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Abstract

Addition of nanometric-size Y-TZP seed particles to yttrium±zirconium cation sols resulted in a lowering (50 to 100�C) of the air-
crystallisation temperature of the Y-TZP (3mol% Y2O3) phase, and a strong increase in the crystallisation rate (about one order of

magnitude higher) for the formation of Y-TZP phase in air-calcined coprecipitated amorphous powders relative to the unseeded Y-
TZP ones. The isothermal crystallisation rates for the Y-TZP formation in unseeded and polycrystalline Y-TZP seeded (10wt%) Y-
TZP amorphous precursors were well ®tted by an Avrami-type kinetic relationship. Addition of nanometric-size Y-TZP seed par-
ticles to Y-TZP amorphous precursors reduced the apparent activation energy for the Y-TZP crystallisation process from 184 to

119 kJmolÿ1. Fully transformed seeded Y-TZP coprecipitated amorphous precursors (375�C for 10 h) retained � 100m2 gÿ1 surface
area, and exhibited a mainly mesoporous structure with relatively narrow pore size distributions. Green compacts of such a Y-TZP
powders sintered at near theoretical density at a temperature as low as 1050�C for 5 h with a grain size within the nanoscale

(<100 nm). # 1999 Elsevier Science Limited and Techna S.r.l. All rights reserved
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1. Introduction

It is widely recognised that ceramic materials having
an ultra®ne grain size, i.e., nanostructured, present
unusual mechanical, electrical, and magnetic properties.
Owing to its high strength and toughness, yttria-doped
tetragonal zirconia polycrystals (Y-TZP) is one of the
most interesting ceramic materials for structural appli-
cations [1±3]. Besides this, when the grain size is sub-
micronic Y-TZP ceramics show a superplastic behaviour
at elevated temperatures [4±6]. This being so, the super-
plastic forming could be used for the fabrication of
complex shape Y-TZP components with controlled
dimensionality. To evaluate those properties it is neces-
sary the availability of ceramic materials having both
near theoretical density and a grain size within the
nanoscale (<100 nm). To achieve ceramic materials
with these two characteristics is only possible by free-
sintering at lower temperatures than those currently
used or by pressure-assisted sintering [7±9]. At any case
the use of powders with high sinterability and good

compactability become necessaries. Those powder
characteristics are closely related to the strength of the
interparticles bonds. Such a strength can be decreased
by lowering the Y-TZP crystallisation temperature. The
lower is the crystallisation temperature the lower is the
strength of the interparticles bonds.

It is commonly accepted that chemical methods lead
to powders with no compositional ¯uctuations and
controlled size and shape [10,11]. However in most of
them metastable compounds are obtained needing a
subsequent calcination step (500�C) to convert the gels
in an oxidic ceramic powder. In the last decade, the
hydrothermal synthesis route has been successfully used
in the preparation of many ultra®ne ceramic powders
[12±14]. This technique although do not needs the cal-
cination step to obtain oxides but involves the use of a
closed vessel operating at relatively high temperatures
(200 to 350�C) and pressures (�100 bars). Besides this a
further heat treatment at about 300�C become necessary
to eliminate residual organic or inorganic products
before using the ceramic powders. On the other hand
parameters like pH, concentration, and liquid medium
have to be carefully adjusted to obtain sinterable pow-
ders with controlled morphology. It is for these reasons
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that such a chemical route of synthesis has not attracted
the attention which has been paid to sol±gel or copreci-
pitation processing as the main routes to advanced
ceramic powders.

Recently, the technique of inert-gas condensation
combined with in situ powder compaction is being used
for the preparation of nanostructured pure ZrO2 pow-
ders [15±17]. The process consists of evaporation of zir-
conia monoxide in an inert-gas atmosphere of 250 to
1500 Pa followed by a post-oxidation step of the small
ZrO-crystals accumulated on the surface of a cold ®nger
kept at 77K. In order to avoid agglomeration of the
highly reactive ZrO nanoparticles the post-oxidation
step is carried out at a controlled rate, and a stoichio-
metric ZrO2 is obtained by annealing the as prepared
powders at 300�C in an oxygen atmosphere. Such a
technique, as reported by Skandan et al. [18], could not
be used for the preparation of nanostructured Y-TZP
powders. Other physical methods, such as laser ablation
[19] and high energy ball milling [20] are also being
explored to synthesize nanosized powders.

