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Abstract

In order to determine the influence of alumina content on sintering and static grain growth behaviour of cubic zirconia, high purity
commercial powders of 8 mol% yttria-stabilized cubic zirconia (§YSCZ) doped with 0, 1, 5, 10 wt.% Al,O5 were used. Colloidal processing
was used for the mixing of powders in order to achieve a uniform distribution and homogeneous microstructure. The specimens were sintered
at different temperatures between 1250 and 1400 °C for 1 h. The density increased with Al,O3 content up to 0.5 wt.% and a further increase in
Al,O5 content led to a decrease in density. The enhanced density with increasing Al,O3 content up to 0.5 wt.% could be due to the
rearrangement of Al,O; particles during the early stages of sintering. The decreased density and grain growth in higher amount of Al,O5-
doped specimens were due to the lower grain boundary diffusivity and mobility. X-ray diffraction results showed that Al,O3 had very limited
solubility of 0.3 wt.% into 8YSCZ. The grain growth in the 0-10 wt.% Al,O3-doped 8 YSCZ was studied. The experimental results showed
that the grain growth in Al,05-doped 8YSCZ occurred slowly and was more sluggish than that in undoped 8YSCZ. Also, the grain growth rate
decreased with increasing Al,O; content. The static grain growth exponent value and the activation energy for undoped 8YSCZ were found to
be 2 and 289 kJ/mol, respectively. The addition of Al,Oj; raised the grain growth exponent value to 3 and activation energy for the grain growth
process was increased from 289 to 410 kJ/mol.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Pure zirconia exists in three different crystal structures,
i.e. monoclinic, tetragonal and cubic. These phases can be
obtained depending on temperature and compositional
ranges under equilibrium conditions. Monoclinic zirconia
is present below 1240 °C and is the stable room temperature
phase of pure zirconia. Tetragonal zirconia is an inter-
mediate phase, which exists between 1240 and 2370 °C. The
retention of the tetragonal phase can be controlled by the
formation of a solid solution with alloying oxides such as
MgO, CaO, Y,03 and CeO,. Cubic zirconia is the highest
temperature phase, which is present in the temperature range
of 2370 and 2680 °C [1-4]. However, upon the addition of a
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few percent of above oxides, the cubic phase can be obtained
at lower temperatures [2,3]. The high temperature cubic
phase can also be retained at room temperatures as a non-
equilibrium phase by rapid cooling such that diffusive
transformation does not occur.

Among zirconia phases, yttria-stabilized cubic zirconia
(YSCZ) with fluorite structure is well-known as a solid
electrolyte that possesses high oxygen ionic conductivity
and chemical stability over wide ranges of temperature and
oxygen partial pressure and thus it is widely used as an
oxygen sensor, thermal barrier and solid oxide fuel cell
(SOFC) electrolyte [5]. In SOFC applications, not only high
ionic conductivity, but also better mechanical, chemical and
electrical stability are required at high working temperatures
(~1000 °C is usually needed for SOFC and such a high
working temperature leads to a lower working efficiency).
Also low mechanical strength of cubic zirconia at higher and

0272-8842/$30.00 © 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2004.10.011



974 S. Tekeli, U. Demir/Ceramics International 31 (2005) 973-980

longer working temperatures would limit their use as
electrolytes, because they may fracture due to thermal
stresses and mechanical stresses during operation, lack of
transformation toughening and severe grain growth [6]. It is
known that cubic zirconia has a large grain size and high
grain growth rates [7]. Therefore, the enhancement of
mechanical properties of the solid electrolyte is an important
problem to be solved. Many approaches have been made to
enhance the mechanical strength and hinder the severe grain
growth in cubic zirconia [8]. One such approach is to use
additives for the preventation of grain growth and thus the
enhancement of mechanical properties.

The objective of the present study is to investigate the
effect of Al,O5 addition between O and 10 wt.% on the
sintering and static grain growth behaviour of 8 mol% yttria-
stabilized cubic zirconia.

2. Materials and procedures

The materials used in the present work were 8 mol%
yttria-stabilized cubic zirconia (8YSCZ) powder and high
purity (>99.999%) alumina powder (a-Al,O3), supplied by
Mandoval Ltd. Zirconia Sales (U.K.) Ltd. The average
particle sizes were 0.3 pm for 8YSCZ and 0.4 pm for o-
Al,O3. The chemical composition of the powders is listed in
Table 1.

