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Abstract: Agglomerated nanocrystalline ZrO,-8%Y,0; powder prepared by spray drying was heat-treated in air at temperatures
from 1200 C to 1400 °C for 2 h. Scanning electron microscopy was used to examine the changes of particle size and morphology,
and X-ray diffraction was used to analyze the change of constituent phases before and after the high temperature heat treatment.
Nano-particle growth behavior was also investigated. The results show that the major constituent phase of the agglomerated
nanocrystalline powder is tetragonal, and non-uniform growth of the nano-particles occurs while the heat treatment temperature
reaches 1 300 ‘C. This non-uniform growth phenomenon is related with the inhomogeneous distribution of Y,03 in ZrO,.
Nano-particles grow into micron particles through the mechanisms of gradual merging of nano-particles in some areas and sudden

merging of nano-particles in other areas.
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1 Introduction

In order to reduce fuel consumption and increase
thrust-to-mass ratio and life expectation of future gas
turbine engine, many advanced materials with low
density, good toughness at room temperature and high
temperature strength have been used extensively. Heat
insulation, anti-wear and corrosion-resistant coatings
have been applied to engine components. However,
traditional micron coatings with laminar layers are brittle,
easily cracking and spalling, which results in the
decrease of the service life of the coatings. They are
difficult to meet the increasing demand for a variety of
applications such as aerospace industry. To solve these
problems, nanostructured ceramic coatings are developed.
Nanostructured coatings can be deposited by plasma
spraying and applied on metals to enhance coating
performance[1-3]. When ceramic coatings consist of
nanostructure, nano-particles in the coatings can slide
each other under stress so that its brittleness is reduced
and toughness is improved[4—5]. Plasma spray forming
of nano-oxide ceramic coatings has become a hot

research field in recent years[6—13]. However, during the
process of deposition and use of nanostructured ceramic
coatings at high temperature, nano-particles in the
nano-coatings will grow, which leads to the decrease of
its relevant properties[14]. Therefore, the temperature
limit of nano-coating applications is the key issue that
must be resolved.

It is reported that the grain growth occurs in
nanostructured zirconia-based thermal barrier coating
when heat treatment or annealing temperature reaches
beyond some points[15—16]. In addition to grain or
particle growth, phase transformation also happens in
thermal barrier coating. The
tetragonal phase to monoclinic phase strongly depends

transformation from

on grain size. The phase transformation will happen only
when grain size in the coating exceeds a minimum
size[17]. In this study, nano-particle growth behavior and
growth mechanism of the agglomerated nanocrystalline
yttria-stablized zirconia(Y'SZ) powder prepared by spray
drying and with subsequent heat treatment under the
temperatures from 1 200 ‘C to 1 400 ‘C were studied.
The experimental results and corresponding findings will
provide important reference to the development and
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application of the nanostructured zirconia ceramic
coating.

2 Experimental

Zr0,-8%Y,03; (mass fraction, the same below)
powder agglomerated by the method of spray drying was
used for the experiment of high temperature heat
treatment. Raw nanocrystalline Zr0O,-8%Y,0; powder
was purchased from Shijiazhuang Yisite Patent
Development  Corp., Hebei  Province, China.
Agglomeration of the nanocrystalline powder by the
method of spray drying was conducted in Hunan Bestful
Materials Corp. Ltd, Hunan Province, China.

Heat treatment was conducted in air in SX-12-16
box furnace using MoSi, heating elements. The aims of
the high temperature heat treatment are to remove the
organic binder of polyvinyl alcohol(PVA) from the
agglomerated particles, allowing nano-particles sintering
together, and to find an application temperature limit. As
a result, the nano-particles of the agglomerated powder
did not need to separate again during subsequent
processing and the thermal barrier coating deposited
from the powder can be safely used. During high
temperature heat treatment of the agglomerated powder,
appropriate powder samples were put into five zirconia
ceramic crucibles. Heat treatment temperatures were 1
200, 1 250, 1 300, 1 350 and 1 400 °C, respectively and
the heat treatment time was 2 h. After each heat
treatment, the powder sample was taken out from the
furnace and cooled in air. Particle morphology and size
of the powders before and after the high temperature heat
treatment were examined by KYKY2800 scanning
electron microscope. Phase constituent analysis was
made on D/MAX2500 X-ray diffractometer using
Cuk,.

For the purpose of comparison, pure nanocrystalline
ALO; powder was also heat-treated under identical
experimental conditions.

3 Results and discussion

3.1 Morphology of
8%Y,03 powder
Particle morphology of the raw ZrO,-8%Y,0; nano-

powder prepared by chemistry precipitation is shown in

Fig.1. It can be seen from Fig.1(a) that the raw powder is

non-uniform and nano-particle aggregates are present in

the raw powder. Some of these aggregates are loose (soft
agglomeration) and can be dispersed in the subsequent
processing, however the others are tight (hard
agglomeration) and cannot be dispersed in the
subsequent processing. Due to the poor flowability of the
raw powder, the powder is easily blocked in powder feed

raw nanocrystalline ZrO,-

line and the deposition efficiency is low during plasma
spraying. Therefore, the raw nano-powder has to be
agglomerated into the powder with large particle size and
spherical particle shape by the method of spray drying to
meet the requirement of plasma spraying. It can be seen
from Fig.1(b) at high magnification that the sizes of
nano-particles are in the range of 70—300 nm, mostly in
the range of 100—200 nm.