From all the above described powder preparation
methods, because of its easiness and low cost, is the
chemical coprecipitation the preferred one to produce
massively nanocrystalline powders in spite of the rela-
tively high calcination temperature used, 500 to 600�C
in the speci®c case of the Y-TZP powders, and the rela-
tively strong interparticles bonds formed during such a
heat-treatment.

Given that the crystallisation temperature is a key
parameter controlling the strength of the interparticles
bonds, the claim of this study is the use, to our best
knowledge for the ®rst time in the case of the Y-TZP, of
the ``seeding fundamental concepts'' successfully
applied in the case of the Al2O3 and Al2O3±SiO2 systems
[21±24], to lowering the crystallisation temperature and/
or modifying the crystallisation kinetics of air-calcined
Y-TZP amorphous precursors. The approach adopted
involved the incorporation of Y-TZP nanometer-size
seed particles into the Y-TZP amorphous matrix. On
the other hand, the characteristics of the Y-TZP pow-
ders so obtained and their sintering behaviour will also
be studied. The results will be compared with that of a
commercial (Tosoh) Y-TZP powder.

2. Experimental procedure

The details of the seeded Y-TZP amorphous powders
preparation have been described elsewhere [25]. Brie¯y,
we prepare Y-TZP amorphous precursors by dissolving
Zr(C4H9O)4.C4H9OH and Y(NO3)3.6H2O in pure 2-
propanol slightly acidulated with HNO3. This sol-solu-
tion was labelled as A. A portion of this sol-solution
was added to a mixture of 2-propanol + NH4OH by
stirring up to complete coprecipitation of the Zr4+ and

Y3+ hydroxides. After ®ltering and thoroughly washing
with pure 2-propanol,the precipitate was calcined at
450�C for 5 h to obtain the Y-TZP seed particles
(�8 nm) as determined from the analysis of X-ray line
broadening, using the Sherrer formula. A suspension in
pure 2-propanol containing 10wt% Y-TZP seed nano-
particles in proportion to the ®nal Y-TZP oxide pro-
duct, was prepared. This Y-TZP suspension was
labelled as B. Then the sol-solution A and suspension B
were mixed by powerful agitation for 1 h to ensure a
homogeneous dispersion of the Y-TZP nanoparticles.
By adding a mixture of pure 2-propanol+NH4OH to
the above dispersion by stirring, a complete coprecipi-
tation was obtained after 2 h maintaining a pH�9 dur-
ing all the process. After washing, with pure 2-propanol
for four or ®ve times and drying in an oven overnight at
80�C, a loose powder of Y-TZP amorphous precursor
containing the Y-TZP seed nanoparticles was obtained.
This powder preparation process was named as seed-
ing-assisted chemical coprecipitation (SACC). For
comparisons an unseeded Y-TZP amorphous precursor
powder prepared in the same way was used.

For isothermal kinetic measurements a known
amount of the unseeded and seeded Y-TZP amorphous
powders were heated in a small platinum crucible for
soaking times which varied from 0.1 to 60 h in an iso-
thermal mode in the temperature range of 320 to 400�C.
After heating, the amounts of crystallised tetragonal
phase was measured by quantitative XRD (Siemens D
5000 with Cu radiation) on the 111 peak area using a
previously calibrated curve. A di�erential thermal ana-
lyzer (DTA/TG, Netzsch STA-409) was also used to
study the onset, maximum, and the end temperatures of
the crystallisation process. The heating rate was in all
the cases of 5�Cmin.ÿ1 Speci®c surface areas of the Y-
TZP powders were calculated by the BET method
(Accusorb 210 E, Micromeritis), and the crystallite size
D111 of the calcined powders was measured for the (111)
re¯ection by X-ray line broadening using the Scherrer
formula [26]; D111=0.94l/B111cos�, where B111 is the
half width of the peak duly corrected for the e�ect of
the spectral and the instrumental broadening. Powder
morphology was observed by scanning electron micro-
scopy (SEM, Zeis DSM 950) and transmission electron
microscopy (TEM, Jeol 2000 FX).