A colloidal processing route was used for the preparation
of specimens for density, grain growth, phase content and
lattice parameter measurements. Colloidal processing
allowed homogeneous dispersion of powders and the
economical production of net shapes. The slurry was
prepared by dispersing the designated amounts of the
powders (8YSCZ and a-Al,0O5) in distilled water with a
dispersing agent (Dispex A40); the slurry was then ball-
milled for 24 h to obtain a good dispersion and to break-up
agglomerates in a plastic container using zirconia balls. The
milled slurry was injected by a syringe into a plaster mould.
Cast specimens were released from the mould after ~60 min
and then air-dried at ~25 °C for a few days. The green
density of slurry-cast specimens was between 45 and 55% of
the theoretical density. These specimens were presintered at
950 °C to make them more easy to be handled and smooth
surfaces were obtained by carefully grinding off any casting
protrusions. For the determination of the effect of shaping
process on sintering, a batch of specimens of undoped
8YSCZ were also prepared by die-pressing which was
carried out in a steel die at a pressure of 40 MPa.

Table 1
Chemical composition of the powders

For density, grain growth, phase analysis and lattice
parameter measurements, 8YSCZ specimens containing
Al,O3 dopant in amounts up to 10 wt.% were used. The
green density of the slurry-cast and die-pressed specimens
was measured from the volume and weight.

To determine optimal sintering temperature, the speci-
mens were sintered at different temperatures between 1250
and 1400 °C in air at a constant heating rate of 200 °C/h. for
1 h. The density of sintered specimens was determined by
the Archimedes method. The theoretical densities of the
composites alumina and cubic—zirconia were estimated by
the rule of mixtures, using 3.99 and 5.95 g/cm’, respectively.
The relative density was estimated on the assumption that
the sintered body was of the cubic phase and based on the
theoretical density of 5.92, 5.81 and 5.67 for the specimens
doped with 1, 5 and 10 wt.% o-Al,O3, respectively.

The specimens for grain growth measurements were first
sintered at 1400 °C for 1 h before annealing. Static grain
growth was examined by annealing the sintered specimens
for 10, 50 and 100 h at temperatures between 1400 and
1600 °C. After annealing, the specimens were sectioned,
ground, polished to 1 pm surface-finish and finally
thermally etched in air for 30 min at a temperature 50 °C
lower than annealing temperature. Scanning electron
microscopy (SEM) equipped with an energy dispersive X-
ray spectrometer (EDS) attachment was used to characterize
the microstructure of as-sintered and annealed specimens.
Grain sizes were measured by the mean linear intercept
method. An average grain size was obtained by multiplying
1.78 to average intercept lengths over 1000 grains. Phase
content and lattice parameters were determined using XRD
with Cu Ka radiation. A scan speed of 0.1 26/min was
employed in the 20-60° 26 range.

3. Results and discussion

Colloidal processing offers many possibilities and
advantages over some other methods. First, a wide variety
of particle size distributions can be slurry-cast into test
specimens. Second, tooling is relatively inexpensive, often
costing much less than equivalent injection moulding
tooling. Third, the process is more readily adaptable to
larger shapes. Finally, it is possible to produce near-net
shape parts [9]. A major problem in the processing of nano-
sized powders is existence of agglomerates, which occur
spontaneously due to van der Waals forces. While small
interparticle pores are easily closed during sintering, large

Materials Composition (wt.%)

7rO, (+HfO,) Y,0;3 Al,O3 SiO, TiO, Fe,0;3 Na,O CaO
8YSCZ 85.9 13.6 0.25 0.10 0.003 0.01 0.02
a-Al,O3 - - 99.9 0.04—0.08 - 0.01-0.02 0.08 -
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interagglomerate pores need a high sintering temperature
or long sintering times to be eliminated. Pores exceeding a
critical size even grow during sintering. Hence, significant
grain growth takes place. To achieve better mechanical
behaviour, fine grain size, homogeneous microstructure
and high density are necessary. Colloidal processing helps
to prevent the agglomeration of fine particles and allows
the particle dispersion to be controlled during powder
processing. In the present study, the agglomerates which
often shrink away from the surrounding powder matrix
during sintering causing crack-like voids, responsible for
early fracture and leaving big pores in the microstructure
after sintering were eliminated by colloidal processing. To
demonstrate this, two sets of specimen were prepared by
the production processes of die-pressing and slurry casting
from undoped 8YSCZ. For the die-pressing tests, the
powder was die-pressed into pellets under a compaction
pressure of 40 MPa. The same size pellets were slurry-cast
for comparison. The specimens obtained by these
processes were then sintered at a heating rate of 200 °C/
h. Fig. 1 shows the sintering curves of undoped 8YSCZ,
prepared by two shaping processes. The specimens
processed by slurry casting had a faster sintering rate
and lower temperatures and the optimum sintering
temperature was lower than that of the die-pressed one.
In particular, the former achieved a density of 99% of its
theoretical value at 1400 °C, while the latter reached the
same value at 1450 °C. The reason for this enhancement
was due to the homogeneous dispersion of powder and
elimination of agglomerates in slurry-cast specimens,
compared to die-pressed specimen in which agglomeration
caused non-homogeneous sintering, leaving crack-like
voids responsible for early fracture. Also, the die-pressing
yields less efficient packing of the powders and larger

