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Abstract

The phase transition and microstructure evolution of yttria-stabilized zirconia (YSZ) when firing in a reducing atmosphere are investigated in
the present study. As the sintering temperature is lower than 1400 °C, the phase observed for the YSZ specimens is the first tetragonal (t) phase with
a grain size of only 0.4 wm in average. When the sintering temperature is increased above 1450 °C, the second tetragonal (t') phase appears together
with a rapid grain growth rate. A surface layer with grains larger than 20 pm is observed for the YSZ specimens sintered at 1600 °C. It is found that
the addition of metallic nickel particles has little influence on the phase transition of YSZ; however, the growth of t'-phase grains is reduced with the

addition of Ni particles.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The mechanical properties of yttria-stabilized zirconia
(YSZ) are superior among ceramics. Apart from structural
applications, YSZ has been used for many areas, such as the
thermal barrier coating (TBC) for gas turbine blades [1] and the
ionic conductor for solid oxide fuel cell (SOFC) [2] etc. Both
zirconia coating and ionic conductor are operated in severe
conditions involving heat and reducing environment. For
example, the use of zirconia coating allows the increase of the
operation temperatures to above 1300 °C [3]. The oxygen
partial pressure within engine is very low due to the combustion
of fuel. Furthermore, some residual carbon may be formed as a
result of incomplete burning of fuel. For SOFC, the zirconia
electrolyte is operated at an intermediate temperature in both
oxidizing and reducing atmospheres. As carbon-containing fuel
(such as methane) is used, residual carbon may also be formed
[4-6]. The presence of carbon may generate a reducing
atmosphere at elevated temperature.

There are three major polymorphs, monoclinic (m)
tetragonal (t) and cubic (c) phases for zirconia. The stress-
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induced phase transformation from t to m is the origin for the
high toughness of partial stabilized zirconia [7]. Apart from m, t
and c phases, several other phases have also been found. For
examples, an orthorhombic phase has been observed as an
external pressure of 50 GPa was applied [8]. A rhombohedral
phase was found sometime on the machined surface [9]. A
second tetragonal phase, t' phase, was often observed in the
samples fast-cooled from c-phase region [10]. The t’ phase was
also found in a 3 mol% Y,O; doped ZrO, after sintering in N, at
1500-1650 °C [11]. Miller and his coworkers suggested that the
transition from ¢ phase to t' phase was a diffusionless process
[12]. Heuer and his colleagues looked into the microstructure of
t'" phase and claimed that the ¢ to t' transformation was a
displacive transformation [10,13,14]. The t phase was
relatively stable against external pressure [15], the phase was
thus a preferred phase for the TBC material [12]. Chevalier
et al. also pointed out that the presence of t' phase improves the
low temperature degradation problem of YSZ [16]. The XRD
patterns for t, ¢ and t' phases are very similar to each other.
Nevertheless, the presence of t’ phase can be identified by using
the X-ray diffraction (XRD) technique in the 26 range from 72°
to 76° [17-19].

The addition of aliovalent oxides, such as CaO, MgO, Y,03
etc., reduces the martensite transformation starting temperature
(Ms) to a temperature below room temperature [7]. The high
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temperature phase, such as t phase, thus remains till room
temperature. The solution of these stabilizers is accompanied
with the formation of oxygen vacancy to fulfill the neutrality
requirement. The amount of oxygen vacancy may thus affect
the phase stability of YSZ [20]. Besides using the stabilizers,
the oxygen vacancy can also be created by heat-treating
zirconia in an oxygen-lean environment. For examples, the
solution of nitrogen into zirconia [11,19,21,22] and the use of
flowing hydrogen [23] and carbon monoxide [24] can induce
extra oxygen vacancy. In view of the applications for TBC and
SOFC, the phase stability of YSZ in a reducing environment is
an important issue.

The phase stability of zirconia is also affected by its
microstructure. Among all the microstructure features, the
grain size plays a critical role on the phase transformation
ability. Spontaneous t to m transformation is taken place as the
grain size of t-phase exceeds a threshold value (e.g. ~1 wm for
3 mol% Y,05 doped ZrO,) [25]. To control the grain growth
behaviour of zirconia is a key issue for the application of t-
phase zirconia. The growth of t-zirconia grains is relatively
slow [26]. However, the grain growth rate of cubic phase is fast;
a 30-250 faster growth rate, comparing to that of t-phase, has
been reported [27]. The addition of a second phase particles
may otherwise slow down the grain growth rate [28]. The grain
growth behaviour of t' phase has not been reported before. The
transformation ability of t' as a function of grain size has not
been determined either.

