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Abstract: Tetragonal zirconia polycrystal doped with 1.5 wt% CoO and 1.5 wt%
Al,O3; showed large and faceted CoAl,Qy4 spinel grains existing in clusters and
large monoclinic zirconia grains. Major stages of microstructural evolution dur-
ing sintering included (1) formation of spinel as a result of preferred segregation
of CoO to Al,O; phase, (2) exudation of liquid phase to grain junctions among
faceted spinel grains and zirconia grains, and (3) growth of spinel grains and the
zirconia grains adjacent to the spinel phase.

1 INTRODUCTION

Tetragonal zirconia polycrystal (TZP) is gaining
popularity as an engineering ceramic because of its
excellent mechanical properties, especially a high
fracture toughness value. The high fracture tough-
ness is associated with the retention of a tetragonal
phase, which transforms into monoclinic phase
under applied stress by various mechanisms.!
Stabilizers such as MgO, Ca0O, Y,0; and CeO, are
used to retain the tetragonal phase after sintering,
among which yttria is the most commonly used.
The retention of tetragonal phase after sintering
is possible if the grain size of the dense poly-
crystalline materials is smaller than a critical size,
which depends on the yttria content.! However, the
omnipresence of liquid phase arising from powder
impurities or additives caused the repartition of
yttria during sintering, whose effect on growth of
zirconia grains had been controversial. For example,
composition difference of yttria from grain to grain
as a result of the presence of a liquid phase caused
reduced grain growth.? Similarly, segregation of an
impurity layer or yttria to the grain boundaries
results in reduced grain boundary mobility through
an impurity drag mechanism,® or space charge
drag mechanism.* On the other hand, repartition
of yttria to the boundaries of zirconia grains, which
was faster in an impurity richer powder, caused
enhanced grain growth when the phase repartition
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had finished.> In addition to grain growth behavi-
our, impurities or additives forming liquid phase
also affect the high temperature properties. For
example, a significant difference in the superplastic
behaviour for TZPs having different impurity levels
was attributed to the difference in the chemical
composition, viscosity, and repartition of con-
stituents of the grain boundary liquid phase.®
Much of the interest in duplex structures has
focused on the control of grain growth, which not
only improves the mechanical properties,” but also
improves the superplasticity by resisting grain
coarsening at elevated temperatures.* However, the
presence of a small content of liquid phase in
alumina-TZP duplex composites enhanced the
grain growth of both phases by forming liquid
channels between grain boundaries, in which both
alumina and zirconia are soluble.® On the other
hand, the existence of a liquid phase in the sinter-
ing of Al,Oz-SiC composites enables the formation
of a homogeneous microstructure due to the elimi-
nation of stresses during thermal treatment.’
Doping of transitional metal oxides has been
applied to change the properties of oxide ceramics.
Examples include modifying pore structure,!®
altering colour,!! and improving high temperature
superplastic behaviour.*'? The success of these
examples depends strongly on the control of
microstructural evolution at elevated temperatures.
The incentive of this study was to alter the colour
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of TZP by doping a small content of alumina and
cobalt oxide. The microstructural evolution of a
duplex structure with the presence of a liquid phase
during sintering was examined and correlated with
the sintered properties.

2 EXPERIMENTAL

Both doped and undoped zirconia powders were
studied in a parallel manner. A commercial grade
TZP powder (ZrO»-3 mol% Y,0; HSY-3.0,
Daiichi Kigenso Kagaku Kogyo Co. Ltd., Japan)
was used as the starting powder. The purity of this
powder was 99.4%. It had an average particle size
of 0.6 um and a specific surface area of 6.9 m?/g.
The composition of the doped TZP was ZrO,-3
mol% Y,03, doped with 1.5 wt% (2.4 mol%) CoO
and 1.5 wt% (1.8 mol%) Al,03;. The CoO powder
was precipitated from CoCl, water solution with
diluted ammonia (pH = 8.0), followed by washing
the precipitate with deionized water. The pre-
cipitate was then calcined at 200°C and ground.
The mean particle size was 3 pum. The alumina
powder was a commercial grade powder (99.8%
pure, AES-11, Sumitomo Chemical, Japan), which
had a mean particle size of 0.5 yum and grain size of
0.3 um.

