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Abstract

A nanostructured thermal barrier coating has been prepared by air plasma spraying using YSZ (8 wt% Y,05 partially stabilized zirconia) nano
powder. The effect of annealing on the nanostructured zirconia coating has been investigated. The grain size of the nanostructured zirconia coating
increased with increasing annealing time and temperature. Grains grew with preferential direction and into a columnar structure. The growth
activation energy in the nanocrystalline grains is very low, which comes from existence of micro-pores in the coating and the grain-rotation-

induced grain coalescence (GRIGC) mechanism.
© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) have been widely used
since the 1970s to insulate metallic components in gas-turbine
and diesel engines from high temperatures. These coatings can
prolong the lifetime of the component and increase allowable
operating temperatures [1]. A typical duplex TBC system
consists of a thermally insulating ceramic top coat and an
oxidation-resistant metallic bond coat applied over a metal
substrate providing structural strength. A thermally grown
oxide (TGO) would form between the ceramic top coat and the
bond coat due to high temperature oxidation of the bond coat.
The YSZ coatings are commonly used as top coating because of
their low thermal conductivity and high coefficient of thermal
expansion. MCrAlY (M=Ni, and/or Co) is used as a bond coat
to provide a good thermal expansion match between the top
coat and substrate and inhibit oxidation of the substrate. It is
reported that the development of high efficient engine requires
TBCs of lower thermal conductivity to ensure a high degree of
thermal insulation and good strain tolerance to relieve the
residual thermal stresses generated during engine operation.

In recent years, the nanostructured zirconia ceramic coatings
have been focused on. The nanostructured YSZ may enhance
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the performance of the TBCs due to its low thermal
conductivity, high coefficient of thermal expansion and
excellent mechanical properties of this kind of coating [2-7].
However, few reports on plasma-sprayed nanostructured
zirconia coatings have been published. In this paper, an
interest has been focused on the influence of heat treatment on
the grain growth of the YSZ coating for providing the relevant
knowledge.

2. Experimental procedures

An 8 wt% Y,05 partially stabilized nanostructured zirconia
powder, having grain size of 15-35 nm, was sprayed (APS) on
the stainless steel. The size distribution of the agglomerated
nano-sized particles is 40-60 wm. Then, the sample used for
annealing was put into cooled water immediately after the air
plasma spraying has been done. The coating has been detached
from the stainless steel, and was 1 mm in thickness. The
temperature of the substrate and coating during the plasma
spraying was about 300—400 °C because of air cooling. The
plasma spraying parameters are given in Table 1.

The heat-treatment tests were performed for 15 h at 600,
800, 900, 1000, 1100, 1150, and at 1100 °C for 15, 25, 45, 70,
100, and 300 h, respectively.

Crystalline species in zirconia powders and coatings after
heat treatment were characterized using a D/max 2200pc X-ray
diffractometer (Cu Ka radiation; Rigaku, Tokyo, Japan).
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Table 1

Plasma-spray parameters for nanostructured zirconia coating

Power (kW)

Current (A)

Voltage (V)

Primary gas (Ar) (slpm)*

Secondary gas (H,) (slpm)*

Carrier gas (Ar) (slpm)*

Spraying distance (mm)

Feed rate (g min~ ")

Injector internal diameter (mm)
Injector position to the torch axis (mm)
Injector position to the nozzle exit (mm)

28
560
50
60

80
25
L5

8.5

# splm: Standard liter per minute.

Fig. 1. SEM microstructure of the as-sprayed zirconia coating.

The mean grain sizes of coatings were calculated using the

Scherrer equation [8,9]:
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where D is the average dimension of crystallite, B, (26) the
broadening of the diffraction line measured at the half max-
imum intensity, A (0.154 nm) and 6 denotes the wavelength of
the X-rays and the Bragg diffraction angle, respectively.

The microstructures of the nanostructured zirconia coatings
were determined with a S-3500 scanning electron microscope
(Hitachi, Tokyo, Japan) and a H-800 transmission electron
microscope (Hitachi).

3. Results and discussion

3.1. Microstructure of as-sprayed nanostructured thermal
barrier coating

Fig. 1 presents the microstructure of as-sprayed nanos-
tructured zirconia coating revealed in fractured cross-section.
It can be seen from Fig. 1 that there are two kinds of structures
in the coating: the continuous molten phase and the loose
microstructure. It can be seen that the structure is very loose,
and the micro-pores between the micro-particles have sizes
similar to those of nano-particles. This structure will enhance
the thermal insulation property of TBCs [4,7]. The TEM
image reveals the grain size of primitive particles and the as-
sprayed coating, as shown in Fig. 2. It is seen that the non-
molten phase of the coatings are composed of fine grains with
sizes ranging from 30 to 50 nm. No smaller grains were found
in TEM image.

3.2. Effect of annealing temperature and time on grain size

Fig. 3 gives the XRD patterns of as-deposited coatings
before and after annealing treatment at different temperatures
for 15 h and at 1100 °C for different times. The coatings before
and after annealing consist of tetragonal phase zirconia,
indicating that the phase transformation within the coating did
not occur during the annealing.

.'

50nm

Fig. 2. TEM image of the primitive nano YSZ particles (a) and the as-sprayed coating (b).
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Fig. 3. XRD patterns of the as-sprayed coating and the coatings after heat
treatment (a) samples after heat treatment for 15 h at different temperatures (b)
samples after heat treatment at 1100 °C for different times.

