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Abstract

Yttria partially stabilized nanostructured zirconia coatings were deposited by atmospherical plasma spraying (APS). The micro-

structure of the as-sprayed nanostructured coating was characterized with Scanning electronic microscopy (SEM), Transmission
electron microscopy (TEM), X-ray diffraction (XRD) and Raman spectrum (RS). The laser-flash diffusivity method and push-rod
method were used to examine the thermomechanical properties of the nanostructured zirconia coatings. The results obtained indi-
cated that the plasma-sprayed zirconia coating possessed nano-structure and its average grain size was about 73 nm. The average

thermal expansion coefficients of the nanostructured coating at the first thermal cycle and second thermal cycle from room tem-
perature to 1200 �C are 11.0 and 11.6�10�6 �C�1, respectively. The thermal diffusivity of the nanostructured zirconia coating was
1.80–2.54�10�3 cm2/s between 200 and 1200 �C. The microhardness of the nanostructured zirconia coating was 8.6 GPa, which was

1.6 times as large as that of traditional zirconia coating.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Plasma-sprayed thermal barrier coatings (TBCs) were
traditionally applied to gas turbine engines blades and
vanes in order to reduce their operating temperatures
and increase the component durability. Zirconia-based
coatings were commonly used as TBCs because of their
low thermal conductivity and high coefficient of thermal
expansion.1�4 Recently, the preparation of nano-
structured zirconia coating has become an active field in
thermal spray industry.5�9 It was reported that the
development of yttria stabilized nanostructured zirconia
coatings might enhance the performance of TBCs due to
low thermal conductivity, high coefficient of thermal
expansion and excellent mechanical properties of this
kind coating.8,9

In this paper, an interest has been taken in the
thermophysical properties of plasma-sprayed nano-
structured zirconia coating, because it is possible to be
used at extremely high temperatures and severe thermal

loads in future. The service life of plasma-sprayed TBC
is closely related to thermal shock resistance and the
thermal expansion mismatch strains, etc.2�4 There are
many reports on the determination of thermophysical
properties of plasma-sprayed traditional zirconia coat-
ings, deposited with sintered and crushed micrometer
zirconia powder.3,10�15 However, few reports on
plasma-sprayed nanostructured zirconia coatings have
been published.
The purpose of the present paper was to investigate

the thermophysical properties and the Vickers micro-
hardness of the plasma-sprayed nanostructured zirconia
coating. Since the thermomechanical properties of the
coating are tightly related to its microstructure, the
phase composition and the grain size of the as-sprayed
coating were identified also.

2. Experimental procedures

2.1. preparation of nanostructured zirconia coating

A 3 mol% Y2O3 partially stabilized nanostructured
zirconia powder, having grain size of 50–120 nm, was
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used as the starting powder and was reconstituted into
spherical micrometer-sized granules (typical size range
in 15–45 mm) by spray-drying process before plasma
spraying in this experiment. A Metco A-2000 atmo-
spheric plasma spraying equipment (Sulzer Metco AG,
Switzerland) was selected to spray the nanostructured
zirconia coating. During the spraying process, the sub-
strates were cooled by circulating water and surfaces of
the coatings were cooled by compressed air. The final
coatings with thickness of 1.5–3.0 mm were sprayed
onto an aluminum plate of 9 mm�14 mm�3 mm. Sev-
eral samples were cut from these coatings for the follow-
ing measurements of thermophysical properties. Table 1
summarizes the parameters for plasma spraying.

2.2. Microstructure analysis

The phase structure of the starting powders and the
as-sprayed coating were identified with an RAX-10
X-ray diffractometer (Rigaku, Tokyo, Japan) and a
LabRam-1B Micro-Raman spectrometer (Dilor,
France). The microstructures of the nanostructured zir-
conia coatings were determined with an EPMA-
8705QH2 electron probe analyzer (Shimadzu, Tokyo,
Japan) and a JEM-200CX transmission electron micro-
scopy (Jeol, Tokyo, Japan). The dependence of grain size
of nanostructured zirconia coating on the heat-treating

temperature was also explored using X-ray diffraction
(XRD).

2.3. Coefficient of thermal expansion

Thermal expansion measurements of the as-sprayed
nanostructured zirconia coating were carried out in air
using a high-temperature electronic dilatometer (Model
402ES-3, Netgsch, Germany). The coating samples were
5 mm�50 mm�2 mm. Heating rates of 5 �C/min and
heating temperature range 25–1200 �C were used.
Values of fractional length changes, �l/l, were obtained
and the coefficients of thermal expansion, �, were cal-
culated. The second measurement was carried out using
the same sample after cooled to room temperature.