For both SOFC and TBC applications, the zirconia and
carbon may co-exist at elevated temperature. The presence of
carbon may lower significantly the oxygen partial pressure at
elevated temperature; a highly reducing atmosphere is thus
resulted. The effect of the reducing atmosphere on the phase
transition and microstructure evolution of ZrO, at elevated
temperatures has attracted little attention. In the present study,
the YSZ specimens are fired within a graphite powder bed, their
phase transition and microstructure evolution during sintering
are investigated. Furthermore, for the application of SOFC,
metallic Ni particles are usually added into zirconia to act as the
conductor for electrons. The effect of metallic particles on the
phase transition and microstructure stability is also investi-
gated.

2. Experimental procedures

A 3 mol% Y,03-doped ZrO, powder (TZ-3Y, Tosoh Co.,
Japan) was used as the starting powder in the present study.
Disc-shaped green compacts were prepared by uniaxial
pressing the starting powder at 13 MPa. The sintering was
carried out at 1400-1600 °C for 1 h. The heating rate and
cooling rate were 5 °C/min. The sintering was carried out by
burying the green compact in a graphite powder bed and
cushioned on a graphite plate in a covered crucible. For
comparison purpose, some specimens were prepared by
sintering in air.

The effect of Ni particles on the phase and microstructure
stability of YSZ in the reducing atmosphere was also
investigated. The powder mixture of YSZ and Ni was prepared

by using a chemical adsorption technique [29]. A nickel nitrate
(Showa Chemicals Inc., Tokyo, Japan) solution was used to
coat the nickel ions onto the zirconia powder. The nano-sized
Ni particles were produced by heat-treating the coated powder
in air and subsequently reduced in hydrogen. The resulting
nickel content was determined by using an inductively coupled
plasma-atomic emission spectrum (ICP-AES, Model 3000DV,
Perkin Elmer, Optima, USA).

The sintered density was determined by using the
Archimedes method with distilled water as the immersion
medium. The X-ray diffraction (XRD, model TTRAXIII,
Rigaku, Tokyo, Japan,) was used for phase analysis with CuKa
radiation. The voltage and current used for XRD analysis were
50 kV and 300 mA. The phase analysis was conducted in the 26
range from 20° to 80° with steps of 0.03° for 1.5 s, from 27° to
32° and from 72° to 76° with steps of 0.005° for 3 s. No surface
grinding was applied before the phase analysis.

Before microstructure observation, the cross section of the
specimens was obtained by cutting, grinding and polishing. The
grain boundaries were revealed by thermal etching at 100 °C
below the sintering temperature for 1 h. Both the scanning
electron microscopy (SEM, XL30, Philip Co., Netherlands) or
field-emission scanning electron microscopy (FE-SEM, Leo
1530, Philips Co. Netherlands) were used to characterize the
microstructure. The grain size was calculated by using the line
intercept technique on SEM photographs. More than 300 grains
were counted. The quantitative analysis of yttrium distribution
was performed by using an electron probe microanalysis
(EPMA, Model JAX-8200, JOEL, Japan). The amount of yttria
content was calibrated by using an air-sintered (1500 °C/1 h)
specimen as the standard.

3. Results

The color of the YSZ specimens sintered in air is ivory;
however, the color of the specimens sintered in CO is dark gray
to black on the surface region and light gray inside. The change
of color for zirconia specimens after sintering in a reducing
atmosphere had also been reported in previous studies [19,23].
The reducing atmosphere used in the present study is generated
by firing the specimens within a graphite powder bed. The
specimens and graphite powder are first arranged in a covered
alumina crucible, then fired to elevated temperatures in air. The
amount of graphite powder is sufficiently large enough to cover
the specimens even after firing at elevated temperature. The
sintering atmosphere was mainly composing of a carbon
monoxide, CO, and a very small amount of oxygen. The oxygen
partial pressure in the atmosphere during sintering at 1400-
1600 °C is very low, ~107"7-10710 atm, assuming that the
thermodynamic equilibrium is achieved [30].

For the Ni-doped YSZ specimens, the amount of Ni in the
YSZ-Ni powder mixture as determined by ICP-AES is 0.7
wt%, which corresponds to 0.6 vol% Ni. The color of the Ni-
doped specimens after sintering in CO is black.

