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A comparative study of CaZrO3 coatings prepared by air plasma and flame spray processes is presented.
The microstructural characteristics and phases were analyzed and discussed as a function of the spraying
temperature achieved with each technique. Vickers hardness tests performed on polished cross sections
of the different coatings were used to estimate their porosity. Thermal diffusivity values measured on
freestanding thick coatings (500 lm) using the laser flash technique were very low and depended strongly
on the pore shape. Crystallization was promoted by treating the coatings at 1200 �C, and the results are
explained with aid of the ZrO2-CaO equilibrium phase diagram.
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1. Introduction

Thermal spraying includes several powerful processing
techniques for producing coatings of diverse types such as
wear and erosion resistant coatings, protective coatings
against oxidation and corrosion, and thermal barrier
coatings for high temperature environments. In most of
these processes, particles are injected into a high tem-
perature gas where they are heated, melted, accelerated,
and sprayed onto a prepared substrate. The temperature
distribution in the torch and the particle velocities depend
on the particular technique used, both parameters affect-
ing the final microstructure and the properties of the
coatings (Ref 1).

Flame spraying (FS) is a widely and commercially used
method for low-energy consuming processes that can be
adapted to several combinations of gases, such as acety-
lene, propane, hydrogen, together with oxygen. Flame
spray uses the thermal energy released during the com-
bustion of fuel gases to generate heat. The oxy-acetylene
torches are the most common, using acetylene as the main

fuel in combination with oxygen to generate the highest
combustion temperatures.

Atmospheric plasma spray (APS) uses the energy of
the ionized plasma forming gas produced by an electric arc
as the heating source. In this case, the temperature is
higher than that produced by the oxy-acetylene flame
spraying. Therefore, higher melting point materials can be
deposited by atmospheric plasma spraying. This technique
also provides higher particle velocities (800 m s-1) than
those achieved by flame spraying (below 100 m s-1)
(Ref 2, 3).

The production of thermal barrier coatings (TBCs) by
these techniques is of considerable importance in appli-
cations such as aerospace and aircraft engines, advanced
gas turbines, and diesel engines components. By using
TBCs on high temperature components, the efficiency of
the industrial processes can be increased due to the higher
operating temperatures and reduced cooling air require-
ments. In the same way, the lifetime of the coated com-
ponents is prolonged due to the lower metal surface
temperatures.

The material commonly used in TBCs has been yttria-
stabilized zirconia (7 wt.% Y2O3), mainly because of its
low thermal conductivity, high thermal expansion coeffi-
cient, and good erosion resistance (Ref 4). In comparison,
calcium zirconate (CaZrO3) has high thermal and chemi-
cal stabilities, and good thermal shock resistance, ren-
dering this to be a convenient candidate for some thermal
barrier coating applications (Ref 5). In addition, due to
the perovskite-type structure of CaZrO3, a low thermal
conductivity can be expected (Ref 6-8). Compared to
YSZ, CaZrO3 has a lower melting point (2550 �C), which
allows its processing not only by atmospheric plasma
spraying but also by flame spraying deposition technique.

In the present work, the properties and microstructures
of coatings produced by the two different spraying pro-
cesses, flame spraying (FS) and atmospheric plasma spray
(APS), were compared. These coatings were analyzed in
terms of microstructure, phases, composition, hardness,
porosity, and thermal conduction properties. Post-heat
treatments were carried out to evaluate the phase evolu-
tion and the properties of the coatings.
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2. Experimental Procedure

The coatings were deposited over AISI 304 stainless
steel substrates. The surface of the substrates was grit-
blasted with corundum particles having a mean particle
size of 530 lm to get a maximum roughness of
27.6 ± 2.4 lm. The ceramic feedstock was commercial
calcium zirconate (CaZrO3) (Metaceram 28085, Eutectic
Castolin, Spain) with an average particle size of 47.9 lm.

The FS coatings of CaZrO3 were achieved using
an oxygen-acetylene gun (model CastoDyn DS 8000,
Eutectic Castolin, Spain). The torch input power was
28 kW and the powder feed rate was �20 g min-1. The
standoff distance was fixed at 15 cm according to previous
experiments (Ref 9).

The plasma gun is a homemade gun developed at the
Centre for Advanced Coating Technologies of the Uni-
versity of Toronto (CACT) (Ref 10). The plasma forming
gases were CO2/CH4 mixtures, giving an output power of
40 kW. The coatings were deposited at standoff distances
of 10, 17, and 22 cm with a feed rate of 17 g min-1. The
substrates were air-cooled during deposition.