Sintering experiments were carried out on seeded Y-
TZP powders calcined at 375�C for 10 h. After compac-
tion at 200 Pa, pore size distributions in green compacts
were obtained using mercury porosimetry (Autopore
II, 9215). The green compacts were then heated in non-
isothermal conditions up to 1400�C at 5�Cminÿ1. Sin-
tered densities were measured by the Archimedes method
with distilled water. Microstructure development was
observed by SEM on both polished and fractured ther-
mally etched surfaces. Grain size was measured on the
SEM micrographs by the interception method [27].
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3. Results and discussion

3.1. Crystallisation characteristics

Fig. 1 shows the results of the di�erential thermal
analysis of the seeded Y-TZP amorphous precursors
comparatively with those of the pure hydrous zirconia
and unseeded Y-TZP powders. The exothermic peak
represents the crystallisation temperature for pure zirconia
tetragonal and yttria-doped tetragonal zirconia, respec-
tively. The crystallisation temperature of tetragonal zir-
conia increases with the addition of Y2O3 from about
420 to 455�C for the unseeded Y-TZP amorphous pre-
cursors, and diminished up to about 418�C for the see-
ded Y-TZP ones. The asymmetry of the exothermic
peak increased from the pure hydrous zirconia to the
seeded Y-TZP amorphous precursors, which is indicat-
ing a certain heat releases associated, probably, with the
enthalpy of the tetragonal solid solution formation.
Such heat release start to be detected at about 418 and
310�C for unseeded and seeded Y-TZP amorphous pre-
cursors, respectively. This means that the yttria-doped
tetragonal zirconia solid solution crystallisation starts at
a temperature, at least, 100�C lower in the seeded Y-
TZP amorphous precursors. Being this so, then a com-
pletely crystallised tetragonal zirconia phase could be
obtained by calcining in air seeded Y-TZP amorphous
precursors in the temperature range of 310 to 418�C. In
fact, the seeded Y-T7P amorphous precursors calcined
at 320�C for 20 h was about 80% crystallised tetragonal
zirconia phase (without traces of other phases), whereas
the unseeded Y-TZP amorphous precursors remained
amorphous at the same temperature even after an
annealing of 40 h (Fig. 2). Livage et al. [28] established
that pure zirconia could start to crystallise at 300�C,
and a minimum temperature of 350�C would required

for complete crystallisation. Theunissen et al. [29]
observed the onset of crystallisation for Y-TZP at
400�C and Boutz et al. [30] established by DSC experi-
ments the amorphous to crystalline transition for Y-
TZP at 450�C. According to our surprising results both
the decrease in the onset of the crystallisation tempera-
ture and the increase of the Y-TZP crystallisation rate
could be attributed, in principle, to a lower activation
energy required to nucleate the Y-TZP phase from the
seeds. If as suggested by Livage et al. [28] the crystal-
lisation of pure tetragonal zirconia from amorphous
powders started by nucleation at favoured points then it
should be assumed that an increasing of the nucleation
density sites would shift the onset of the crystallisation
to lower temperatures. Figs. 3(a) and (b) show XRD
patterns for unseeded and seeded Y-TZP amorphous
precursors which were calcined at temperatures in the
range of 350 to 400�C for 0.5 to 1 h. As it can be
observed the unseeded samples remained amorphous at
350 and 375�C and no more than 30% of crystallised
tetragonal phase was obtained at 400�C. The relative
amount of this phase was strongly increased in 10wt%
seeded Y-TZP sample. As Y-TZP seeds were homo-
geneously distributed, they promoted heterogeneous
nucleation of tetragonal phase. The rapid crystallisation
of the newly formed tetragonal phase was, favoured
probably, because of epitaxial growth on the surface of
the homogeneously distributed isostructural crystalline
Y-TZP seed nanoparticles. Thus, nanocrystalline seeded
Y-TZP amorphous precursors crystallised epitaxially to
tetragonal phase at 350�C and below, (Fig. 2) while the
unseeded Y-TZP precursors were amorphous even at
375�C. The very small particle size of the Y-TZP seeds
(�8 nm) did not show detectable changes in the XRD
intensities, but the epitaxial crystallisation has also
been evidenced in many other seeded-gels to ceramic

Fig. 1. DTA heating curves for pure hydrous zirconia, unseeded, and

10wt% seeded Y-TZP amorphous precursors.