Fig. 1 shows the density of YSZ specimens and YSZ/Ni
composites as a function of sintering temperature. The YSZ
specimens reach their full density as they are sintered above
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Fig. 1. Density of YSZ specimens and YSZ/Ni composites as a function of
sintering temperature.

1500 °C in air. However, the density of YSZ specimens is
relatively low as they are sintered within the graphite powder
bed. The addition of Ni particles enhances the sintering activity
of YSZ specimens in the reducing atmosphere.

Fig. 2 shows the microstructure of the YSZ specimens after
sintering in air and in CO. The micrographs are all taken near
the surface region of the specimens. The size of the ZrO, grains
in the specimens sintered in air is smaller than 1 wm, even when
the sintering temperature is as high as 1600 °C, Fig. 2(a). The
grain size in the specimen sintered at 1400 °C in CO is also
small, Fig. 2(b). A bimodal size distribution for the ZrO, grains
is found in the specimen sintered at 1500 °C in CO, Fig. 2(c).
The average size of the ZrO, grains is 1.5 wm, with larger
grains around 2 pm and the smaller ones less than 0.5 pm. A
surface layer composing of only coarse grains is observed in the
YSZ specimens sintered at 1600 °C in CO, Fig. 2(d). The grain
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size decreases with the increase of the distance from the
surface. Furthermore, the pore size also decreases with the
increase of the distance from the surface. Some cracks along the
grain boundary are also observed in the surface region.

Fig. 3(a) shows the fracture surface of the YSZ specimen
sintered at 1600 °C in CO. Large grains with size >20 pwm are
observed near the surface; however, the size of the grains within
the specimen remains small. The fracture surface of the YSZ/Ni
composite after sintering at 1600 °C in CO is shown in
Fig. 3(b). For the composite, the average size of ZrO, grains is
around 6.6 pm at the surface region, 0.87 pm inside. Though
the size difference is not as significant as that for the YSZ
specimens sintered in CO, a grain size gradient is still observed
for the YSZ/Ni specimen.

Fig. 4 shows the size of ZrO, grains in the YSZ specimens
and YSZ/Ni composites after sintering in CO at various
temperatures. The size of ZrO, grains for the specimen sintered
in air is also shown for comparison. The ZrO, grains in the
specimens sintered in air are the smallest. The ZrO, grains in
the interior of the YSZ specimens sintered in CO are also small.
However, the ZrO, grains near surface are large as the
specimens are sintered above 1500 °C in CO. The addition of
nickel particles reduces the size of ZrO, grains near the surface.

Fig. 5 shows the XRD patterns of the specimens after
sintering. No surface grinding is applied before the XRD
analysis. For all the specimens sintered in air and in CO, with or
without the addition of Ni particles, their XRD patterns are very
similar, Fig. 5(a). The XRD patterns in the 20 range from 27° to
32° are the same for all the specimens, Fig. 5(b). It is worth
noting that the amount of m phase is extremely low, at least
below the detection limit. The presence of t' phase can be
identified only in the 20 range from 72° to 76°, Fig. 5(c). The
major phase for the YSZ specimens sintered in air is the first
tetragonal (t) phase. A very small amount of ¢ phase is found in
the YSZ specimens sintered at 1500 °C in air. A small hump is

Fig. 2. Microstructures of the specimens sintered at (a) 1600 °C in air, and at (b) 1400 °C, (c¢) 1500 °C, (d) 1600 °C in CO.
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Fig. 3. Microstructures of the specimens (a) YSZ and (b) YSZ/Ni sintered at 1600 °C in CO. Arrows indicate the Ni particles.

observed at the right shoulder of every peak in Fig. 5(c). The
hump is resulted from the Ka2 reflection [18]. The cubic phase
is also found in the YSZ specimen sintered at 1400 °C in CO,
and its major phase is the first tetragonal (t) phase. As the
sintering temperature increases to 1500 °C, t phase is no longer
existed. The second tetragonal phase, t', is observed instead.
Furthermore, the amount of c phase is too low to be detected.
The t' phase is also found on the surface region of the YSZ
specimen sintered at 1600 °C in CO. Nevertheless, the first
tetragonal phase, t phase, is found along with a small amount of
the ¢ phase in the interior of the specimen. The XRD pattern of
the YSZ/Ni composite is very similar to that of the YSZ
specimen prepared by sintering in CO. It demonstrates that the
addition of Ni particles has little influence on the phase
transition of zirconia. The lattice parameters of the tetragonal
phases, t and t’ phases, are shown in Table 1. These values are
close to the reported lattice parameters for the t and t'
phases [17].

