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Abstract

Yttria-doped tetragonal zirconia (Y-TZP, 3 mol%
Y,03) amorphous precursors seeded with nanomet-
ric Y-TZP particles (10 wt% ) were prepared by the
sol-precipitation method. Solid-state reactions
occurring during heating were studied by differential
thermal analysis and X-ray diffraction. It was found
that the seeding of Y-TZP amorphous precursors
with 10 wt% crystalline Y-TZP nanometric parti-
cles considerably lowered the onset of the Y-TZP
solid solution crystallisation temperature by nuclea-
tion and epitaxial growth. Thus, a complete Y-TZP
solid solution was formed in the temperature range
of 320—350°C in air after a heat-treatment of 20 h,
by seeding the Y-TZP amorphous precursors with
10 wt% of Y-TZP nanometric crystalline particles.
The isothermal crystallisation kinetics for an unsee-
ded and 10 wt% Y-TZ P nanometric particles seeded
Y-TZP precursors have been compared. The seeded
Y-TZP precursors exhibited enhanced crystallisa-
tion kinetics (about one order of magnitude higher),
and the activation energy for the Y-TZP solid solu-
tion crystallisation was reasonably lowered (from
184kJ mol=! to 119kJ mol~!). © 1997 Elsevier
Science Limited.

1 Introduction

It is widely accepted that chemical methods of
synthesis lead to powders with no compositional
fluctuation and controlled particle shape and
size.1”> However in most of them a metastable
compounds are obtained needing a subsequent
calcination step to convert the gels to oxide powder
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ceramics. In the last decade, the hydrothermal
synthesis route, has been successfully used in many
industrial processes for preparation of, for exam-
ple, alumina in the Bayer process. This technique,
although does not needs the calcination step to
obtain oxides, but involves the use of relatively
high temperatures (~300°C) and elevated pressures
(> 100 MPa). Besides a further heat treatment at
about 300°C becomes necessary to eliminate resid-
ual 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 ceramic
powders with controlled morphology. It is for
these reasons that such a chemical route has not
attracted the attention which has been paid to sol-
gel or coprecipitation processing as the main routes
to advanced ceramic powders.

In the case of the production of ultrafine yttria-
doped tetragonal zirconia polycrystalline (Y-TZP)
powders, a gel-precipitation technique using metal
salts as chemical precursors has been widely
used.> In such a chemical route, which involves
the coprecipitation of metal hydroxides with
ammonia, a thoroughly washing step with an
alcohol play a crucial role to obtain dried powders
with low strength agglomerates. The final step is
the calcination of dried powders at temperatures
2~ 500°C leading to the crystalline Y-TZP powder
with high intra-agglomerate porosity.®’ Such a
heat treatment inevitably leads to the formation of
strong interparticle bonds,® which detrimentally
influence both the sinterability and the compaction
capability of the so obtained Y-TZP powders. In
order to get better powder characteristics the sug-
gestion is to find the adequate processing which
allows the use of Y-TZP crystallisation tempera-
tures as low as to avoid the formation of the
undesirable interparticle bonds.
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The claim of the present paper is the use, for the
first time in the case of the Y-TZP, of the ‘seeding
fundamental concepts’, successfully applied by
the Messing®!! and Roy!? groups in the case of the
Al,O; and the Al,O3-SiO, systems, to lowering
the crystallisation temperature and/or modifying the
crystallisation kinetics of the air-calcined Y-TZP
precursors, as an alternative to other chemical

routes.