Fig. 2. Crystallisation of unseeded and 10wt% seeded Y-TZP amor-

phous precursors as a function of time duration.
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transformations with nanosized seed particles [31±33].
Then, it can be assumed that the epitaxial Y-TZP seeds
accelerated the amount of crystalline Y-TZP formed in
seeded Y-TZP amorphous precursors, by providing a
great number of nuclei with the same structure of the
®nal Y-TZP phase. A similar epitaxial crystallisation
was observed in rutile-seeded titania gels (0.2% of rutile
seeds). The transformation gel to rutile occurred at a
temperature near 250�C lower than the unseeded TiO2

gel [32].

3.2. Crystallisation kinetics

It has been suggested that the crystallisation of pure
tetragonal zirconia could be considered as a nucleation
and growth process [28,34], then plotting, as an exam-
ple, the fraction of crystallised Y-TZP phase as a func-
tion of log time, curves of the sigmoidal shape should be
obtained in close agreement with de Avrami model [35],
which assumes that growth is controlled by nucleation.
Fig. 4 shows such a plotting for unseeded and seeded Y-
TZP amorphous precursors at 350�C. The curves have
almost the same shape and slope which indicates that
seeding does not in¯uences the crystallisation mechanism

but only the crystallisation rate. As it can be observed
the in¯uence of seeding on the crystallisation rate of Y-
TZP is so high that the seeded crystallisation almost
reaches completion as the unseeded crystallisation begins.

From the above results it seems evident that the
kinetics of the Y-TZP crystallisation were reasonably
enhanced by seeding Y-TZP amorphous precursors with
polycrystalline Y-TZP nanometer-size particles. As
established by the Avrami-type nucleation and growth
kinetics, an induction time in which no crystallisation
was detected seems to exist. In our case such an induc-
tion time was obtained by extrapolation of the linear
part of the sigmoidal crystallisation curves to 0% of the
formed Y-TZP phase. Thus, as it can be observed, the
induction time for the seeded Y-TZP crystallisation was
reduced about one order of magnitude by comparison
to the unseeded Y-TZP amorphous powders at the same
temperature. On the other hand, the total time required
for complete crystallisation of seeded Y-TZP was as
short as 120min at 400�C, while not less than 1200min
were necessaries in the case of the unseeded Y-TZP
precursors.

According to the above assumption, the Avrami
transformation kinetic expression was used to evaluate

Fig. 3. XRD patterns for (a) unseeded and (b) 10wt% seeded Y-TZP amorphous precursors, heat-treated at various steps as indicated.
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the XRD data. The relationship between volume frac-
tion and time is given by:

x � 1 exp ÿktn� � �1�

where n is a constant dependent on the nucleation and
growth mechanisms, and k is the rate constant. For
isothermal conditions, the experimental data were better
®tted according to the following linear transformation
of the above equation:

ln ÿ ln 1ÿ x� �� � � ln k� n ln t �2�

where x is the weight fraction of crystallised Y-TZP
phase. Plots of ln ÿ ln 1ÿ x� �� � as a function of ln t
yields the values of n and k. The rate constants, shown
in Table 1, were determined from the intercept at each
isothermal temperature. As is shown, comparable rate
constants were measured at temperatures, at least, 60�C,
lower in seeded Y-TZP relative to unseeded samples.

The temperature dependence of k in Eq. (1) appar-
ently follows an Arrhenius relationship, according to:

k � A exp ÿEa=RT� � �3�

where A is the frequency factor, Ea the apparent acti-
vation energy of crystallisation, and R the gas constant.
Plots of log k vs 1=T, as shown in Fig. 5, yielded straight
lines with very good correlation coe�cients (� 0.99).
The activation energies calculated were 184�9.2
KJmolÿ1 and 119�6kJmolÿ1 for the unseeded and
seeded Y-TZP amorphous precursors, respectively. The
activation energy of crystallisation obtained in the case
of the seeded Y-TZP amorphous precursors is much
lower than that reported for the crystallisation of doped
hydrous zirconia (4mol% Y2O3), 262 kJmolÿ1 [36].