4. Discussion
4.1. Phase transition

The major phase for the YSZ specimens sintered in air is the
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Fig. 4. Size of ZrO, grains as function of sintering temperature.

temperature, a small amount of ¢ phase is observed. There is
no t'-phase found in the specimens sintered in air. The
formation of ¢ phase has been related to the diffusion of Y,0;
from inside of the grain to its boundary [31,32]. As the Y,0;
segregation at the grain boundary reaches a value above ~5.7
mol%, the c phase is formed.

As the YSZ specimens are sintered above 1450 °C in the
reducing atmosphere produced by the graphite powder bed, a
second tetragonal (t') phase is observed. The t’' phase is found
only in the surface region of the specimens. The presence of t’
phase was first reported by Miller [12]. He proposed that the
formation of t' phase is resulted from the diffusionless shear
transformation from cubic phase. He suggested that a fast
cooling process was needed in order to produce t' phase.
Though t' phase was also termed as un-equilibrium tetragonal
phase [10], Cheng and Thompson suggested that t’ phase would
not transform to monoclinic phase under an external load [15].
In the present study, a relatively slow cooling rate, 5 °C/min,
was used. Furthermore, the specimens were covered with a
graphite powder in a covered crucible. A even slower cooling
rate is resulted. Furthermore, the t'-phase is formed only at the
surface of the specimens, Fig. 5(c), t-phase remains within the
specimen.

After sintering the YSZ specimen at 1400 °C in the reducing
atmosphere for 1 h, the major phase is still the first tetragonal
phase. The density of specimen is ~5.7 g/cm>, corresponding
to a relative density around 94%. Most the pores at such density
are isolated to the outer environment. As the sintering
temperature further increases to above 1450 °C, the phase of
the surface region starts to transform from t to t'. The phase
within the specimen remains the same. The amount of c-phase
is below the detection limit of the present XRD technique
employed. It suggests that the formation of t'-phase is not likely
through the diffusionless transformation from ¢ to t’, but more
likely through a diffusion-assisted transformation.

The formation of cubic phase can be achieved by adding
aliovalent oxides. For example, the increase of Y,0O3 addition
increases the oxygen vacancy as demonstrated in the following

Eq. (1):

Y,0:2%2v, + Vi + 30, (1)

The above reaction suggests that the oxygen vacancy content
increases with the increase of Y,03 content. The cubic phase is
formed as Y,Os; content reaches 5.7 mol% [31,32]. The
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Table 1

Tetragonal phases and their lattice parameters as calculated from Fig. 5(c).

Specimens Analyzed location Phase c (A) a (1&) cla ratio
YSZ, 1500 °C/air Surface t 5.179 5.098 1.016
YSZ, 1400 °C/CO Surface t 5.178 5.099 1.015
YSZ, 1500 °C/CO Surface t 5.168 5.105 1.012
YSZ, 1600 °C/CO Surface t 5.166 5.104 1.012
YSZ, 1600 °C/CO Interior t 5.181 5.099 1.016
YSZ + 0.5 vol% Ni, 1600 °C/CO surface t 5.162 5.107 1.011

concentration of Y,0O; as a function of location is analyzed by
using EPMA technique. The results are shown in Table 2. No
noticeable difference in the Y,Os; concentration between
surface and interior of YSZ specimens is found. The EPMA
analysis suggests that the formation of t'-phase is not assisted
through the re-distribution of Y,0;.

Apart from the addition of aliovalent oxides, to fire the
specimen in an environment of low oxygen partial pressure can
also produce oxygen vacancy as demonstrated in the following
reaction,

00— 105 + V; +2¢/ )

The t' phase is found only at the surface region of the
specimens after firing above 1450 °C. The pores in the surface
region are isolated to each other, Fig. 2(d). The strong
correlation between the formation of vacancy and t' phase,
suggesting that the t' phase is likely formed through the
formation of oxygen vacancy during firing in the reducing
atmosphere. Through the diffusion of oxygen vacancy into the
interior of specimen, the t' phase grows into the specimen.