In-flight particle properties were measured for the APS
processes with a DPV 2000 monitoring system (Tecnar,
Canada) to establish interrelations between spraying
parameters and particle in-flight properties.

The microstructures of the coatings were analyzed on
polished cross sections and on top surfaces by scanning
electron microscopy (SEM) (DMS-950 Carl-Zeiss,
Germany). Quantitative compositions were calculated by
energy-dispersive x-ray spectroscopy (EDS) from stan-
dardless point analyses, using Proza u(qz) corrections. The
crystalline phases in the specimens were identified by x-ray
diffraction analysis (XRD) (Siemens D5000, Germany)
performed on the coating surface. Chemical analyses were
done using an x-ray fluorescence spectrometer (PW-2424,
Philips, NL) equipped with an ultrathin window x-ray tube
and high power (2.4 kW) rhodium anode. The hardness of
the ceramic coatings was measured on the polished cross
section of the specimens by microhardness Vickers
indentation using loads of 1.9 and 2.9 N for 15 s (ZHU 2,5;
Zwick GmbH & Co. KG, Germany). At least 5 measure-
ments were taken for each coating.

Porosity, h, was calculated from hardness using the
following expression (Ref 11):

H

H0
¼ ð1� hÞ2e�bh ðEq 1Þ

where H is the measured hardness, H0 is the hardness for
the dense material (10.7 GPa (Ref 12)), and b is a constant
parameter that depends on the material. The same b
parameter calculated for a ZrO2/Ni coating was used, which
was 2.6, as it has been proved to be valid by comparing to
imaging analysis data for the present case (Ref 12).

Thermal diffusivity (a) of freestanding coatings was
measured using the laser-flash technique (Thermaflash
2000, NESTCH group, MA, USA). The thermal conduc-
tivity (k) was obtained through the expression k = aÆqÆCp,
where q is the coating density and Cp is the heat capacity

of the ceramic material taken from thermodynamic tabu-
lated sources (Ref 13).

3. Results and Discussion

Adherent porous coatings were obtained by both
methods (FS, APS) with thicknesses between 200 and
400 lm. The average temperatures and velocities of the
APS particles at the different standoff distances are shown
in Table 1. The highest average temperature (3028 ±
279 �C) and velocity (238 ± 114 m s-1) were reached for
the shorter standoff distance (10 cm, APS_10).

3.1 As-Sprayed Coatings

An example of the cross sections of the coatings can be
seen in Fig. 1. Both types of coatings are porous but

Table 1 Average temperatures and velocities measured
for the APS particles at the different standoff distances

Standoff distance, cm Temperature, �C Velocity, m s21

APS_10 10 3028 ± 279 238 ± 114
APS_17 17 2598 ± 175 155 ± 51
APS_22 22 2504 ± 75 97 ± 21

Fig. 1 SEM micrographs of polished cross sections of micro-
structures of the coatings for both spray processes: (a) FS coating
with neutral flame, (b) APS coating sprayed at 17 cm
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present different morphologies. The coating obtained by
the FS process (Fig. 1a) exhibits a structure with thicker
lamellas compared to the APS_17 coating (Fig. 1b). The
microstructures of the APS coatings were similar for the
three standoff distances and all contain more spherical
pores of larger size than those observed in the FS coating.

A comparison of the top surfaces of both CaZrO3

coatings is shown in Fig. 2. The FS coating (Fig. 2a) had a
very smooth top surface with a few unmolten particles.
The APS CaZrO3 coatings (Fig. 2b) evidenced a rougher
top surface and, apparently, higher level of porosity. No
appreciable differences among the APS coatings were
observed, although probably more overheated particles
could be expected for the coating sprayed at 10 cm.

The morphology of the APS coatings indicates forma-
tion of bubbles in the splats (Ref 14, 15). During the
particle impinging and flattening steps, entrapped hot
gases can expand and escape through the flattened parti-
cles. Depending on the flattening particle viscosity at im-
pact and the escaping gas energy, the gases could
completely pass through the flattening particle generating
volcano-sort-bubbles (Ref 16).