These results supported the statement that the presence
of nanometer-size Y-TZP seed particles lowered the
activation energy to reach the critical nuclei size and,
thus, the activation energy for the crystallisation process
of the seeded Y-TZP amorphous precursors.

3.3. Calcined powder characterisation

In order to produce completely transformed Y-TZP
powders, the seeded Y-TZP coprecipitated amorphous
precursors were calcined at 375�C for 10 h (in the fol-
lowing SACC-375), attrition milled for 2 h in pure 2-
propanol with zirconia ball media, and dried at 80�C
overnight. Typical TEM micrograph of the as calcined
powders is shown in Fig. 6(a). It can be noted that the
morphology of the SACC-375 powder consisted of
relatively agglomerated rounded crystallites with a uni-
form size distribution. Because of the low calcination
temperature point contacts was the predominant bond-
ing between particles. From the TEM micrographs a
particle size of about 10 nm could be measured. Fig.
6(b) shows the electronic di�raction pattern of the

Fig. 4. Avrami plots for the Y-TZP crystallisation at 350�C as a

function of the Y-TZP seed concentration.

Table 1

Kinetic constant k, and activation energy, Ea, for the crystallisation of

unseeded and 10wt% seeded Y-TZP amorphous precursors

Temperature (K) k(secÿ1)
SAMPLES

Y-TZP, unseeded Y-TZP,seeded 10wt%

593 ± 3.20�10ÿ5
623 7.21�10ÿ6 5.75�10ÿ5
648 3.20�10ÿ5 ±

673 9.98�10ÿ5 5.88�10ÿ4
Ea(kJ/mol) 184�9.2 119�6.0

Fig. 5. Arrhenius plots of crystallization rate constant for air-calcined

unseeded and 10wt% seeded Y-TZP amorphous precursors.
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SACC-375 powder. The speci®c surface (BET) was
114m2 gÿ1 and the crystallite size as measured by XRD
was of 14 nm.

Fig. 7(a) shows the adsorption-desorption isotherm
curves and Fig. 7(b) the pore size distributions for
SACC-375 powders. The isotherm curve is representa-
tive of a well-developed mesopore structure, but when
compared with that of Fig. 7(b) it can be observed the
presence of a certain amount of micropores (<1nm).
Even so, these results con®rm the TEM observations of
almost spheroidal particles with a relatively low
agglomeration degree and uniform size. In the follow-
ing, a commercial tetragonal zirconia powder (Tosoh)
formed by spherical agglomerates (>20 mm in size) with
primary particle size of 34 nm, and speci®c surface area
(SBET) of 21 m2 gÿ1 will be taken as a reference.
Figs. 8(a) and (b) show the SEM micrographs of both

SACC-375 and Tosoh powders. As it can be observed
the SACC-375 powder is a loose one formed by soft
agglomerates of about 100 nm in size, which is much
smaller than the Tosoh ones.

After compaction at 200MPa it was found a green
density of 45 and 52% of the theoretical density for
SACC-375 and Tosoh samples, respectively. From
compacts isopressed in the pressure range of 20 to
350MPa and their relative densities, values of the
agglomerates strength of 34 and 40MPa for SACC-375
and Tosoh powders, respectively, were found. SEM
microstructures observations of green compacts showed
the presence of sharp edges density inhomogeneities in
both kind of samples. Fig. 9 shows the pore size dis-
tributions in green compacts after isopressing at
200MPa. The average pore size diameter were of 14 and
37 nm for the SACC-375 and Tosoh samples, respec-
tively. Although the Tosoh sample has a higher average
pore diameter but its pore size distribution is narrower
than that of the SACC-375 samples. This has a wider
pore size distribution with pore sizes between less than 3
and 40 nm in diameter, and although the presence of a
second peak in the pore size distribution curve is not
clear but a shoulder towards the smaller pore sizes is
detectable, indicating a certain agglomeration degree in
the SACC-375 green compacts. This compaction beha-
viour is in excellent agreement with the microporous±
mesoporous structure of the SACC-375 calcined powder.