2 Experimental procedure

The starting materials were co-precipitated gels. To
do that ZI'(C4H90)4'C4H90H and Y(NO3)3H20
were dissolved in pure isopropanol slightly acidu-
lated with HNO;. This sol solution was labeled as
A. On the other hand, a suspension of well crys-
tallised Y-TZP seed particles (size =~ 8 nm) in pure
isopropanol was also prepared as described else-
where.* The amount of seed particles was in pro-
portion of 10 wt% relative to the final Y-TZP
mass. This suspension was labeled as B. Then the
sol solution A and the suspension B were mixed.
To ensure a homogeneous dispersion of the Y-
TZP seed particles, the sol solution containing the
seeds was powerfully agitated for 1h, and then
coprecipitated with a mixture of pure isopropanol—-
NH,OH (1/1). The coprecipitate was filtered,
washed with water to remove residual ammonium
nitrate salt and, finally, thoroughly washed with
pure isopropanol for five times and dried at 80°C in
an oven. The dried powders were attrition milled for
2h in pure isopropanol with zirconia ball and
redried at 80°C overnight. The dried powders were
heated in a small platinum crucible for soaking
times which varied from 0-1h up to 60h in an iso-
thermal mode in the temperature range of 320 to
400°C. After heating the amount of crystallised tet-
ragonal phase was measured by X-ray diffraction
(Siemens D5000 with CuK,) on the 111 peak area
using a previously calibrated curve. A differential
thermal analyzer (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 cases of 5°Cmin~!. Specific
surface area of the calcined Y-TZP powders was
calculated by the BET-method (Accusorb 210E,
Micromeritics), and the crystallite size Dy;; of the
powders was measured for the (111) reflection by
X-ray line broadening using the Scherrer for-
mula:'? D;;;=0-941/B;;; cosd where Bjj; is the
half width of the peak duly corrected for the effect
of spectral and instrumental broadening. Powder
morphology was observed by Scanning Electron
Microscopy (SEM; Zeiss DSM 950) and Transmis-
sion Electron Microscopy (TEM; Jeol 2000FX).

3 Experimental results

3.1 Powder characteristics

Figure 1 shows the DTA thermograms for pure
hydrous zirconia unseeded and 10 wt% seeded Y—
TZP precursors. The effect of seeding in lowering
the crystallisation temperature is clearly seen. The
crystallisation temperature of Y-TZP in the maxi-
mum of the exothermic peak, from the 10 wt%
seeded powder shifted ~35°C lower than that with-
out seeding. In conjunction with the X-ray diffrac-
tion results in the heat treated samples, it was
found that, as it is shown in Table 1, the tempera-
ture range in which the seeded Y-TZP crystallisa-
tion takes place is also larger (between ~305 and
560°C) than that of the unseeded sample (between
~370 and 560°C). Therefore the start of seeded Y—
TZP crystallisation occurred at some 60°C lower
than that of the unseeded sample. If, as suggested
by Livage et al.'* the crystallisation of pure tetra-
gonal zirconia from amorphous phase started by
nucleation at a favored points, then it should be
assumed that an increasing of the nucleation den-
sity sites will shift the onset of the crystallisation to
lower temperatures. In fact, as it is shown in Fig. 2,
Y-TZP unseeded sample heat-treated for 40h at
320°C remained almost amorphous, whereas a 10
wt% seeded Y-TZP sample was >80% crystal-
lised at the same temperature for 20h. Livage et
al.'* established that pure zirconia could start to
crystallise at about 300°C and a minimum tem-
perature of 350°C would be required for complete
crystallisation. Theunissen et al.!> observed the
onset of crystallisation for Y-TZP solid solution at
400°C, and Boutz et al.!® established by DSC
experiments the amorphous to crystalline transi-
tion of Y-TZP at 450°C. According to our results
both the decreasing in the onset of crystallisation
temperature and the increasing of the Y-TZP
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Fig. 1. DTA heating curves for pure hydrous zirconia,
unseeded, and 10 wt% seeded Y-TZP amorphous precursors.
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Table 1. DTA exothermic peak temperature (°C)

Samples Onset  Maximum End

Unseeded Y-TZP 365 455 560

10 wt% seeded Y-TZP 305 425 560
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Fig. 2. XRD patterns for 10 wt% seeded and unseeded Y-
TZP amorphous precursors heat-treated at 320°C for 20 and
40 h, respectively.

crystallisation rate could probably be attributed, in
principle, to a lower activation energy required to
nucleate the Y-TZP phase from the seeds.

