CERAMICS

B INTERNATIONAL

ELSEVIER Ceramics International 30 (2004) 2203-2209

www.elsevier.com/locate/ceramint

Influence ofa-Al,0O3 addition on sintering and grain growth behaviour
of 8 mol% Y,0s-stabilised cubic zirconia (c-Zrsp

S. Tekeli, M. Erdogan, B. Aktas

Materials Division, Metallurgy Education Department, Faculty of Technical Education, Gazi University, 06500 Besevler-Ankara, Turkey

Received 20 November 2003; received in revised form 1 December 2003; accepted 28 January 2004
Available online 20 April 2004

Abstract

The effect ofa-Al,O3 addition on sintering and grain growth behaviour of high purity 8 mol% yttria-stabilised cubic zirconia {(§-ZrO
was investigated. For these purposes, 1 wt-%l,0; was selected as a dopant in c-2r@he slip-cast specimens were sintered at different
temperatures between 1150 and 14001t was seen that doped c-Zr®ad a faster sintering rate and lower sintering temperature than
undoped c-Zr@. In particular, doped c-Zr@achieved a density of 95% of its theoretical value at 1Z75vhile undoped c-Zr@reached the
same value at 132%. The different sinterability of doped c-Zg@nd undoped c-ZrQcan be attributed to their different behaviour of grain
growth. For grain growth measurements, the specimens sintered atd4@fe annealed at 1400, 1500 and 18D0or 10, 30 and 66 h. It
was seen that grain growth rate could be controlled by the deliberate addition of 1 wt.% grain boundary phasgdaf A grain growth
exponent of 2 and activation energy for grain growth of 298 kJ/mol were obtained for undoped.cFAEX-Al ,O3 containing specimens
had a grain growth exponent of 3 and activation energy of 361 kJ/mol. The slow grain growth in dopeglis-Zttfibuted to solute ions
segregation in grain boundary region. The addition of the grain boundary phase results in limiting matter transfer along the grain boundary
resulting in slower grain growth.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction obtained at lower temperaturfs2]. The high-temperature
cubic phase can also be retained at room temperatures as a
Zirconia ceramics consist of three polymorphs; mono- non-equilibrium phase by rapid cooling such that diffusive
clinic, tetragonal and cubic. These phases can be obtainedransformation does not occur. The cubic form of stabilised
depending on temperature and compositional ranges underirconia ceramics are of technological importance due to
equilibrium conditiong1-3]. Monoclinic zirconia is present  their high oxygen ionic conductivity at around 10GD.
below 1240°C and is the stable room temperature phase of Their use as solid state electrolytes has allowed the creation
pure zirconia. Tetragonal zirconia is an intermediate phase,of novel application such as oxygen gas sensors, oxygen
which lies between 1240 and 2370. The retention of the  membrane separators and solid oxide fuel cells (SOFCs).
tetragonal phase can be controlled as in the case of cubic High-temperature deformation in fine-grained ceram-
zirconia by the addition of dopants,®s additions yield an ics has been extensively studied in recent years. Large
extremely fine grained microstructure known as tetragonal tensile elongations have been found in many ceramics
zirconia polycrystal which has excellent mechanical proper- and ceramic composites such as yttria-stabilised zirconia
ties. Cubic zirconia is the highest temperature phase which[4,5], alumina[6,7], hydroxyapatite[8], zirconia—alumina
is present in the temperature range of 2370 and 2680  [9,10], mullite—zirconia[11], silicon carbide[12], silicon
However, upon the addition of a few percent of stabilis- nitride—silicon carbidg13,14] and iron—iron carbidg15].
ers; such as CaO, MgO or2®03, the cubic phase can be Of the above materials, tetragonal zirconia has been in-
tensively investigated, beginning with the work of Wakai
+ Corresponding author, Tel+90-312-4399760: et al.[4], in which a tensile elongatlo.n to failure of 1.00%
fax: +90-312-2120059. at 1723 K was obtained. In the ensuing years, tensile duc-
E-mail address: stekeli@gazi.edu.tr (S. Tekeli). tility in the same material has been improved and Kajihara
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et al.[16] have reported an elongation to failure of 1038% 950°C to make them more handleable and smooth surfaces
in 2.5Y-TZP containing 5wt.% Si® at 1673K and at  were obtained by carefully grinding off any casting protru-
1.3 x 10~*s~1. In contrast, such elongations have not been sions. For density and grain growth measurements, ¢-ZrO
obtained in cubic zirconia despite attempts to attain the specimens containing 1 wt.% AD3 were used. For the de-
high-temperature ductility. As stated by Chen and XLig termination of phase content and lattice parameter, spec-
microstructural superplasticity requires an ultra fine grain imens containing AlOz dopant in amounts up to 5wt.%
size that is stable against coarsening during sintering andwere used. The green density of the slip-cast specimens was
high-temperature deformation. A low sintering temperature measured from the volume and weight.
is a necessary, but not a sufficient condition for achieving To determine optimal sintering temperature, the speci-
the required microstructure. In many cases, it seems that themens were sintered at different temperatures between 1150
selection of an appropriate crystalline phase is also crucialand 1400C in air at a constant heating rate of 2@h for
for obtaining an ultra fine grain size; for instance, tetragonal 1 h. The density of sintered specimens was determined by
zirconia is superplastic whereas cubic zirconia is not. Ex- the Archimedes method.
tensive ductilities in tetragonal zirconia are a consequence The specimens for grain growth measurements were first
of grain size stability during sintering and high-temperature sintered at 1350C for 1 h before annealing. Grain growth
deformation. Compared to tetragonal zirconia, cubic zirco- was examined by annealing sintered specimens for 10, 30
nia suffers fast grain growth and shows almost no ductility. and 66 h at temperatures between 1400 and 160@fter