161666 20KY

Fig.1 SEM micrographs of raw nanocrystalline ZrO,-8%Y,0;
powder

3.2 Morphology of agglomerated Zr0O,-8%Y,0;

powder before heat treatment

The agglomerated nanocrystalline powder before
heat treatment is shown in Fig.2. It can be seen from
Fig.2(a) that the particle size of the agglomerated powder
is in the range of 10—60 pum and the particle morphology
is nearly spherical or donut-shape. The powders
consisting of the particles with large size and spherical
shape have good flowability and are suitable for plasma
spray. Fig.2(b) shows the surface morphology of an
agglomerated particle with the size of about 30 pm that
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25 KV
Fig.2 SEM micrographs of YSZ powder with different sizes
without high temperature heat treatment: (a) 10—60 um; (b) 30

pm

consists of many small nano-particles combined by the
organic binder of PVA.

3.3 Morphology of agglomerated Zr0O,-8%Y,0;
powder after heat treatment

Particle morphology of the yttria-stabilized zirconia
powder after heat treatment at 1 200 ‘C for 2 h is shown
in Fig.3. It can be seen from Fig.3(a) that the particle size
and the particle morphology of the agglomerated powder
are similar to those of the powder before high
temperature heat treatment, i.e. 10—60 pm of particle size,
near-spherical and donut shape. Some large
agglomerated particles sinter together. The sintering of
the large agglomerated particles is very weak and the
connection of the large agglomerated particles can be
easily broken up through sifting.

Fig.3(b) illustrates the nano-particle morphology at
high magnification. The nano-particle size is about
100-300 nm. The nano-particles connect together,
indicating that sintering of the nano-particles occurs after
the organic binder of PVA is burnt.

Fig.4 shows the nano-particle growth process after
the agglomerated yttria-stabilized zirconia powder is
heat-treated at the temperatures from 1 250 C to 1 350
‘C. It can be seen in Fig.4(a) that no single nano-particle
is isolated and all of the nano-particles sinter together
after the powder is heat-treated at 1 250 ‘C. However,
the growth of the nano-particles is insignificant at this
temperature. The nano-particle size is 300—400 nm. The

o, i
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0.2 um

Fig.3 Micrographs of YSZ powder with different sizes after
heat treatment at 1 200 ‘C for 2 h: (a) 10-60 pm; (b) 100—300

nm

nano-particle morphology of the powder after heat
treatment at 1 300 ‘C for 2 h is shown in Fig.4(b). The
nano-particles remarkably grow up. Some of the
nano-particles grow into 600—700 nm. Fig.4(c) shows
the result of significant nano-particle growth after the
powder is heat-treated at 1 350 “C for 2 h. Some of the
nano-particles grow into 800—900 nm.

Non-uniform growth phenomenon appears when
heat treatment temperature is above 1 300 ‘C. One kind
of growth is the gradual merging of the nano-particles
with the increase of heat treatment temperature, finally
becoming micron particle, and another kind of growth is
the sudden merging of many small nano-particles when
the heat treatment temperature is sufficiently high.

Morphology of the agglomerated yttria-stabilized
zirconia powder after heat treatment at 1 400 C for 2 h
is shown in Fig.5. Non-uniform growth is obvious. It can
be seen in Fig.5(a) that some of the nano-particles grow
into micron size while others are in nano-size or
sub-micron size. These small particles are polygonal and
meet each other at 120°. Almost all of these small
particles sinter together, making the large agglomerated
particles integral. Fig.5(b) illustrates the formed nano-
particle block after the high temperature sintering.
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Fig.4 SEM micrographs of YSZ powders after heat treatment
at different temperatures for 2 h: (a) 1 250 C; (b) 1 300 C;
(¢)1350 C

3.4 Phase analysis of powders before and after heat

treatment

X-ray diffraction pattern of the Zr0O,-8%Y,0;
agglomerated powder before heat treatment is shown in
Fig.6(a). It can be seen in Fig.6(a) that the powder is
composed of tetragonal phase and monoclinic phase. The
major constituent phase is tetragonal. No impurity is
found. When heat treatment is conducted at a
temperature higher than 400 °C, the organic binder of
PVA in the agglomerated powder is completely burnt.
X-ray diffraction results on the powder samples
heat-treated from 1 200 C to 1 400 ‘C show that the
content of tetragonal phase is increased and the content
of the monoclinic phase is decreased when the heat
treatment temperature is increased. When the heat
treatment temperature reaches 1 400 C, the monoclinic
phase almost vanishes and the predominant phase is
tetragonal, as shown in Fig.6(b). The tetragonal phase is
desired because the phase transformation from tetragonal

0.2 pm

Fig.5 Micrographs of YSZ powder after heat treatment at 1 400
‘C for 2 h: (a) Micron size particles; (b) Nano-particle block
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Fig.6 XRD patterns of ZrO,-8%Y,0; agglomerated powder
before heat treatment (a) and after heat treatment at 1 400 C
for 2 h (b)
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to monoclinic accompanies 3%—5% volume change and
causes cracking when zirconia coatings are used
repeatedly from low temperature to high temperature.