Though the transformation ability of t' to m is far from clear
yet, several previous works claimed that t' phase is stable
against external load [19,33]. Nevertheless, the phase
transformation from t' to m has also been reported [34,35].
For the YSZ specimen prepared by sintering at 1600 °C in CO,
there is around 5-10% t’ transformed to m phase after surface
grinding with a diamond wheel (not shown here). A volume
expansion is accompanied with the transformation. Cracks are
thus observed in the surface region after grinding, see Fig. 2(d).
It suggests that t’-phase can transform to m-phase as an external
load is applied. The grain size of t'-phase prepared in the
present study is >20 wm, which is much larger than the values
reported in the previous studies [13,17]. The transformation
ability of the t'-phase prepared in the present study may be
related to its large grain size. An in-depth investigation into the

Table 2
Yttria concentration at surface and interior of the YSZ specimens. The speci-
mens were sintered in CO at the indicated temperatures for 1 h.

Yttria concentration/mol%

effect of grain size on the transformation ability of t'-phase is
needed.

4.2. Grain growth behaviour

The grain growth behaviour of tetragonal (t) phase during
sintering above 1300°C in air had been investigated
[26,31,32,36]. A high Y3 segregation within a 10 nm region
near grain boundary has been confirmed through a micro-
structure analysis [31,32]. The grain growth of t-phase in air is
sluggish, due to the grain boundary is dragged by the Y>*
solutes.

For the YSZ specimens sintered in CO at elevated
temperature, the grain growth rate in the surface region starts
to pick up as the sintering temperature is above 1500 °C. The
increase of the grain growth rate corresponds closely to the
formation of t' phase. From Figs. 2(d) and 3(a), the size of the
grains decreases with the increase of the distance from the
surface. The pores in the surface region mainly locate at the
triple junctions. The trapped pores, the pore separated from the
grain boundaries, are hardly observed. Furthermore, the size of
the pores also decreases with the increase of the distance from
the surface. It indicates that the grain growth behaviour of the t’
phase is a typical pore-dragging type [37].

Previous studies indicated that the grain growth rate of cubic
phase is much faster than that of tetragonal phase [27]. In the
present study, the fast grain growth rate is found only when the
t'-phase is formed. In terms of the c/a ratio, Table 1, the crystal
structure of t’ phase is more symmetrical than that of t phase.
The grain growth rate of the t’ phase is thus expected to be faster
than that of the t phase.

The grains at the surface region of the YSZ specimens
sintered at 1600 °C in CO are large. It allows us to estimate the
Y,05 concentration at the grain boundary of the coarse grains
by using the EPMA technique. The results for are shown in
Table 3. No Y,05 segregation at grain boundary is noted. The
Y,0; content distribution for the specimen sintered at 1500 °C
in CO has also been determined. No difference in Y,O3 content

Table 3
Yttria concentration of the surface region for the YSZ specimen sintered at
1600 °C in CO for 1 h.

1400 °C 1500 °C 1600 °C Yttria concentration/mol%
Surface 3.07 £0.09 298 £0.27 2.82 £0.37 Grain boundary region 2.98 +£0.07
Interior 3.09 +£0.08 324 +0.12 2.90 +0.33 Grain region 2.87 +£0.20
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between large grains and small grains has been observed. It
again confirms that the fast grain growth rate is not contributed
by the re-distribution of Y,0s3, but related to the increase of
oxygen vacancy and subsequently the formation of t' phase. A
strong correlation between the grain growth behaviour and
formation of t' phase is observed.

The t' phase remains stable (without grinding) even when the
grain size of t' phase is larger than 20 pm. Though the addition of
Ni particles has little influence on the phase transformation from t
to t'. The addition of nickel particles slows down the movement of
grain boundaries. The role of Ni particles is similar to that of
pores, they drag the grain boundaries to slow the grain growth rate.

5. Conclusions

The use of graphite powder bed affects the phase and
microstructure of YSZ specimen. In the present study, a new
formation mechanism for the second tetragonal phase, t', is
proposed. The t'-phase is transformed from t-phase as YSZ is
sintered in a reducing atmosphere above 1450 °C. The
formation of t'-phase is assisted by the increase of oxygen
vacancies. The grain growth rate of t' zirconia is very fast;
coarse t' grains are thus formed on the surface region. Though
the t' grains can be larger than 20 pm, no m-phase is observed
after cooling from elevated temperature. The growth of t' ZrO,
grains is contributed by a pore dragging process. The Ni
particles can also drag the grain boundaries; the size of the ZrO,
grains in the YSZ/Ni composite is therefore smaller.
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