The x-ray diffraction patterns recorded for the original
CaZrO3 powder and for the coatings sprayed with both
processes are shown in Fig. 3. The diffraction patterns

showed that all analyzed samples contained orthorhombic
CaZrO3. Peaks that can be associated to cubic ZrO2 phase
were also clearly found in the APS coatings, although
small ZrO2 peaks were also found in the FS coating. Some
preferential orientation was observed on the XRD pattern
of the FS coating as there was an increase in the intensity
of the peaks corresponding to the (101) and (202) CaZrO3

planes, compared to that of the (121) plane (Ref 9). The
APS coatings did not show a preferential orientation since
the I(101)/I(121) ratio was somewhat similar to that of the
original powder. This less important texture effect can also
be observed at the microstructure level (Fig. 4). While a
columnar growth was observed inside the splats for the FS
coatings (Fig. 4a), the APS coatings presented only a pil-
ing up of thin splats (Fig. 4b). This fact could be explained
by the faster cooling rate of the splats in the APS, due to
the air-cooling of the substrates, as compared to the FS,
where no forced cooling was employed.

Fig. 2 Micrographs of the coatings top surface for both the
processes: (a) FS coating (b) APS coating sprayed at 17 cm

Fig. 3 XRD patterns of the CaZrO3 coatings deposited by APS
and FS processes and the original powder
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The relatively higher amount of c-ZrO2 observed in the
APS coatings, compared to the FS coating, can be asso-
ciated to the CaO volatilization caused by the higher
temperatures and reducing atmosphere generated by the
CO2/CH4 plasma during spraying. This CaO volatilization
was confirmed by the x-ray fluorescence (XRF) chemical
analyses given in Table 2. About 3 wt.% reduction in CaO
concentration was observed in the APS coating, whereas
the FS coating showed similar composition to the starting
calcium zirconate powders.

As seen in Fig. 5, the microstructure of the coatings
showed areas of different gray levels. The average EDS
analyses corresponding to those phases showed significant
differences on the ZrO2 and CaO mol.% content. The
different compositions related to these phases have been
localized in the ZrO2-CaO phase equilibrium diagram
(Ref 17), shown in Fig. 6, to aid the discussion. The matrix
main phase (CZ in Fig. 5) has a composition 50:50 mol.%
ZrO2:CaO (Fig. 6, area ‘‘CZ’’), and therefore, it would
correspond to the calcium zirconate identified by XRD.
Dark gray phases were found in FS coating (‘‘D’’ in
Fig. 5a), but not in APS coatings. These phases presented
compositions with up to 10% of other elements such as
aluminum and silicon, although maintaining the same
ZrO2:CaO ratio of �1. Therefore, these could be identi-
fied as amorphous metastable phases that on equilibrium
will crystallize on CaZrO3. These phases are not detected
for APS coatings because SiO2 volatilization occurs in
these coatings (Table 2). Finally, the main differences
among coatings refer to the amount and composition of
the clearest phases (C). Those had enriched ZrO2 com-
positions with CaO contents ranging from 41 to 20 mol.%,
extending from the eutectic point of the system (41
mol.%) down to the limit of CaO solid solution in c-ZrO2

(Fig. 6 area ‘‘C-a’’). The largest standoff distance of APS
coatings showed composition with even lesser CaO con-
tent, in the range 0-6 mol.% (Fig. 6 area ‘‘C-b’’). Accord-
ing to the XRD analyses and the information supplied by
the corresponding phase equilibrium diagram, clear phases
with CaO content less than 20 mol.% may be associated
to crystalline c-ZrO2, whereas those with CaO contents
>20 mol.% would be amorphous metastable phases.

The presence of ZrO2-enriched phases was explained
because the volatilization of CaO in the coatings was a
local phenomenon, which depended on the location of the
particles inside the flame or plasma torch. The APS 22 cm
coating showed the lowest CaO content because CaZrO3

particles are inside the high temperature plasma plume
for a longer time before reaching the substrate, which
promoted higher volatilization of the CaO.

The average microhardness and porosity values mea-
sured in all CaZrO3 coatings for both the FS and APS
processes are provided in Table 3. The FS coating showed
a slightly higher hardness value than the APS coatings.
This result is consistent with the higher porosity measured
for the APS coatings. No appreciable differences in
hardness or porosity were found among APS coatings
deposited at different standoff distances.

The thermal conductivity data obtained for all coatings
were lower than those typically reported in the literature
for ZrO2-based TBCs (Ref 18, 19). This could be ex-
plained not just by the porosity amount but also by the
pore shape (Ref 20). The FS coating is remarkable since,
having a lower porosity, its thermal conductivity is much
less than in the APS coatings. One possible cause is the
different microstructure of both coatings (Fig. 1). Longer
intersplat pores were found in the case of the FS coatings,
which means that the heat propagation through this
coating is hindered as compared to the APS coatings.