After calcining the specific surface and the crys-
tallite size of the unseeded and seeded powders
were strongly influenced. As it is shown in Fig. 3,
the unseeded powders were much more agglomer-
ated than the seeded ones. The specific surface
decreases as the calcination temperature increases,
but such a decreasing is due to a higher crystallite
size. The crystalline size (~15nm) in the seeded
powder was almost constant in the calcination
temperature range which is consistent with an
almost no variation of the specific surface
(~100m? g~1) at those calcination temperatures. In
the case of the unseeded powders the crystallite size
increased, from ~11-3nm at 350°C to ~14nm at
400°C according to the crystallite growth of the
newly-formed tetragonal zirconia solid solution.
From the TEM studies, as it is shown in Fig. 4(b),
well shaped tetragonal zirconia particles with sizes
between 10 and 20nm, were produced by air-cal-
cining at 350°C for 30h. Similar results were
reported for tetragonal zirconia produced by hydro-
thermal treatment at 300°C for 24 h.!” Figure 4(a)
shows the poorly developed tetragonal zirconia
particles from the unseeded air-calcined sample at
the same experimental conditions.

Fig. 3. SEM of (a) unseeded Y-TZP, and (b) 10 wt% seeded
Y-TZP heat-treated at 350°C for 30 h.

Table 2 summarizes, as an example, the charac-
teristics of two investigated powders, one of them,
unseeded Y-TZP was calcined at 450°C for 5h and
the other one, Y-TZP seeded with 10 wt% nano-
crystalline particles calcined at 375°C for 10h. In
both cases the porosity of the powders were mainly
mesoporous but in the Y-TZP seeded sample a
small amount of microporous was present
(Seer—S: = specific surface of microporous). Figure
5 shows the pore size distribution of unseeded
Y-TZP(0) and the seeded Y-TZP(10) powders and,
as it can be seen, the modal diameter of the unsee-
ded Y-TZP powder (~8-4nm) is higher than that
of the seeded Y-TZP powder (6-4 nm). Taking into
account these data and the crystallite size of both
kinds of powders (8-4 and 15-4 nm, respectively), it
could be stated that the pores are located between
the crystallites and, therefore, the mesoporosity is
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Fig. 4. TEM images of powders (a) unseeded Y-TZP and (b)
10 wt% seeded Y-TZP heat-treated at 350°C for 30 h.

Table 2. Main characteristics of unseeded Y-TZP(0) and 10
wt% seeded Y-TZP(10) powders calcined at 450°C Sh and
375°C 10h, respectively

Samples SgeT S; I;p P R, Dxgpis

(m’g=1) (m’g~!) (em’g™!) (%) (nm) (nm)
Y-TZP(0) 123 130 0-24 60 42 8.4
Y-TZP(10) 114 96 0-16 50 32 153

SeeT, BET surface area; S,, specific surface of mesopores; Vg,
mesopores volume; P, Intra-agglomerate porosity calculated as
reported elsewhere;!¢ R, the mode pore radii for maximum
adsorption; Drxp g, crystallite size as determined by X-ray line
broadening.

mainly intra agglomerates. It is clear from the
above data that well crystallized Y-TZP powders
having specific surface areas >100m?g~! can be
prepared by air calcining of the seeded Y-TZP
amorphous precursors.

3.2 Crystallisation kinetics

If as it has been suggested'!® the crystallisation of
tetragonal zirconia phase could be considered as a
nucleation and growth process, then plotting the
fraction of crystallised Y-TZP phase as a function
of log time curves of the sigmoidal shape should be
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Fig. 5. Pore size distribution of unseeded Y-TZP(0) and 10
wt% seeded Y-TZP(10) powders at heat-treated at the indi-
cated temperatures.

10wy% seeded Y-TZP(10)
375°C-10h

V pore/R pore

obtained in close agreement with the Avrami
model,!® which assumes that growth is controlled
by nucleation. Figure 6 shows such a plot for
unseeded and seeded Y-TZP precursors at 350°C.
The curves have almost the same shape and slope
which indicates that seeding does not influences the
crystallisation mechanism but only the crystallisa-
tion rate. As it can be observed the influence 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 reason-
ably enhanced by seeding Y-TZP amorphous pre-
cursors with polycrystalline Y-TZP nanometric
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 induction time was
obtained by extrapolation of the linear part of the
sigmoidal crystallisation curves to 0-5% of 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 compar-
ison to the unseeded Y-TZP at the same tempera-
ture. On the other hand, the total time required for
complete crystallisation of 10 wt% seeded Y-TZP
was as short as 120 min at 400°C, whereas not less
than 20 h were necessaries for complete crystallisa-
tion in the case of the unseeded Y-TZP.
According to the above assumption, the Avrami
transformation kinetic expression’® was used to
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Fig. 6. Isothermal kinetics for the Y-TZP crystallisation at
350°C as a function of the Y-TZP seed concentration.