The doped TZP powder was prepared by wet
ball-milling the powders in a plastic jar for 8 h,
using alumina balls (99.7% pure). Specimens hav-
ing the approximate dimensions of 16 mm dia-
meter and 5 mm height were uniaxially compacted
at a pressure of 30 MPa. The specimens were then
sintered in air. The sintering profile was a ramp of
3 K/min to 500°C, held for 30 min, followed by a
ramp of 10 K/min to the sintering temperatures
(1300-1600°C), held for 1 h.

X-ray diffraction (XRD) patterns of the as-
sintered specimens were recorded using nickel
filtered CuKa radiation. The relative abundance of
monoclinic phase (M) was determined using the
following relationship:'3

B In(111)
M“Im(111)+1t(111)+§10(111) m

where I,(111) denotes the intensity of the mono-
clinic (111) peak, 7,(111) refers to the intensity of
the tetragonal (111) peak, and I(111) represents
the intensity of the cubic (111) peak. In all pat-
terns, I(111) was zero because of no detectable
cubic (400) peak.

The density of the sintered specimens was mea-
sured by Archimedes principle. The specimens were
then cold mounted and relief polished. The hard-
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ness and the fracture toughness of the sintered
specimens were measured using Vickers diamond
micro-indentor with loads of 9.8 N and 245 N,
respectively. The hardness and toughness were the
average of five tests. The fracture toughness (K.)
was calculated from the following formula:!*

K1c® = 0.48(%) ™" Ha®S 2)

where @ is a constraint factor and is approximately
equal to 3, ¢ is one half crack length, a is one half
indent diagonal, and H is microhardness based on
Vickers test. The polished surface was thermally
etched at 1300°C for 2 h in air. The microstructure
observation was conducted using scanning electron
microscope (SEM). The grain size reported was the
average of more than 500 grains, using an image
analysis system (Q520, Cambridge). Additionally,
microstructure and composition of the inter-
granular glass phase was analysed using trans-
mission electron microscope (TEM) equipped with
an energy dispersive X-ray analyser (EDXA).

3 RESULTS AND DISCUSSION
3.1 Formation of CoAl>O4spinel

Figure 1 compares the XRD patterns of undoped
TZP and doped TZP sintered at 1300°C. The
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Fig. 1. XRD patterns of doped and undoped TZPs sintered at
1300°C.
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Fig. 2. SEM micrograph of spinel phase located in zirconia
matrix for doped TZP sintered at 1300°C.

difference between these two patterns was the
existence of a CoAl,O4 (311) peak at 36.1° in
the doped TZP. The other diffraction peaks of
CoAl,O4 were weaker than (311), and either over-
lapped with monoclinic zirconia (111) peak at
31.1° or disappeared as background signals. The
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CoAlLQ, spinel had formed while individual CoO
and Al,O; could not be identified at 1300°C.
Figure 2 shows the microstructure of doped TZP
sintered at 1300°C, in which the spinel grains had
a mean grain size similar to that of the starting
alumina grains (0.3 um), whereas no spinel grain
having a size similar to that of the starting CoO
grains (2 pm) was observed. This observation indi-
cated that mass transfer of CoO toward Al,O3; was
responsible for the formation of CoAl,O4 spinel.
Since the starting powders were ball-milled, the
distribution of CoO and Al,O; should have been
very uniform in the zirconia matrix and could not
have all coupled together. Therefore, mass transfer
of CoO took place either by vaporization and
condensation or diffusion of CoO through the grain
boundaries between zirconia grains to the Al,O;
grains. Mass transfer of CoO through the vapour
phase was possible due to its high vapour pressure
at elevated temperatures (e.g. 9x1071% atm at

Fig. 3. TEM bright field micrograph and corresponding EDXA dot maps of constituents for doped TZP sintered at 1350°C.
(S = spinel, Z = zirconia)
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727°C),1> and could be observed in the alumina
substrate whose colour was altered into a blue
colour. However, it was not the sole mechanism
responsible for the mass transfer of CoO to Al,O;
because condensation of CoO vapour on both
Al,O; and ZrQO, particle surfaces was possible.
Preferred segregation of CoO to AlOs3 also
required the mass transfer of CoO to Al,O; by
revaporization—condensation and by diffusion
through the intergranular liquid channels in the
zirconia matrix.