Fig. 7. (a) Adsorption±desorption isotherm curves and (b) pore size

distributions for SACC-375 powders.

Fig. 6. TEM micrograph of (a) SACC-375 powders and (b) electronic

di�raction pattern.
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3.4. Sintering behaviour

From the above data and taking into account the
speci®c surface area and the particle size of the two kind
of tetragonal zirconia powders, it could be predicted
that densi®cation during sintering will proceed at lower
temperatures and with higher rates in the case of the
SACC-375 green compacts, because of the greater sur-
face area to volume ratio. Fig. 10 shows the shrinkage
behaviour of the two tetragonal zirconia green com-
pacts. As expected, densi®cation of SACC-375 sample
starts at a temperature as low as 600�C, which is much
lower than that of the commercial sample ( 1000�C). As
stated elsewhere [37] at this sintering stage the smaller

pores, i.e., intercrystallite porosity, are eliminated. Such
intercrystallite porosity is much higher in the SACC-375
samples, and for this reason the densi®cation starting of
the commercial sample is delayed up to about 1100�C.
An end point density was present in the two samples but
a lower shrinkage was produced in the commercial one.

Sintering behaviour of the two kind of samples as a
function of the temperature is shown in Fig. 11 The
samples were held at each temperature for 5 h with
5�Cminÿ1 heating and cooling rates. In the case of the
SACC-375 samples a markedly enhanced sintering was
observed during the early stages of sintering (below
900�C). Such a behaviour can be explained as the con-
sequence of a higher amount of intercrystallite porosity
present in the SACC-375 green compacts which is
rapidly eliminated and, thus, at 900�C the density was
as high as 92% of theoretical. At 1050�C the samples
reached near theoretical density (�99%), but between
1100�C and 1200�C an abnormal sintering behaviour
was observed for the SACC-375 samples, and low den-
sities (�95%) were achieved. Above 1200�C and up to
1400�C newly a high density (�99%) was achieved, but
it does not reach theoretical value with increasing tem-
perature. Although several causes can contribute to
such abnormal densi®cation [38,39], Fig. 12 clearly
explains that di�erential shrinkage, coming from ¯uc-
tuations in the green compacts density, can be the main
source for the lower densi®cation. A similar phenomenon

Fig. 8. SEM micrographs for (a) SACC-375 powders and (b) as

received Tosoh powders.

Fig. 9. Pore size distributions in SACC-375 and Tosoh green com-

pacts.
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was found by Chen and Mayo [7] during the sintering of
a ultra®ne Y-TZP powder. For commercial samples,
density monotonically increases with increasing tem-
perature reaching near full density (>99%) at about
1300�C (250�C higher than for the SACC-375 sample).
No abnormal densi®cation was detected for the Tosoh
samples.

From the above results it seems clear that (a) the
small particle size in the SACC-375 powders accelerated
the densi®cation kinetics at the early sintering stages
leading to almost fully dense bodies at low temperature,
(b) the presence of large agglomerates with relatively
small pores and with a uniform pore size distribution in
the green compacts, as it is the case of the commercial
powder, displaces the achievement of full density at
higher temperatures and (c) the existence of a quasi
bimodal pore size distribution in the SACC-375 powder

with many small pores but some of them greater than
40 nm, can be detrimental to achieve fully densi®ed
bodies.

As above mentioned, a ®nal density of 99% of theo-
retical is achieved beyond 1200�C for the SACC-375
samples, which is indicating that a residual porosity can
not be eliminated from the structure. As it was shown in
Fig. 12 spherical shaped defects can be observed with a
size of about 2 mm. Most of them are located in zones
which separates regions of di�erent densities. These
defects were probably formed during compaction and
remained after sintering. The apparently abnormal sin-
tering behaviour of this powder above 1100�C could be

Fig. 10. Shrinkage behaviour of SACC-375 and Tosoh green com-

pacts on sintering.

Fig. 11. Sintering behaviour of SACC-375 and Tosoh compacts as a

function of the temperature.