3.5 Yttria-stablized zirconia nano-particle growth
mechanism

In order to stabilize the tetragonal phase of zirconia,
yttria is often added into zirconia. The distribution of
Y,05in ZrO, has two states: one state is the yttria present
in the lattice of ZrO,, forming solid solution; the other
state is the yttria accumulated on the surface or boundary
of ZrO,. Because only 8% Y,0; is added into ZrO,, the
solid solution formed is not saturated with Y,0O3 and no
Y,0; precipitates on ZrO, grain boundary or ZrO,
nano-particle surface. Because Y** ion radius and Zr**
ion radius are somehow different, lattice distortion will
be created and micro-stress will be generated when Y**
ions enter the lattice of ZrO, and replace Zr*". This kind
of micro-stress plays a role in inhibiting the phase
transformation from high temperature tetragonal phase to
low temperature monoclinic phase.

SEM observation on the heat-treated powder reveals
that the yttria-stablized zirconia nano-particles grow
slowly and uniformly when heat treatment temperature is
below 1 300 °C and obvious nano-particles growth
occurs only when heat treatment temperature is above
1 300 ‘C. With the further increase of heat treatment
temperature, the nano-particles grow from nano-size to
sub-micron or micron-size. The nano-particles growth is
not uniform. Energy dispersive analysis of X-ray(EDAX)
of different small particles reveals that there is a
difference of yttria content in zirconia in different areas
of the large agglomerated particle, as shown in Fig.7.

In order to reveal the growth mechanism of YSZ
nano-particles during the high temperature heat treatment,

150KV 3.0

Point 1 Point 2
Element w/'%  x/% Element w/% x/%
O 13.52 47.05 O 28.94 69.86
Y 11.15 6.98 Y 541 2.35
Zr 75.33 45.97 Zr 65.64 27.79

Fig.7 SEM micrograph and EDAX result of YSZ powder after
heat treatment at 1 400 ‘C for 2 h

the growth behavior of Al,O3 nano-particles was studied
for the purpose of comparison. Raw alumina nano-
particles have the average size of about 100 nm.
Dispersion of the raw alumina powder is rather poor.
Some nano-particles are aggregated. The aggregation
phenomenon of the nanocrystalline powder is due to the
high surface energy and high moisture adsorption
capability of nano-particles. The aggregates having soft
agglomeration can be dispersed by milling/ultrasonic
processing; while the aggregates having hard
agglomeration can not be dispersed, which will be
remained in the large particles agglomerated by spray-
drying. Fig.8(a) shows nano-particle size, shape and state
on the surface of an agglomerated nanocrystalline Al,O4
particle at a high magnification. This agglomerated
powder is not heat-treated.

1 pm KYKY-2800

Fig.8 SEM micrographs of agglomerated nanocrystalline AL,O;
powder: (a) Without heat treatment; (b) Heat treated at 1 400
C for2h

Heat treatment of agglomerated Al,O; powder was
conducted under identical conditions as used for heat
treatment of agglomerated Zr0O,-8%Y,0; powder. The
surface morphology of agglomerated Al,O; powder
heat-treated at 1 400 ‘C for 2 h is shown in Fig.8(b).
From this high-magnification SEM micrograph, it can be
seen that Al,O; nano-particles grow into 300—400 nm,
but the growth rate is much lower than that of the
Zr0,-8%Y,0; nano-particles. Unlike yttria stabilized
zirconia nano-particles, all Al,O; nano-particles grow
gradually and uniformly with the increase of heat
treatment temperature. The uniform growth of all Al,O;
nano-particles implies that the pre-existed aggregates are
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not the sites for priority growth and will not affect the
growth of nano-particles.

Through the comparative analysis of the growth
behaviors of Al,O; nano-particles and ZrO,-8%Y,0;
nano-particles after the high temperature treatment, it can
be inferred that the non-uniform growth of ZrO,-
8%Y,0; nano-particles is related with the
inhomogeneous distribution of Y,0s in ZrO..

4 Conclusions

1) Nano-particles of agglomerated ZrO,-8%Y,0;
powder grow obviously when heat treatment temperature
reaches 1 300 C, which limits the application
temperature of nanocrystalline ZrO,-8%Y,0; material.

2) The nano-particles show non-uniform growth.
This non-uniform growth phenomenon is related with the
inhomogeneous distribution of Y,0; in ZrO,. Some
nano-particles grow into a micron particle by the way of
gradual merging of nano-particles with the increase of
heat treatment temperature, while other nano-particles
become micron particles by the way of sudden merging
of many nano-particles when heat treatment temperature
is higher than 1 300 C.
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