The spare CoO was lost by vaporization during
sintering because the initial mole ratio of CoO to
Al,O; was 2.4 mol% to 1.8 mol%. Differential
thermal analysis and thermal gravimetric analysis
of the doped TZP indicated an endothermic peak
and a weight loss peak at 930°C. Therefore, mass
transfer of CoQ through vapour phase should have
been very active in the temperature range studied.
Additionally, the formation of spinel was ener-
getically favourable because the enthalpies of
formation of CoAl,O, from CoO and Al,O; at
1000°C and 1350°C are —29 kJ/mol and —26 kJ/
mol, respectively.!® Figure 3 shows the EDXA dot
maps for Al, Co, Y, Zr and Si. CoO did not totally
dissolve into the liquid phase as was expected for a
TZP only doped with CoO,* but it preferentially
segregated to Al,O; and formed CoAl,O4 spinel. It
has been a long practice to use some oxides to
stabilize the cobalt blue colour by forming new
compounds, to avoid formation of bubbles in

Fig. 4. TEM bright field micrographs of doped TZP sintered
at 1350°C. (S = spinel, Z = zirconia)
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glazes as a result of vaporization of Co0O.!” Simi-
larly, the existence of alumina assisted the stabili-
zation of CoO in TZP by forming a spinel phase.

3.2 Formation of liquid phase

The existence of silica as an’ impurity of powders
results in formation of liquid phase in different
ceramic systems.*!3-22 Zirconia usually contains
a certain amount of Si impurity, which is localized
in the intergranular grain boundary liquid phase
after sintering.*??> An eutectic temperature for the
ternary Al,O;-SiO,—CoO exists at 1339°C,?* while
that for the ternary ZrO,-SiO,-Y,0O; exists at
1350°C.* Dissolution of the other components into
these ternary liquid phases should have further
reduced the eutectic temperature or liquid phase
formation temperature. Figure 4 shows TEM
micrographs of a doped TZP specimen sintered at
1350°C. Liquid phase located near the grain
boundaries and grain junctions can be observed.
EDXA composition analysis shown in Fig. 5 indi-
cated that the liquid phase located in grain junc-
tions was composed of various concentrations of
Si0,, Y,03, AlLbO; and ZrO,, depending on the
location of the liquid phase. These four compo-
nents are commonly observed as the constituents
of the grain boundary liquid phase of undoped
TZP.> The CoO concentration in the liquid phase
was so low that its signal could not be differ-
entiated from the background signal even for the
liquid phase located at the grain junctions among
spinel grains, but its distribution in the liquid phase
could be observed in the EDXA dot maps (Fig. 3).
As indicated previously, CoO forms an eutectic
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Fig. 5. EDXA analysis of grain junction liquid pockets sur-

rounded by different phases of grains for doped TZP sintered

at 1350°C: (a) among TZP grains; (b) among TZP and spinel
grains; (c) among spinel grains.
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liquid phase at 1339°C with SiO, and Al,O;, but its
concentration in the liquid phase was very low.
Therefore, the lack of CoO in the liquid phase
indicated that CoO had a stronger affinity of
reacting with Al,O; or vaporization than par-
ticipating in forming the liquid phase.

Phase repartition of Y,05 in TZP was significant
at elevated sintering temperatures or for an extended
anneal period, in which Y,0; preferentially segre-
gated to the grain boundary liquid phase.®> Such a
phase repartition phenomenon is promoted by a
high impurity content (especially by alumina), an
elevated sintering temperature, or an extended
annealing time.> In the EDXA analysis shown in
Fig. S, the yttria signal was strong for the liquid
phase located in zircomia grain junctions, while
insignificant for the liquid phase located in spinel
grain junctions. This observation indicated that the
partition of yttria occurred only locally near the
zirconia grains at this temperature (1350°C). In fact,
it takes a much longer time at higher temperatures
to reach the plateau of yttria partition.>2*