The present study was, therefore, undertaken with the annealing, the specimens were sectioned, ground, polished

aim of investigating the effect af-Al,0O3 addition on sin- to 1 wm surface finish and finally thermally etched in air for
tering and grain growth behaviour of high purity 8 mol% 30 min at a temperature 5C lower than annealing temper-
yttria-stabilised cubic zirconia (c-Z&). ature. Scanning electron microscopy (SEM) equipped with

an energy dispersive X-ray spectrometer (EDS) attachment
was used to characterise the microstructure of as-sintered
2. Experimental: materials and procedures and annealed specimens. Grain sizes were measured by the
mean linear intercept method. An average grain size was
The materials used in the present work were 8 mol% obtained by multiplying 1.78 to average intercept lengths
yttria-stabilised cubic zirconia (c-ZK) powder and high ~ over 1000 grains. Phase determination and unit cell lattice
purity (>99.999%)-Al,03 powder, supplied by Mandoval parameters were determined using XRDB:(20-60, scan
Ltd., Zirconia Sales (UK) Ltd. The average particle sizes speed: 0.1).
were 0.3um for ¢-Zr0, and 0.4um for a-Al203. The chem-
ical composition of the powders provided from the manu-
factures is listed inrable 1 3. Experimental results and discussion
A slip-casting method was used for the preparation of
specimens for density, grain growth, phase content and lat- X-ray diffraction measurements were carried out on spec-
tice parameter measurements. Slip-casting allowed homogeimens containing AlO3 dopant in amounts up to 5wt.%.
neous dispersion of powders and the economical productionX-ray diffraction data showed that all specimens contained
of net shapes that required no machining. The slip-castingonly cubic fluorite structurefFig. 1 shows the variation of
slurry was prepared by dispersing the designated amount ofthe average lattice parameter of the cubic lattice with dopant
the powders (c-Zr@anda-Al,O3) in distilled water with a amount. As can be seen from this figure, the average lattice
dispersing agent (Dispex A40); the slurry was then wet ball parameter varied linearly with the amount of,@s dopant
milled for 4 h to obtain a good dispersion and to break-up up to 0.3wt.% and then levelled off. The lower values of the
agglomerates in a plastic container using zirconia balls. Thelattice parameter found for doped c-Zr©@ould be due to
milled slurry was injected by a syringe into a plaster mould. the dissolution in the cubic phase of some®¢ which has
Cast specimens were released from the mould afé&min a smaller ionic radius than ¥ and Y3+ and thus replac-
and then air-dried at-25°C for a few days. The green ing the smaller At ions with ZA+ and Y3+ in the cubic
density of slip-cast specimens was between 45 and 50% oflattice (the ionic radius of A, Y3+ and zf* are 0.54,
the theoretical density. These specimens were presintered al.015 and 0.84, respectively). Decrease in unit cell size from

Table 1
Chemical composition of the powders
Materials Composition (wt.%)
ZrO; (+HfOy) Y203 Al>,03 SiO, TiO2 Fe,O3 Na,O CaO
c-Zr0; 85.9 13.6 0.25 0.1 0.10 0.003 0.01 0.02

a-Al203 - - 99.9 0.04-0.08 - 0.01-0.02 0.08 -
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Fig. 1. Variation of lattice parameter with D3 dopant amount.