pores than slurry casting; these features are known to retard
effective sintering.

By XRD analysis, only cubic phase was detected and
there were no diffraction peaks of second phases for all
compositions. Fig. 2 shows the variation of the average
lattice parameter of the cubic lattice with Al,O3 dopant
content. As can be seen from this figure, the average lattice
parameter of 8YSCZ linearly decreased with increasing
Al,O5 content up to 0.3 wt.% and the parameter did not vary
with further increase in the Al,O3 content. The linearity,
which corresponds to Vegard’s law, shows that solid
solubility limit of Al,O3; in 8YSCZ is about 0.3 wt.%.
The lower values of the lattice parameter found for Al,O3-
doped 8YSCZ could be due to the substitution of smaller
AI** jons for Zr** and Y** ions in the cubic lattice. The ionic
radii of AI**, Y** and Zr** for eight-fold coordination are
0.52, 1.015 and 0.84 A, respectively. As the solubility limit
of Al,O3 in 8YSCZ is ~0.3 wt.%, Al,O3 can hardly form a
solid solution with 8YSCZ. Therefore, Al,O; mostly
segregates around the 8YSCZ particles and at grain
boundaries. There are two factors, which may contribute
to the segregation of ions at the grain boundaries of oxide
ceramics [10,11]. One is the strain energy relaxation that
results from the size mismatch between the solute and host
ions, and the other is electrostatic charge compensation. The
size mismatch can be approximated in terms of misfit value
X as follows:

rn—n

xz 6]

r
where r; and r, are the ionic radii of solvent and solute ions.
The strain energy relaxation is the principal driving force for
the segregation, when the misfit value is large. It is found
that the misfit value of AI** is 0.36, and a large driving force
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Fig. 1. Sintering curves of undoped 8YSCZ specimens prepared by slurry casting and die-pressing.
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Fig. 2. Variation of lattice parameter with Al,O; content.

for segregation at grain boundaries, instead of forming solid
solution in matrix, is expected for trivalent AI** because of
the considerable size mismatch and the charge difference
between Al** and Zr**.

Fig. 3 shows the effect of sintering temperature and the
Al,Oz content on the densification of 8YSCZ. For all
compositions, the relative density of the specimens
increased with elevating sintering temperature. It can be
seen from this figure that a small amount of Al,O3 doping
slightly increased the density. For all compositions between
0.3 and 0.5 wt.%, Al,Os-doped specimens provided the
maximum sintered densities. This enhanced density with
increasing Al,O; content could be due to the rearrangement
of Al,O5 particles during the early stages of sintering.
However, further increase in Al,O5 content led to a decrease

in sintered density. Higher sintering temperatures were
necessary to densify the specimens containing higher Al,O3
contents, compared with the specimens with lower amounts
of Al,O3. The retardation of densification in specimens with
higher amount of Al,O; particles in 8YSCZ could be due to
a number of reasons. First, the microstructural investigations
showed that the specimens with up to 1 wt.% Al,O5 addition
were very dense and free from porosities in the grain
interiors. This suggests that the small amount of Al,O3
addition located at the grain boundaries of 8YSCZ was
sufficient for improving the densification. However, in
specimens with higher amount of Al,O; additions, there
were many porosities in the grain interior and along the grain
boundaries. These porosities hindered the sintered density
and grain growth. Second, the distribution of Al,O5 grains in

100

Relative Density (%)

L —m— 1250 (°C)
—e— 1300 (°C)
88 - —a— 1350 (°C)
L —w— 1400 (°C)

86 -

0,1

1 10

Amount of ALO_ (wt%)