evaluate the XRD data. The relationship between
volume fraction and time is given by

x = | —exp(—kt") (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 fitted according to the following linear
transformation of the above equation:

In[—1n(1 — x)] = Ink + nlnt (2)

where x is the weight fraction of crystallised Y-
TZP phase. Plots of In[—In (1-x)] as a function of
In t yields the values of n and k. The rate constants,
shown in Table 3, were determined from the inter-
cept at each isothermal temperature. As it is
shown, comparable constants rate were measured
at temperatures 50°C lower in seeded Y-TZP rela-
tive to unseeded samples.

The temperature dependence of k in eqn (1)
apparently follows an Arrhenius relationship,
according to:

k = A exp(—E,/RT) (3)

Table 3. Kinetic constant k, and activation energy, E,, for the
crystallisation of unseeded and 10 wt% seeded Y-TZP amor-
phous precursors

Temperature k (sec™1)
(K)
Y-TZP Y-TZP

(unseeded) (seeded 10 wt% )
593 — 3.20x10-3
623 7.21x10-6 5.75x10~3
648 3.20x10°3 —
673 9.98x 103 5.88x 104
E, (kJ mol™1) 184+9.2 119+ 6-0

where A is the frequency factor, E, the apparent
activation energy of crystallisation, and R the gas
constant. Plots of 1g k versus 1/T, as shown in
Fig. 7, yielded straight lines with very good corre-
lation coefficients (0-99). The activation energies
calculated were 184+9-2kJ mol~! and 119+6kJ
mol~! for the unseeded and 10 wt% seeded Y-TZP
amorphous precursors, respectively.

4 Discussion

The dehydration characteristics of zirconium gels
and the pure zirconia crystallisation temperature
(~430°C) are quite well established,!420-22
although the exothermicity produced as a conse-
quence of the transition of the amorphous powder
to crystalline tetragonal zirconia, termed as a glow
phenomenon, has not been still clearly defined. As
it was shown in Fig. 1, the incorporation of yttrium
cations retarded the crystallisation of the amor-
phous hydrous zirconia powders from about 430°C
up to 455°C. This result is in close agreement to
those reported by other investigators, thus Mercera
et al?® reported that the crystallisation of yttria-
doped tetragonal zirconia occurred at 454°C, and
the hydrous zirconia powders were still amorphous
when calcined at 350°C for 15h. Haberko et al.%
reported a crystallisation temperature somewhat
lower, ~437°C, for amorphous zirconia powder
containing 3mol% Y,0;. On that basis most of the
research carried out on the study of Y-TZP sinter-
ing and properties currently used Y-TZP powders
air calcined at temperatures higher than 500°C. At
that calcination temperature the formation of
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- ~
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Fig. 7. Arrhenius plots of crystallisation rate constant for air-
calcined unseeded and 10 wt% seeded Y-TZP amorphous
precursors.
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strong intercrystallite-bonds is favored which det-
rimentally influence the sinterability of the pro-
duced Y-TZP powders.?16

