (>75% RH) were the differences between
HVOF and APS coatings evident (qHVOF:qAPS = 2-4).
Nevertheless, for both coating types, the electrical resis-
tivity decreased by about five orders of magnitude (Fig. 7)
when the air humidity increased from 6% RH to 97% RH.
In their study, Favre et al. (Ref 29) investigated the
electrical properties of various a-Al2O3 powders as a
function of relative humidity. Those authors showed that
the resistivity of a-Al2O3 decreased linearly by several
orders (by almost six orders) of magnitude when the
humidity increased from 20 to 80%.

For spinel coatings, similar tendencies were found:
insulating properties worsened with increasing relative
humidity, although the spinel coatings were found to be
less sensitive to moisture than the alumina coatings were.
The electrical resistivity of spinel was reduced by four
orders of magnitude when the air humidity increased from
6% RH to 97% RH. Other authors (Ref 16, 24, 30) had
observed the same trend (i.e., a linear decrease in elec-
trical resistance with increasing humidity) while measuring
the insulating properties of spinel in the form of powders
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or plasma-sprayed coatings. Consequently, those authors
proposed the use of spinel materials in the development of
ceramic humidity sensors.

The deterioration of the electrical resistance with
increasing humidity can be explained by the increase in
surface electrical conductivity resulting from adsorption
and accumulation of water monolayers on the surface of
the oxide (Ref 31) and capillary condensation of the water
in voids (pores, cracks). Capillary condensation depends
both on the properties of the solid and the vapor; however,
it is associated to mesopores which have an approximate
size range from of 2-50 nm (Ref 32). Water adsorption is a
natural physical phenomenon observed on every solid
surface (Ref 33, 34). When a dry ceramic oxide is exposed
to air humidity, a layer of water vapor molecules is first
chemisorbed on the surface, resulting in the formation of a
hydroxylated surface (Fig. 10). Subsequent layers of water
molecules are physically adsorbed on hydroxyl layers. The
easy dissociation of the physisorbed water, because of the
high electrostatic field in the chemisorbed layer, produces
protons which are responsible for the ionic electrical
conduction (Ref 30). Moreover, the presence of coating
imperfections such as cracks and porosity (especially of
open porosity which is higher in the case of plasma-
sprayed coatings) should have a detrimental effect on the
electrical insulating properties. These coating imperfec-
tions generate the transverse channels for charge transfer,
reducing the resistance of the coating. In this way, the
electrical conductivity increases, and hence the insulating
properties of the coating worsen. The sensitivity of the
ceramic coatings to humidity is related to the nature of the
material, the microstructure, and the phase composition.

5. Conclusions

A comparative study of the characteristics (micro-
structure, phase compositions, etc.) and the electrical
insulating properties (dielectric strength and electrical

resistance/resistivity) of APS and HVOF thermally
sprayed alumina and magnesium spinel coatings was per-
formed. Compared with Al2O3, spinel is a stable phase in
the spray process. The effects of various factors, i.e., rel-
ative air humidity level and water vapor sorption, on the
electrical properties of the coatings were investigated. At
low humidity levels, the electrical resistivities of alumina
and spinel coatings were comparable (on order of mag-
nitude of 1011 X m). A dramatic decrease in resistivity of
about five orders of magnitude for alumina coatings, and
about four orders of magnitude for spinel coatings at a
very high humidity (95% RH) was observed. This de-
crease was mainly due to the increase in water adsorption
on the coatings, generating ionic conductivity. Of all the
coatings investigated in this study, HVOF spinel coatings
showed the best dielectric strength values (Ed > 30
kV mm�1) and the lowest sensitivity to moisture. Thus,
these coatings can be considered as potential candidates
for use in insulating applications.
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