2.4. Thermal diffusivity

The samples were machined to disk shape (10.2 mm in
diameter and 1.3 mm in thickness) along the direction
parallel to the coating surface for thermal diffusivity
measurements. The laser-flash diffusivity method was
used to explore the thermal diffusivity in the tempera-
ture from 200 to 1200 �C. In order to assure complete
absorption of the laser-flash at the sample surface and
measurement of the transient temperature at the oppo-
site surface, the coating samples were coated with a
carbon film before the measurement. During the process
of cooling to room temperature, the thermal diffusivity
of the same coating sample was also measured. For
comparison, the traditional zirconia coating sprayed at
the same parameters as nanostructured zirconia coating
was also measured.

Table 1

Plasma-spray parameters for nanostructured zirconia coating

Primary Ar (slpm) 42

Secondary H2 (slpm) 12

Carrier Ar (slpm) 3.5

Gun current (amp) 620

Gun voltage (V) 73

Spray distance (mm) 120

Fig. 1. The typical SEM microstructure of the as-sprayed nano-

structured zirconia coating.

Fig. 2. Transmission electron micrograph of the nanostructured

zirconia coating.
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2.5. Microhardness evaluation

The Vickers microhardness of the as-sprayed zirconia
coatings were measured at 25 randomly located positions
on the polished cross section for every sample by a
HX-1000 Microhardness Tester. The Vickers microhard-
ness value came from the average of 25 points. To void

the effect of stress field, the distance between two inden-
tations was kept greater than 3 times the indentation
diagonal.16 The measured condition of Vickers micro-
hardness as follow: under load of 1.96 N and loading time
of 15 s. The traditional zirconia coatings plasma
sprayed at the same parameters as nanostructured zir-
conia coatings were measured also for comparison.

Fig. 3. XRD spectra of the starting powders and the as-sprayed coating.
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3. Results and discussion

3.1. Microstructure analysis

Fig. 1 presents the typical SEM microstructures of the
as-sprayed nanostructured zirconia coatings. It can be
seen that the pores are isolated and homogeneous dis-
tribution in the coatings. Most of them are less than 10
mm. Transmission electron microscopy image reveals
that the coatings are composed of fine grains with size
ranging from 30 to 110 nm, as shown in Fig. 2. Phase
identification of the nanostructured zirconia coating
was carried out using X-ray Diffraction (XRD) with
CuKa radiation and Raman spectroscopy.
Fig. 3 shows XRD spectra of starting powder and as-

sprayed coating. It can be seen that monoclinic phase
zirconia, contained in the starting powders (see Fig. 3a),
was transferred to tetragonal phase zirconia after the
plasma spraying. There isn’t a monoclinic phase in the

as-sprayed zirconia coating as shown in Fig. 3b. The
Raman spectrum of the as-sprayed coating, as shown in
Fig. 4, confirmed this conclusion. Fig. 4 also indicated
that the as-sprayed nanostructured zirconia coating was
consisted of tetragonal phase zirconia because its spec-
tra were dominated by the relatively sharp tetragonal
Raman modes.17,18

The volume-average grain size of the as-sprayed coat-
ing and the coatings treated at 900, 1000, 1100, and
1200 �C for 2 h were determined from XRD peak broad-
ening [e.g. the (111)t] using the Scherrer equation:

19,20

Bp 2�ð Þ ¼ 0:9l=Dcos�

where D is the average dimensions of crystallite, Bp(2�)
is the broadening of the diffraction line measured half
maximum intensity, l is the wavelength of the X-ray

Fig. 5. The average grain size of zirconia for heat treating for 2 h at

different temperatures.Fig. 4. Raman spectrum of the nanostructured zirconia coating.

Fig. 6. Coefficient of thermal expansion of the nanostructured zirconia coating.
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radiation and � is the Bragg angle. The correction for
instrumental broadening was taken into account in the
measurement of the peak broadening. In this study, this
was done by comparing the width at half-maximum
intensity of the X-ray reflections between the sample
and the single-crystalline Si standard whose diameter is
larger than 10�4 cm.