It was also observed systematically in TEM
micrographs of doped TZP sintered at 1350°C that
the frequency of observing grain junction liquid
phase located among spinel grains and zirconia
grains was much higher than that among zirconia
grains and zirconia grains. This inhomogeneity was
a result of the growth and gradual faceting of
spinel grains, which exuded liquid phase from
spinel-spinel grain boundaries to spinel-zirconia
grain junctions (Fig. 4). Such a phenomenon was
similar to that commonly observed in liquid phase
sintering®> or that occurred in TZP where exu-
dation of liquid phase from faceted zirconia grains
in TZP to grain junctions of rounded grains pre-
vailed for a long thermal anneal.>?¢ Although the
liquid phase was abundant near the spinel grains,
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the sintered density of the doped TZP was only
slightly improved with respect to the undoped TZP
at temperatures lower than 1350°C, as shown in
Fig. 6. At higher temperatures the residual porosity
was difficult to remove during sintering, as a result
of intensive vaporization of CoO phase. Accord-
ingly, the sintered density of the doped TZP
decreased with increased sintering temperature.

3.3 Growth of spinel and zirconia grains

The growth of spinel grains took place in a manner
similar to that commonly observed in liquid phase
sintering,?’ i.e. either by dissolution and precipi-
tation, or by coalescence. Figure 7 shows an SEM
micrograph for a specimen sintered at 1400°C, in
which growth of spinel grains by coalescence was
obvious. The growth of the spinel grains was
accompanied by grain shape faceting, which
resulted in the shape accommodation of the spinel
grain and the exudation of liquid phase out of the
spinel-spinel grain boundaries (Fig. 4).

Following the growth of the spinel grains iso-
lated in the zirconia matrix, the growth of the
spinel phase continued at higher sintering tem-
peratures. The dimensions of the spinel clusters
increased while the population decreased with
higher sintering temperatures, as shown in Fig. 8.
This was a typical consequence of Ostwald ripen-
ing. Since the solubility of aluminium ion and
cobalt ion in the zirconia matrix are very low,?* the
further growth of the spinel grains occurred by
a long-range mass transfer through the liquid
channels located between zirconia grains, similar to
that observed in sintering an alumina-zirconia
duplex composite.®

The distribution and component concentration
of liquid phase was macroscopically inhomo-
geneous at 1350°C. The liquid phase was abundant
near the spinel grains where it was also rich with

Fig. 7. SEM micrograph of doped TZP sintered at 1400°C,
showing grain faceting of spinel phase and grain growth of
spinel by coalescence.

Fig. 6. Variation of sintered density with sintering tempera-
ture for doped and undoped TZPs.
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Fig. 8. Growth in size but decrease in population of spinel
clusters in zirconia matrix with increase of sintering tempera-
ture. (a) 1300°C, (b) 1450°C, (c) 1600°C.

aluminium ions. The dissolution of aluminium ions
in the liquid phase is responsible for the enhance-
ment of the amount and reactivity (i.e. solution
and precipitation) of the liquid phase.??> The liquid
phase therefore promoted the growth of the
zirconia grains adjacent to the faceted spinel
grains, which can be observed in the micrographs
for specimens sintered at 1500°C, shown in Fig. 9.
Figure 10 shows the average size and the largest
size of zirconmia grains for doped and undoped
TZPs sintered at different temperatures. The
zirconia grains away from the spinel phase for the
doped specimens were very similar in size to those
of the undoped specimens, whereas the zirconia
grains adjacent to the spinel phase grew at lower
temperatures and were much larger in size. The
effect of impurities on the grain growth of zirconia
in Y-TZP was concluded differently in literature.
For example, it was found that grain growth rate
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Fig. 9. SEM micrograph of doped TZP sintered at 1500°C,
showing the growth of zirconia grains adjacent to the spinel
phase.

of zirconia was not affected by the impurity during
the yttria repartition stage, while it was enhanced
by the presence of a liquid phase when the phase
repartition stage finished.> On the other hand,
several divalent and trivalent cations were shown
to segregate to the grain boundary of TZP, which
in turn reduced the grain boundary energy and
mobility and, therefore, grain growth rate.* As a
result, the grain boundary strength at elevated
temperatures was not impaired and the super-
plastic deformation behaviour of TZP was
improved. In this study, with the addition of
Al,03, CoO did not segregate to the grain bound-
aries but instead formed a spinel phase with
alumina and exuded the liquid phase to the
boundaries of zirconia grains.