Fig. 3. The effect of sintering temperature and the Al,O5 content on the densification of 8YSCZ.
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8YSCZ matrix was extremely difficult (although the
colloidal processing was used to disperse the powders
homogeneously) which could probably decrease the sinter-
ing rate by inducing tensile mean stress developed by
differential shrinkage characteristics between 8YSCZ and
Al,O3 grains. Finally, grain boundary diffusivity of 8YSCZ
could be decreased by the Al,O; addition, because the
zirconia grains around the perimeter of the Al,O5 particles
were unable to contact each other freely. As known, the grain
boundary diffusion is the predominant mechanism of matter
transport. Al,O3 grains mostly located at and around grain
boundaries, which caused grain boundary diffusion path
longer and thus the diffusion of atoms along grain
boundaries between 8YSCZ and Al,Oz; became slower.
These results indicated that, higher amount of Al,O3
addition inhibited densification and grain growth by
decreasing grain boundary diffusivity and mobility.

Static grain growth was examined by annealing fully
dense sintered samples for various times between 10 and
100 h and at temperatures between 1400 and 1600 °C.
Representative microstructures of undoped and various
amount of Al,Os;-doped 8YSCZ specimens annealed at
1500 °C for 10 h in air are shown in Fig. 4. The comparison
of the grain size of the alloys at the same heat-treatment
indicated that grains were larger in undoped 8YSCZ than in
Al,O5-doped 8YSCZs. Also, the grain size decreased with
increasing Al,O; content. As shown in Fig. 4, Al,O3
particles can be seen for specimens with Al,Oz content

>5 wt.%. This suggests that only a small part of Al,O3
dissolved in 8YSCZ and the rest of Al,O; segregated at grain
boundaries of 8YSCZ.

The static grain growth can be determined using the
following phenomenological equation:

D" — D! =k(t —t,) (2)
_ -0
k = ko exp <ﬁ> 3)

where, D is the grain size at time ¢, D,, is the reference grain
size at time f,, n is a constant for a given grain growth
mechanism, k is a temperature-dependent constant, k, is a
temperature insensitive constant and Q, R and T are activa-
tion energy, gas constant and absolute temperature, respec-
tively. The grain growth exponent can have a value between
1 and 4 depending on the rate-limiting step during grain
boundary migration. The grain growth exponent, n, is cal-
culated from the slope of the log (grain size) versus log (-
time) line plot, which is equal to 1/n. An example of such a
plot is given in Fig. 5 for annealing at 1400 °C. It is evident
that grains became larger during high temperature annealing
and the extent of grain growth increased with increase in
annealing temperature, time and with decrease in Al,O3
content. Also it can be seen from Fig. 5 that grain growth
rates could be controlled by the deliberate addition of grain
boundary phase of Al,O3. The grain growth exponent value
of 2 for undoped 8YSCZ was obtained. However, with the

Fig. 4. SEM micrographs of 8YSCZ specimens annealed at 1500 °C for 10 h, containing: (a) 0 wt.% Al,O3; (b) 1 wt.% Al,O3; (¢) 5 wt.% Al,O3; and (d)

10 wt.% AlLOs.



978

S. Tekeli, U. Demir/Ceramics International 31 (2005) 973-980

undoped 8YSCZ, n:2
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Fig. 5. Log (grain size) vs. log (time) for annealing at 1400 °C.

addition of Al,O3 up to 10 wt.%, the n value was increased to
3. In the case of single-phase growth, the exponent n usually
takes a value of 2, which shows normal grain growth. In a
dual phase structure, the steady state grain growth would
occur such that the growth of one phase is affected by other
phase grains, i.e. the grain growth is mutually restricted by
Zener’s pinning because of minor phase grains, as in metal-
lic materials and that the coarsening of the minor phase is
approximated by Ostwald ripening, then n =3 can be pre-
dicted for lattice-diffusion controlled grain growth [12].
The activation energy for grain growth is calculated from
the slope of log (D" — D,")/t) versus 1/T as shown in Fig. 6.
It can be seen from this figure that, the activation energy, Q,
for Al,0O5-doped 8YSCZs is higher than that for undoped
8YSCZ. The activation energy of undoped 8YSCZ was
calculated as 289 kJ/mol. However, the addition of Al,O3