B2
p 2�ð Þ ¼ B2

h 2�ð Þ � B2
f 2�ð Þ or Bp 2�ð Þ ¼ Bh 2�ð Þ � Bf 2�ð Þ

In the above equation, Bp(2�) is the half-maximun
width if there was no instrumental broadening, and
Bh(2�) and Bf(2�) are the width of the coating samples
and the crystalline Silicon standard, respectively.
Fig. 5 presents the average grain size calculated using

Scherrer equation of the as-sprayed coating and the
coatings treated at 900, 1000, 1100, and 1200 �C. Fig. 5
indicates that the grain size of nanostructured zirconia
coatings increases slowly at temperature less than
1100 �C, then increase quickly with increasing tempera-
ture. The average grain size is about 73 nm, which
coincided with the observation of transmission electron
microscopy. The formation of nano-structure in the
plasma sprayed zirconia coating was resulted from the
high heating rate of plasma spraying process, short
residence time in the plasma jet and high cooling rate of
the powder particles.6,7 There isn’t enough time to grow
up for nano-scale grains.

3.2. Coefficients of thermal expansion (CTE)

Fig. 6 shows thermal expansion coefficient of nano-
structured zirconia coating. The average thermal

expansion coefficient of the zirconia coatings at the first
thermal cycle and second thermal cycle from room
temperature to 1200 �C are 11.0 and 11.6�10�6 �C�1,
respectively. The thermal expansion coefficient of the
zirconia coating increased firstly and then decreased
from room temperature to 300 �C in the first thermal
cycle. This behavior is ascribed to the oxygen loss
phenomenon in ceramic coatings prepared by atmo-
spheric plasma spraying.21,22 When the as-sprayed zir-
conia coating was heated in atmosphere, the oxygen
atoms were added to the vacancies of the coating
again. The phenomenon was disappeared in second
thermal cycle. During the second thermal cycle, the
coefficient of thermal expansion increased linearly with
increasing temperature.

3.3. Thermal diffusivity

Fig. 7 presents the thermal diffusivity of nanos-
tructured and traditional zirconia coatings during the
temperature from 200 to 1200 �C. It can be seen that the
thermal diffusivities of both nanostructured and tradi-
tional zirconia coatings decreases slightly with an
increase in temperature. The thermal diffusivity of the
nanostructured zirconia coating was 1.80–2.54�10�3

cm2/s in the measured temperature range, while the
thermal diffusivity of traditional zirconia coating was
2.25–3.57�10�3 cm2/s. And compared with the pub-
lished thermal diffusivity data of traditional plasma
sprayed zirconia coating,12�14 it can be concluded that
the plasma-sprayed nanostructured zirconia coating
exhibited lower thermal diffusivity. It was explained in
terms of the reduced grain size and the optimized pore

Fig. 7. Thermal diffusivity of the as-sprayed nanostructured and traditional zirconia coatings.
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size of nanostructured zirconia coatings.8,23,24 The
smaller the grain size, the larger the boundary volume
and the easier the phonon scatting at grain and layer
boundaries.8 The reduced thermal diffusivity was also
benefited from the homogeneous distribution of pores in
the plasma sprayed nanostructured zirconia coating.

3.4. Microhardness evaluation

The average Vickers microhardness measured at
cross-section area of the as-sprayed nanostructured zir-
conia coating was up to 8.6 GPa, which was about 1.6
times as large as that of traditional zirconia coating
deposited at the same conditions. Fig. 8 shows the SEM
micrographs of the indents of traditional and nanos-
tructured zirconia coatings. Comparing Fig. 8a with b,
it was found that less cracks and thinner indenter major
diagonal were appeared on the surface of nano-
structured zirconia coating after the identification,
which indicated that the toughness of nanostructured
zirconia coating was enhanced correspondingly with the
great increasing of microhardness.25

4. Conclusions

The nanostructured zirconia coatings were deposited
by atmospherical plasma spraying. The results of X-ray
diffraction and Raman spectrum revealed that the
plasma-sprayed nanostructured zirconia coating was
composed of tetragonal zirconia phase. The as-sprayed
coatings were composed of fine grain size ranging from
30 to 110 nm. The average size of the as-sprayed coating
was about 73 nm. The Vicker microhardness of the as-
sprayed nanostructured zirconia coating was 8.6 GPa,
which was about 1.6 times as large as that of traditional

zirconia coating. Thermophysical properties of the as-
sprayed nanostructured zirconia coating, such as ther-
mal expansion, thermal diffusivity were measured. The
obtained results revealed that the coating exhibited low
thermal diffusivity (1.80–2.54�10�3 cm2/s) and high
thermal expansion coefficient (11.0–11.6�10�6 �C�1).
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