Fig. 12. SEM micrograph of a SACC-375 low-temperature sintered

compact showing di�erential shrinkage.

Fig. 13. Grain growth process in SACC-375 sintered compacts as a

function of the sintering density.
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interpreted taking into account the critical pore-size to
grain-size ratio postulated by Kingery et al. [38,39] Thus
the densi®cation behaviour of SACC-375 compacts
below 1100�C could be justi®ed because of the majority
of the pores are very small respect to the grain size and,
therefore, the pore-size to grain-size ratio is below the
above postulated critical one. At about 1100�C, a cer-
tain pore coalescence takes place and the pore size is
higher than the critical ratio, then the density decreases.
Parallelly a slow grain size increasing is occurring.

Above 1200�C, a substantial grain growth takes place
and newly the pore size is below the critical ratio, they
shrink and the density increases. As it is shown in
Fig. 13, the grain size slowly increases up to a density
value of about 92% of theoretical, i.e., when the pre-
dominant porosity is practically due to the open pores.
Above that density the grain growth rate is accelerated
and suddenly increases when the porosity is near to
zero. These results indicate that below 92% of theo-
retical density the open pores act like pinning grain
boundaries and the grain hardly grew [39]. This phe-
nomenon takes place in the earlier densi®cation stages.
As the open pores are closed the grain growth proceeds
at a relatively high rate, and when they have almost
disappeared the grain growth rate fastly increased.
These di�erent steps for the grain growth process cor-
respond to the densi®cation stages well established for
nano-crystalline Y-TZP sintering elsewhere [40,41].
Fig. 14. shows the surface of the non-etched and etched
SACC-375 samples sintered at 1050�C for 5 h with a
quite uniform microstructure.

4. Summary

Yttria-doped tetragonal zirconia (Y-TZP, 3mol%
Y2O3) amorphous precursors seeded with 10wt%
nanocrystalline Y-TZP particles were air-crystallised in
the temperature range of 320±375�C, which is at least 50
to 100�C lower than the crystallisation temperature of
the Y-TZP phase formed in air-calcined unseeded Y-
TZP amorphous powders. Furthermore, a strong
increase in the crystallisation rate (about one order of
magnitude higher) of the Y-TZP formed in air-crystal-
lised seeded Y-TZP amorphous powders, relative to the
unseeded Y-TZP ones, could be calculated. The
mechanism for which such a process takes place is
assumed to be a catalysed nucleation by the seeding of
nanocrystalline Y-TZP particles. The seeds, being iso-
structural with the expected equilibrium phase and,
therefore, having a close lattice matching, helps to con-
trol the thermodynamics of the reaction of formation of
the Y-TZP solid solution. It seems to be that a rapid
inter-di�usion of the di�erent ions takes place upon the
seeds surface which acting as catalysts into the amor-
phous matrix controlling, thus, the growth process via
epitaxial on the introduced nuclei. The isothermal crys-
tallisation process was better ®tted by an Avrami-type
kinetic relationship for a random nucleation which
enhancing the crystallisation rate of Y-TZP, with acti-
vation energies of 184�9.2 and 119�6kJmolÿ1 for
unseeded and 10wt% seeded Y-TZP amorphous pow-
ders, respectively. Since the Avrami model assumes that
growth is controlled by di�usion, then the low activa-
tion energy found for the Y-TZP crystallisation process
would support the contention of surface di�usion as the

Fig. 14. SEM micrographs of (a) unetched surface and (b) thermally

etched polished surface of a SACC-375 compact sintered at 1050�C for

5 h.
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dominant mechanism for material transport at this
thermal level. Fully transformed seeded Y-TZP copre-
cipitated amorphous precursors, at 375�C for 10 h in
air, retained >100m2 gÿ1 surface area, compared with
�22m2 gÿ1 for an unseeded commercial Y-TZP powder.
The seeded Y-TZP transformed powders exhibited a
mainly mesoporous structure with a relatively narrow
pore size distribution (average pore radius �7 nm). Such
powder characteristics led to near theoretically dense Y-
TZP bodies with a grain size within the nanoscale
(<100 nm), when green compacts were sintered at
1050�C for 5 h.
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