5.139 to 5.134 A indicated that around 0.3 wt.%®¢ had the segregation, when the misfit value is large. It is found
dissolved into the cubic fluorite structure. As the solubility that the misfit value of A is 0.36 and a large driving force
limit of Al 203 in ¢-ZrO; is ~0.3wt.%, AbOz can hardly for segregation at grain boundaries, instead of forming solid
form a solid solution with c-Zr@. Therefore, A}O3 mostly solution in matrix, is expected for trivalent ¥ because
segregates around the c-ZrParticles and at grain bound-  ©of the considerable size mismatch and the charge difference
aries. There are two factors which may contribute to the between At and Zf+, _ _

segregation of ions at the grain boundaries of oxide ceram- Generally, an acceptable relative density of c-Zelec-

ics [18,19] One is the strain energy relaxation that results trolyte for solid oxide fuel cells has been reported to be >94%
from the size mismatch between the solute and host ions,[20]. It was found that densities greater than 95% of the the-
and the other is electrostatic charge compensation. The sizeoretical value could easily be achieved by pressureless sin-
mismatch can be approximated in terms of misfit valie  tering. After sintering, it was seen that the dimensions of the

as follows: sintered specimens varied with composition due mainly to
r —ro differences in green densitigsig. 2 shows the relative den-
2= T 1) sity of c-ZrO, without Al,O3 and with AbOs as a function

of sintering temperature. The relative densities of the spec-
wherer; andr; are the ionic radii of solvent and solute ions. imens increased with elevating the sintering temperature. It
The strain energy relaxation is the principal driving force for was seen that doped c-Zs®ad a faster sintering rate and
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Fig. 2. Relative density vs. sintering temperature.
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Fig. 3. Microstructures of polished and thermally-etched specimens sintered at460 1h before annealing: (a) undoped c-Zr@nd (b) 1wt.%

Al,03 doped c-ZrQ.

lower sintering temperature than undoped c-Zrld partic-
ular, doped c-Zr@ achieved a density of 95% of its theo-
retical value at 1275C, while undoped c-Zr@reached the
same value at 132%. The different sinterebility of doped
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Fig. 4. Grain size as a function of annealing time for: (a) undoped c-2n@ (b) doped c-Zr@
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c-ZrO, and undoped c-Zr@can be attributed to their differ-

ent behaviour of grain growth. In order to achieve full densi-
fication, excessive grain growth has to be inhibited either by
incorporation of the second phase particle or solid solution
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alloying during sintering and high-temperature deformation. exponent,n, is obtained by plotting ID versus Irt as
The decreased density in undoped c-Zi® quite evident. shown inFig. 4a and blt is evident that in both ceramics,
Examination of the sintered microstructures revealed large grains became larger during high-temperature annealing
cubic grains containing intragranular pores. Thus, the role of and the extent of grain growth increased with increase in
grain growth in sintering of cubic zirconia ceramic appears to annealing temperature and time. Also it can be seen from
be a classical one: a faster grain growth causes pore detachFig. 4a and bthat grain growth rates could be controlled
ment from grain boundaries, preventing full densification at by the deliberate addition of 1 wt.% grain boundary phase
lower temperatureR1]. In polycrystalline materials, parti-  of a-Al203. Grain growth exponent values obtained during
cles of a second phase with limited solubility are most effec- these tests were 2 for undoped c-Zr@nd 3 for doped
tive in pinning grain boundaries and thus in minimising grain ¢c-ZrO,. Representative microstructures of undoped c«ZrO
growth. The presence of the alumina in zirconia enhance theand doped c-Zr@annealed at 1400C for 10, 30 and 66 h
stability of material. Therefore, the extensive grain coarsen- in air are shown irFig. 5
ing as observed in the single ceramics was not observed. The kinetics of grain growth are deduced by analysing
Fig. 3 is the microstructures of undoped c-zZr@nd the grain size as a function of annealing time in accordance
doped c-ZrQ sintered at 1400C for 1 h prior to anneal-  with the classical theory for grain growf@2]:
ing. The comparison of the grain size of the two alloys at __,