Concurrent with the growth of the zirconia
grains adjacent to the spinel phase and the reparti-
tion of yttria, the large zirconia grains transformed
from tetragonal into monoclinic phase. The rela-
tive content of monoclinic phase increased, as
shown in Fig. 11. A low concentration of mono-
clinic phase typically existed in the Y-TZP powder,
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Fig. 10. A comparison of the average grain size and the maxi-
mum grain size of zirconia at different sintering temperatures
for doped and undoped TZPs.



Phase partitioning of ZrO,-3 mol% Y,0;

2.5’*
o Doped

) 2.0}_ A Undoped
=
z
g 15
Q
2
<
=
2 10
2
h=
E
g 0.5
=

0.0

| | | J
1250 1300 1350 1400 1450 1500 1550 1600 1650
Sintering temperature (°C)

Fig. 11. Variation of relative abundance of monoclinic phase
with sintering temperature for doped and undoped TZPs.

whose concentration depends on the powder cal-
cination temperature,?’ because the powder
calcination temperature was usually low and phase
partition of yttria was sluggish.? With the increase
of sintering temperature, the monoclinic phase
content of the undoped TZP decreased as yttria
dissolved into the zirconia grains,?* and remained
at very low concentrations at higher temperatures
even though slight grain growth of zirconia and
phase repartition of yttria had occurred. On the
other hand, with the increase of sintering tempera-
ture, the monoclinic phase content of doped TZP
initially decreased but then increased. The decrease
of monoclinic phase was a result of yttria dis-
solving into the zirconia grains, as indicated pre-
viously for undoped zirconia, while the increase of
the monoclinic phase at higher temperatures was
due to the growth of the zirconia grains adjacent to
the spinel phase.

Figure 12 shows the relationship between frac-
ture toughness and sintering temperature for doped
and undoped TZP. The fracture toughness for
the undoped TZP reached a maximum value at
1450°C, while that for the doped TZP continuously
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Fig. 12. Variation of fracture toughness with sintering tem-
perature for doped and undoped TZPs.
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Fig. 13. SEM micrograph for doped TZP sintered at 1550°C,
showing induced crack growth through large monoclinic
zirconia grains and large faceted spinel phase.

decreased. Such behaviours can be traced to those
factors determining the fracture toughness, as
indicated in eqn (2). The hardness of TZP was not
much affected by the dopants, while the indent
diagonal for the doped TZP was slightly smaller
than that of undoped TZP. They were not the
major factors causing the great difference in frac-
ture toughness. On the other hand, the crack length
of the undoped TZP decreased and then increased,
whereas that of the doped TZP continuously
increased with the increase of sintering tempera-
ture. Additionally, the crack length of doped TZP
was much longer than that of undoped TZP.
Therefore, difference of the crack length in inden-
tation test was the principal factor determining the
fracture toughness behaviour shown in Fig. 12.
The longer crack length for the doped TZP was a
result of transgranular fracture of large monoclinic
zirconia grains and induction of crack toward
the weak and faceted spinel grains, as shown in
Fig. 13. The phase transformation toughening
behaviour of TZP disappeared even though the
relative abundance of monoclinic phase could be
reduced to close to zero (1400-1450°C). Such a
significant effect was not observed in a TZP system
containing only 0.3 mol% CoO, in which the
fracture toughness was not much impaired.*

4 CONCLUSION

The effect of doping 1.5 wt% CoO and 1.5 wt%
Al;O3; on the microstructural evolution and sin-
tered properties of ZrO,-3 mol% Y,0; was
studied. Results indicated that CoO preferentially
segregated to and reacted with Al,Os;, forming
CoAlO, spinel at temperatures as low as 1300°C.
Additionally, an intergranular liquid phase pri-
marily consisting of SiO,, Al,O3;, Y,03; and ZrO,
was formed. This liquid phase promoted the grain
growth and grain faceting of CoAl,O4 spinel,
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which in turn exuded the liquid phase to the grain
boundaries between spinel grains and zirconia
grains after shape accommodation of the faceted
spinel grains. The exuded liquid phase promoted
the growth of zirconia grains adjacent to the spinel
phase at temperatures higher than 1450°C, with
transformation of zirconia from tetragonal phase
into monoclinic phase. As a result of the large and
faceted spinel grains existing in clusters and the
large monoclinic zirconia grains, the phase trans-
formation toughening effect of TZP diminished.
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