The crystallisation of pure tetragonal zirconia,
starting from amorphous Zr(OH),Oy via hydro-
thermal synthesis, takes place by a topotactic crys~
tallisation on the nuclei existing in the amorphous
zirconia powders.!” In the same way, it was repor-
ted the existence of an induction period previous to
the tetragonal zirconia crystallisation confirming,
thus, the idea of favored sites, as nuclei, for
nucleation previously to the crystallisation.!* This
assumption, probably, would need to state a high
activation energy to achieve a critical nuclei size.
Table 1 and Fig. 6 showed that an increasing of the
nucleation sites, by seeding, lowers the onset of the
crystallisation of Y-TZP phase from the seeded
powder at some 60°C lower than that without
seeding. On the other hand, such an increasing of
the nucleation sites results in an enhancing of the
nucleation rate, see Fig. 6, and therefore giving rise
to enhanced crystallisation kinetics for each tem-
perature. These results are consistent with the fact
that in the case of a heterogeneous nucleation pro-
cess, as it can be considered the present case, the
presence of the nanometric size Y-TZP seed parti-
cles requires a much smaller activation energy to
reach the critical nuclei size.>> Then we can con-
clude that the seeding of Y-TZP precursors with
nanometric Y-TZP crystalline particles has a sig-
nificant effect on the yttria-doped tetragonal zirco-
nia crystallisation process, (a) by lowering the
onset of the crystallisation temperature and (b) by
enhancing the crystallisation kinetics at each tem-
perature.

From the above results, it could be also stated
that the characteristics of the seed Y-TZP nano-
metric particles, being isostructural with the final
Y-TZP product and having a close lattice match-
ing between them, will favour a decreasing of the
activation energy for nucleation and reducing,
thus, the overall energy requirements for epitaxial
growth from the provided nuclei of the new syn-
thesized Y-TZP phase.?* Such a growth process
could take place by a surface diffusion mechanism,
which needs a low activation energy to be carried
out. The stabilisation of tetragonal zirconia by the
incorporation of Y2 cations as solid solution by
the surface diffusion mechanism, on the other
hand, results in a lowering of both the surface dif-
fusion coefficient and the specific surface free
energy of the zirconia.?> As reported by Garvie 26
the surface free energy of tetragonal zirconia is
lower than that of the monoclinic one.

The values obtained for the activation energy of
crystallisation, in the case of Y-TZP amorphous
precursors seeded with 10 wt% of nanometric

Y-TZP crystalline particles, 119+6kJ mol~!, is
much smaller than those reported for the crystalli-
sation of pure hydrous zirconia and doped-
hydrous zirconia (4 mol% Y,03), 232 and 262kJ
mol~!, respectively.?’” These results supported the
statement that the presence of nanometric Y-TZP
seed particles lowered the activation energy to
reach the critical nuclei size and, thus, the activa-
tion energy for the crystallisation process of the Y-
TZP amorphous precursors.

The objective of the present work was not to
study the effects of seeding on the morphology
characteristics of the obtained powders, and its
influence on the sintering behaviour of Y-TZP
compacts. However, work is now in progress to
elucidate it and the results will be reported soon in
subsequent papers.

5 Conclusions

Summarising the above experimental results it
could be concluded, on the basis of an assumed
uniform distribution of zirconium and yttrium
cations in an oxygen—hydroxyl-water matrix, as
follows:

1. seeding with Y-TZP nanometric particles (10
wt%) induces a slight lowering (about 60°C
lower) in the crystallisation temperature of the
Y-TZP phase and a strong increase in the
crystallisation rate (about one order of mag-
nitude higher) of Y-TZP formed in air-cal-
cined amorphous powders relative to the
unseeded Y-TZP ones;

2. the mechanism for which such a process takes
place is assumed to be a catalysed nucleation
by the seeding of Y-TZP nanometric parti-
cles. The seeds being isostructural 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 be that a rapid inter-diffusion of the
different ions takes place upon the seeds which
acting as catalysts into the amorphous matrix
controlling, thus, the growth process via,
probably, epitaxial on the introduced nuclei;

3. the isothermal crystallisation process is best
fitted by an Avramy-type kinetic relationship
for a random nucleation which enhancing the
crystallisation rate of Y-TZP, with an activa-
tion energies of 184+9.2kJ mol™!
(4416 £2-2kcal mol~") and 119+ 6kJ mol~!
(28-56 % 1-44 kcal mol~!) for unseeded and 10
wt% seeded Y-TZP amorphous powders,
respectively. Since the Avrami model assumes
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that growth is controlled by diffusion, then
the low activation energy found for the Y-
TZP crystallisation process support the con-
tention of surface diffusion as the dominant
mechanism for material transport at this
thermal level.
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