The mean grain sizes of zirconia coatings were calculated
using the Scherrer equation from the results of XRD after heat
treatment at different temperatures for 15 h and at 1100 °C for
different times, as shown in Fig. 4. It is seen that the calculated
grain size of the as-deposited coating is about 57 nm, which
coincided with the transmission microscopy observation. The
grain sizes of the nanostructured zirconia coating increase with
increasing annealing temperature, the average grain size
changes from 57 to 88 nm. The annealing time increases,
merely the same regularity for the grain growth from 57 to
177 nm.

The activation energy of grain growth within nanostructured
TBC was deduced from Fig. 4(a). It was assumed that the grain
growth in the nanostructured zirconia coating was thermally
activated according to the following equation:

D, = Dyexp (;—?)
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Fig. 4. Grain sizes of YSZ coatings after heat treatment for 15 h at different
temperatures (a) and at 1100 °C for different times (b).
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Fig. 5. Variation of In (D/D,) with minus reciprocal of the temperature.
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Fig. 6. Surface morphology of the nano YSZ coatings at different temperature after heat treatment for 15 h (a) as-sprayed state, (b) 600 °C, (c) 800 °C, (d) 900 °C, (e)

1000 °C, and (f) 1150 °C.

where Dy and D, denote the initial and final nanocrystallite
sizes, R is the mol gas constant and 7T is the annealing
temperature. Fig. 5 shows the variation of In (D,/D,) with
minus reciprocal of the temperature. Hence, the activation
energy of grain growth can be obtained from the graph of
Fig. 5 and is calculated to be 6.5 kJ/mol, which is much lower
than that observed for bulk YSZ (580 kJ/mol) [10]. Similar
observation has also been reported for other ceramics,
namely, ZnO, where the growth activation energy in the
nanocrystalline grains is observed to be ~20 kJ/mol, while
that for microcrystalline grains is observed to be ~275 kJ/
mol. It is obvious that the very low activation energy of grain
growth appears to be a characteristic feature of nanocrystal-
line ceramic oxides [11].

3.3. Effect of annealing on the morphology

Details of the microstructural features before and after
annealing were examined through SEM observation on the
surface of top coat. Fig. 6 presents the surface morphology of
nanostructured zirconia coatings in the as-sprayed state and
after heat-treating at different temperatures for 15 h. The as-
sprayed microstructure is composed of the nano-powders and
micro-pores between the nano-powders. The size of the nano-
powders increases after annealing at different temperatures for
15 h.

Further details of the microstructural features of the
nanostructured zirconia coating after annealing were examined
through fractured surfaces of coating. The microstructure of the
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Fig. 7. Microstructure of nanostructured zirconia coating revealed in this fracture cross-section after annealing at 900 °C (a) and 1100 °C (b) for 15 h.

coating after annealing was composed of lamellae and nano-
particles (Fig. 7). After annealing, each lamella has a length of
about 3—15 pm and thickness of about 0.5-2 wm, as shown in
Figs. 7 and 8. As mentioned, the mean grain size had been
calculated from the results of XRD. The size of the nano-
particles increases, the length and thickness of each lamella
may also increase, which resulted from the change of the mean
grain size from 57 to 88 nm with increasing temperature and 57
to 188 nm with increasing time. Different locations of the
fractured coating exhibit similar results.

Fig. 9 presents the surface morphology of nanostructured
zirconia coatings in the as-sprayed state and after heat-treating
at 1100 °C for different times. The as-sprayed microstructure
was composed of the nano-particles and micro-pores between
them. The size of the nano-particles increases with increasing
annealing time.

The fractured surfaces of the coating were examined, as
shown in Fig. 8. They also are composed of lamellae and nano-
particles. Further, these lamellae consist of columnar grains,
grown from bottom to the top of the lamellae, indicating that
grains grew with preferential direction and into columnar
structure after heat-treating for 100 and 300 h at 1100 °C, and

the original nanostructure would disappear after a long heat
treatment at high temperature. Therefore, in order to obtain
high temperature stability, the starting powders must be doped
with some phase stabilizer.

The very low activation energy value of ~6.5 kJ/mol
observed in this study mainly comes from two aspects’
contribution for the grain growth behavior. First, the existence
of micro-pores in the coating makes the surface energy increase
drastically and decreases the growth activation energy of nano-
particles. After this step, the grain-rotation-induced grain
coalescence (GRIGC) mechanism [12,13] must be considered
during the growth of nanocrystalline colloidal oxide. According
to this model, the rotation of grains among neighboring grains
results in a coherent grain—grain interface, which leads to the
coalescence of neighboring grains via the elimination of
common grain boundaries. A rotation process, which presents
very low activation energy or even a zero-kinetic barrier
according to the GRIGC mechanism, may occur to decrease the
angle of misorientation and change the grain’s orientation. In
the present investigation, the grain morphology showed
preferential growth during the annealing. This result indicates
that the GRIGC mechanism occurs.

Fig. 8. Microstructure of nanostructured zirconia coating revealed in this fracture cross-section after annealing at 1100 °C for 100 h (a) and 300 h (b).
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Fig. 9. Surface morphology of the nano YSZ coatings at 1100 °C after heat treatment for different times (a) 15 h, (b) 25 h, (c) 45 h, (d) 70 h, (e) 100 h, and (f) 300 h.

4. Conclusion

The nanostructured zirconia coating consisted of two kinds
of structures: the continuous molten phase and the loose
microstructure. The average grain size of zirconia coating
calculated from XRD increased with the rising of annealing
temperature and time.

The very low activation energy is observed for the grain
growth in the nanostructured zirconia coating within the
annealing temperature range of 600-1150 °C. The lower
activation energy may be attributed to the existence of
micro-pores between the grains and the grain-rotation-induced
grain coalescence mechanism. The present results are
beneficial to the application of nanostructured TBC used in
the gas-turbine and diesel engines at high temperatures.
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