3.2 Heat-Treated Coatings

FS, APS_10, and APS_22 coatings were subjected to
thermal treatments at 1200 �C during 12 h, to study phase
and properties evolution. As there are not significant dif-
ferences in the microstructures of the APS coatings, only
the longest and shortest standoff distances have been
selected for the heat treatments. The microstructure of the
heat-treated coatings was characterized by the presence of

Fig. 4 Fresh fracture micrograph of FS (a) and APS (b) coatings

Table 2 Chemical composition of FS and APS coatings
measured by x-ray fluorescence (XRF)

Compound
Feedstock

powder, wt.%
FS coating,

wt.%
APS coating,

wt.%

CaO 30.0 29.7 27.6
MgO 0.29 0.26 0.19
SiO2 0.52 0.48 0.20
ZrO2 67.7 67.8 70.1
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longer intersplat cracks (Fig. 7) compared to the untreated
coating (Fig. 1), especially for the APS coatings. A crys-
tallization process with micropores formation is clearly
observed at higher magnification (Fig. 7c, d) This crystal-
lization probably involves volume changes and then is likely
responsible for the increase in the intersplat crack length.

The XRD analysis identified a small relative increase of
the cubic ZrO2 peaks compared to the CaZrO3 peaks in
all the treated coatings (Table 4). When melted particles
reach the substrate at very high temperature, they remain
partially amorphous; and then, crystallize later on c-ZrO2

and CaZrO3 when the coating is annealed at 1200 �C.
Although no differences in crystalline phases were
observed among the different coatings by XRD, the
as-sprayed FS coating seemed to be more crystalline as it
showed less degradation after heat-treating (Fig 7). This is
a consequence of the lower temperatures and slower
cooling rates reached by the particles.

In Table 3, the hardness values obtained for the heat-
treated samples are also shown. The reduction in more
than 25% of the corresponding original value is notice-
able. The increase of the intersplat cracks length and the
increase in apparent total porosity of the coatings could be
the main reason for this reduction.

4. Conclusions

CaZrO3 coatings produced by flame and air plasma
spray techniques present different microstructures and

Fig. 5 SEM micrographs of details of the microstructure of FS (a) and APS (b) coatings. ‘‘CZ’’ shows matrix regions of CaZrO3

composition, ‘‘C’’, clear phases, and ‘‘D’’ dark phases

Fig. 6 ZrO2-CaO phase equilibrium diagram (Ref 17). The
shadowed areas are related with the different phase compositions
found throughout the coatings

Table 3 Vickers microhardness, porosity, and thermal conductivity measured at room temperature of as-sprayed
coatings and Vickers microhardness and porosity of heat-treated coatings

As-sprayed coatings Heat-treated coatings, 1200 �C

Microhardness, GPa Porosity, vol.% Thermal conductivity, Wm21 K21 Microhardness, GPa Porosity, vol.%

FS 4.8 ± 1.5 16.5 0.29 2.9 ± 0.6 26.5
APS (10 cm) 4.2 ± 1.0 19.2 0.72 3.1 ± 0.9 25.2
APS (17 cm) 4.2 ± 1.1 19.2 0.91 - -
APS (22 cm) 4.6 ± 1.0 17.4 0.80 2.4 ± 1.2 30.0
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properties. All of them are porous, but flame sprayed
coating shows longer intersplat cracks and APS coatings
larger round pores. They are formed by a major matrix of
CaO:ZrO2 with a composition close to that of o-CaZrO3

(50:50 mol.%), and other ZrO2-enriched minor phases,
which is the consequence of a preferential volatilization of
CaO. Some of the latter have compositions with CaO
contents within the solid solution limit of the Ca-ZrO2.
Phases with compositions in the range 20-40 mol.% CaO
are identified mainly as amorphous metastable phases.

All the CaZrO3 coatings show very low thermal con-
ductivity, which is very attractive for their use as TBCs,
much lower in FS than in APS coatings due to the par-
ticular microstructure of intersplat cracks.

The thermal treatments at 1200 �C induce some crys-
tallization of the amorphous phases present in the coating,
modifying the microstructure and the mechanical prop-
erties. This process is more significant in the APS coatings
because they were more amorphous as sprayed.
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