resulted in a gradual increase in activation energy. The
activation values obtained are 361 kJ/mol for 1 wt.% Al,O3-
doped 8YSCZ, 391 kJ/mol for 5 wt.% Al,03-doped 8YSCZ
and 410kJ/mol for 10 wt.% Al,O3-doped 8YSCZ. This
increase in activation energy is accompanied by a decrease
in grain size. In order to reduce or suppress the grain growth,
the grain boundary mobility and energy can be reduced, for
example by impurities, pores, dopants or particles of a
second phase. In polycrystalline materials, it has been shown
that particles of a second phase with limited solubility are
especially effective in pinning grain boundaries and thus in
minimizing static and dynamic grain growth [13]. As stated
by Sturm et al. [14], in order to provide efficient grain
boundary pinning in a nanocrystalline structure, the particles
of the second phase have to fulfil several of the following
conditions; (a) small diffusion coefficient of the solute
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B —e— undoped 8YSCZ, Q:289 h
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- —w— 10 wt% Al,O, doped 8YSCZ, Q:410 :
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Fig. 6. Arrhenius plots for 8YSCZ containing 0-10 wt.% Al,O3.
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cations into the matrix, (b) small or no solubility of the solute
cations in the matrix, (c) a small interfacial energy between
the two phases, (d) a homogeneous distribution of the second
phase and (e) stability against dissolution and coarsening.
The grain boundary mobility in pure matter is written as
[15]
Dgp

M=o @

where Dy, is the grain boundary diffusion coefficient, 6 is
the grain boundary width, R is gas constant and 7 is absolute
temperature. As can be seen from this equation, the grain
boundary mobility decreases with increasing grain boundary
width. Increasing the grain boundary width does not only
decrease grain boundary mobility and inhibit grain growth,
but also increases the diffusion length over which stress
concentration can be rapidly relaxed. Additives and dopants
that increase grain boundary width may be effective in
minimizing grain growth. However, the mobility is not
the only significant influence on grain growth. Grain growth
is also dependent on the grain boundary energy. A rate
equation for grain growth can be given by [15]

D" — D! = 2MyVi (5)

where D is the instantaneous grain size at time ¢, D, is the
initial grain size at time ¢ = 0, n is the grain growth exponent,
M is the mobility, yis the grain boundary energy and Vis the
atomic volume. Additives that decrease grain boundary
energy have an additional effect on minimizing grain
growth. A reduction in grain boundary energy occurs when
intergranular phases pin the grain boundaries. The effec-
tiveness of using Al,O5 to pin grain boundaries and limit
grain growth can be estimated by Zener pinning [16], which
describes the dependence of the grain size of matrix on the
volume and grain size of second phase as,

G= kG) ©6)

where G is grain size of matrix, k is constant, r is grain size of
second phase and f'is volume fraction of second phase. This
equation also indicates that grain size of matrix decreases
with increasing volume fraction of second phase [16].

In the present study, the differences in grain growth in
undoped 8YSCZ and Al,O5-doped 8YSCZs can be related
to differences in segregation of the solute cations at grain
boundaries. SEM with EDS analysis showed that the
concentration of Al,O; dopant near the grain boundary
region in Al,O3-doped 8YSCZ was higher than in undoped
8YSCZ. In the light of the above results, it is deduced that
the grain size stability is associated with segregation of
solute cation to grain boundaries, which lowers grain
boundary mobility and grain boundary energy, thus
increasing the cohesive strength of the grain boundary
and the diffusion distance across the boundary. Low
solubility of Al,O; acts as a barrier against diffusion.
Due to the lower solubility of Al,O3 in §YSCZ, grain growth

is expected to be slower in Al,O5; containing specimens.
Compared to Al,O3-doped 8YSCZ, undoped 8YSCZ suffers
fast grain growth and only limited cation segregation to
grain boundaries; consequently, undoped 8YSCZ has a
lower grain boundary cohesive strength and a higher grain
boundary mobility and energy.

4. Conclusions

The grain growth kinetics and activation energy for grain
growth of 8YSCZ having Al,O3 additions of 0-10 wt.%
were investigated. It was found that the static grain growth
exponent value and the activation energy for undoped
8YSCZ were found to be 2 and 289 kJ/mol, respectively.
The addition of Al,O3 raised the grain growth exponent
value to 3 and activation energy for the grain growth process
was increased from 289 to 410 kJ/mol for the addition of
Al,O3 from 0 to 10 wt.%. Grain growth in Al,O3-doped
8YSCZ occurs slowly and more sluggishly than that in
undoped 8YSCZ. This is mainly due to the lower grain
boundary mobility and energy which results from solute
segregation in the grain boundary and its drag in Al,O3-
doped 8YSCZ but not in undoped 8YSCZ. The drag effect
arises from any preferred segregation of impurities either to
or from grain boundary area because of the size and charge
differences. Al,O3 addition is expected to segregate to grain
boundaries. This segregation layer is believed to hinder grain
growth by resulting in limiting matter transfer along the
grain boundary.
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