the same heat treatment indicates that grains are larger in? — Do =kt —1to) )
undoped c-Zr@ than in doped c-Zr@ The grains were -0
regular in shape and the pores were mainly at grain bound-* = ko exp(E) ©)

aries. Grain growth during high-temperature annealing was _ o _ o
investigated in undoped c-ZgGand doped c-Zr@between whereD is the grain size at timg Do, reference grain size
1400 and 1600C for 10, 30 and 66 h. The grain growth at timeto; n, constant for a given grain growth mechanism;
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Fig. 5. SEM micrographs of undoped c-Zr@nd doped c-Zr@ These specimens were annealed at 24D@r 10, 30 and 66 h.
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Fig. 6. The relationship between grain size difference and annealing time for (a) undoped ardt@b) doped c-Zr@

k, temperature-dependent constakg, temperature in- In order to reduce or suppress the grain growth the grain
sensitive constant an@, R and T are activation energy, boundary mobility and energy can be reduced for example by
gas constant and absolute temperature, respectively. Aimpurities, pores, dopants or particles of a second phase. In
value of n = 2 suggest normal grain growth. A value polycrystalline materials, it has been shown that particles of
of n = 3 indicates a solid solution drag-controlled grain asecond phase with limited solubility are especially effective

growth. in pinning grain boundaries and thus in minimising static
In Fig. 6a and bthe data points fall on straight lines, and and dynamic grain growtf23]. As stated by Sturm et al.

the kinetic constank, which is the slope ifrig. 4a and bis [24] in order to provide efficient grain boundary pinning in

greater for undoped c-Zrlthan it is for doped c-Zr@ In a nanocrystalline structure the particles of the second phase

other words, the grain growth in undoped c-2r{® faster have to fulfil several of the following conditions: (a) small
than in doped c-Zr@ To evaluate the activation energy for diffusion coefficient of the solute cations into the matrix,
grain growth, the kinetic constahtis plotted as a function  (b) small or no solubility of the solute cations in the matrix,
of the reciprocal of the absolute temperatufg( 7). It can (c) a small interfacial energy between the two phases, (d)
be seen from this figure that, the activation enef@yfor a homogeneous distribution of the second phase and (e)
doped c-ZrQ@ is higher than that for undoped c-ZsOThe stability against dissolution and coarsening.

activation energy values are approximately 289 and 361 for The differences in grain growth in undoped c-Zrénd
undoped c-Zr@ and for doped c-ZrQ respectively. This  doped c-ZrQ can be related to differences in segregation of
increase in activation energy is accompanied by a decreasdhe solute cations at grain boundaries. SEM with EDS anal-
in grain size. ysis showed that the concentration ob@k dopant near the
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Fig. 7. Grain growth constank, as a function of the reciprocal absolute temperature.

grain boundary region in doped c-Zg@as higher than in
undoped c-Zr@. In the light of the above results it is de-
duced that the grain size stability is associated with segrega-
tion of solute cation to grain boundaries, which lowers grain
boundary mobility and grain boundary energy, thus increas-
ing the cohesive strength of the grain boundary and the diffu-
sion distance across the boundary. Low solubility of@d

acts as a barrier against diffusion. Due to the lower solubility
of Al,03 in c-ZrOy, grain growth is expected to be slower in
Al,0O3 containing specimens. Compared to doped c2/rO
undoped c-Zr@ suffers fast grain growth and only limited
cation segregation to grain boundaries; consequently, un-
doped c-ZrQ has a lower grain boundary cohesive strength
and a higher grain boundary mobility and energy.

4. Conclusions

Grain growth in doped c-Zr@occurs slowly and is more
sluggish than that in undoped c-ZxOrhis is mainly due to
the lower grain boundary mobility and energy which results
from solute segregation in the grain boundary and its drag
in doped c-ZrQ but not in undoped c-Zr@ The drag effect
arises from any preferred segregation of an impurity either
to or from grain boundary area because of size and charg
differences. AJO3 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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