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Nanostructured and near defect-free ceramics
by low-temperature pressureless sintering of
nanosized Y-TZP powders
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Nanosized ( ~6 nm) Y-TZP (3 mol% Y,0;) powders have been produced by chemical
co-precipitation (Y-inorganic + Zr-organic precursors) and thorough isopropanol-washing
step, after calcining in air at 450 °C. The nanocrystalline Y-TZP powders consisted of
spherical soft agglomerates ( ~100 nm in size) which were easily broken down during
compaction resulting in a very uniform green microstructure with a narrow pore size
distribution (average pore size less than 6.5 nm) and no detectable compacting defects. In
spite of the relatively low green density (43% theoretical), Y-TZP powder compacts sintered
to near theoretical density in the very low-temperature range of 1000 °C for 80-100 h to
1070°C for 2 h, maintaining a grain size in the nanoscale ( <100 nm) and the sintered bodies
were nearly defect-free. Hardly any grain growth took place up to 1000 °C; it was very rapid

above this temperature.

1. Introduction

The retention of fine-scale microstructures in sintered
bodies is very useful for certain material properties
such as strength, fracture toughness, and ionic con-
ductivity [1-3]. Decreasing grain size improves both
bending strength and fracture toughness, and if the
grain size is reduced to the nanocrystalline range then
superplastic forming is feasible which is, in some cases,
preferable to pressureless sintering because it gives
better microstructural control [4—6]. However, nano-
metre-sized particles are rich in internal defects that,
on compacting, will be present in the green micro-
structure. During sintering they will grow and their
effect on properties will become more evident.

Since the strength of ceramic materials is sensitive
to the presence of defects, and these are induced by
green microstructure inhomogeneities, the prevention
of any gradient in green density, homogeneity, ag-
glomeration and particle size will lead to a high den-
sity, fine microstructure, and defect-poor or defect-free
sintered products [7—9]. Therefore a deep knowledge
of the pore size distribution, chemical homogeneity,
and density gradients in green compacts is necessary
to ensure uniform sintering.

In the specific case of zirconia ceramics, special
requirements have to be satisfied by the powders used
in obtaining nanostructured and defect-free sintered
bodies. For example, the powders must have a well
controlled size, size distribution, shape, and agglomer-
ation state. When these powder requirements are
achieved then compacts having uniform green micro-
structure, especially with a narrow pore size distribu-
tion, and defect-free sintered bodies could be attained
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[10]. Although there are some problems with small
particles related to their agglomeration tendency, this
difficulty could be overcome with reversible agglomer-
ation and deagglomeration characteristics of the pow-
der. If this is so, then the powder will have a small size
which is defect-free in the deagglomerated state and
will exhibit homogeneous packing and an improved
sintering response.

Although many techniques, such as hydrolysis of
metal alkoxides [11, 12], co-precipitation from aque-
ous solution [ 13, 14], hydrothermal reaction [15], and
more recently the inert gas condensation method [8],
have been developed to prepare yttria-doped tetra-
gonal zirconia (Y-TZP) ultrafine (nanocrystalline)
powders, difficulties with most of them, mainly in cost
and control of the composition, preclude their utiliz-
ation. Gel-precipitation from aqueous and/or alcohol-
ic solutions seems to be a more promising route for
making nanocrystalline Y-TZP powders [14—16]. On
this basis, the present work was carried out to study
the influence of the synthesis method and the powder
processing on the powder characteristics, microstruc-
ture of the green compacts and the sintering behaviour
of the nanocrystalline powders obtained.

2. Experimental procedure

A 3mol % Y,03;-ZrO, produced by a co-precipita-
tion method was used in this study. An isopropanol
solution containing yttrium and zirconium cations
was added to an isopropanol-water ammonium
hydroxide solution by stirring. At the end of the
co-precipitation process a white co-precipitate of
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zirconium and yttrium hydroxides was obtained. The
co-precipitate was filtered and thoroughly washed
with isopropanol and then air calcined at 450 °C for
5h to produce the yttria-doped zirconia oxide. The
details of the powder preparation are reported else-
where [17]. The only differences were a thorough
isopropanol-washing step and a lower calcining tem-
perature.

Co-precipitated isopropanol washed (IW) and cal-
cined powders were characterized by differential ther-
mal analysis/thermogravimetric analysis (DTA/TG),
and by Fourier transform infrared (FTIR) spectro-
metry. Specific surface areas were calculated by the
Brunauer—Emmett—Teller (BET) method. Crystallite
sizes of calcined powders were determined by the
X-ray line broadening (Scherrer) method. Particle size
and shape were also examined by both transmission
(TEM) and scanning (SEM) electron microscopy.
Green compacts of the IW-calcined powder were pro-
duced at different compaction pressures up to
350 MPa and their compaction behaviour was studied
by measuring the changes in density. The pore size
distributions in green compacts (200 MPa) were
studied by mercury porosimetry. Non-isothermal sin-
tering (CHR) behaviour was studied using a heating
rate of 120°Ch~! to 1400°C. Isothermal sintering
was carried out at 1000 to 1150 °C several times. The
densities of the sintered samples were determined by
the Archimedes method. Virgin surfaces of the sin-
tered samples as well as polished and fractured surfa-
ces were examined by SEM, and the grain sizes of the
sintered samples were measured by X-ray line
broadening or by the interception method [18].

3. Results and discussion
The co-precipitated IW powder consisted of almost
spherical agglomerates and a specific surface area as
high as 290 m?g~! was measured. After calcining,
as shown in Fig. 1, a loose agglomerated powder
was obtained. It seems that during the isopropanol-
washing step the adsorption of isopropanol on the
hydroxyl group surfaces of the hydrous zirconia in-
hibits the formation of bridging between neighbouring
precipitate particles, thus impeding the formation of
hard agglomerates during the drying process and,
therefore, improving the sinterability of the Y-TZP
powders [19, 20]. The morphology of these agglomer-
ates, about 100 nm in size, was quite similar to the
co-precipitated one but the surface area, as measured
with BET, decreased to 140 m? g~ !. Nitrogen adsorp-
tion isotherms obtained from the loose powder re-
vealed that the pore size was in the range of ~20 nm.
The primary crystalline size, as determined by X-ray
line broadening, was about 6 nm. Consistent results,
about 8 nm, also were obtained by TEM, see Fig. 2.
The calculated specific surface of the isolated Y-TZP
particles is ~165m?g~'. These results indicate that
the agglomerates have both a high internal porosity
and a substructure consisting of many smaller
particles.

It is visualized, from Fig. 2, that the loose nanosized
Y-TZP powder is formed by three kinds of micro-
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Figure I SEM photograph of IW-air calcined Y-TZP nanosized
powders showing almost spherical agglomerates.

Figure 2 TEM photograph of loose nanosized Y-TZP powder.

structural subunits with different sizes: (a) the first are
the primary crystallites ( <6 nm); (b) the second are
formed by aggregates or domains with a very uniform
distribution size (15-20 nm in diameter) constituted
by several primary crystallites linked by necks; and (c)
the third kind are agglomerates with irregular shape
(less than 100 nm in size), formed by the union of some
domains (3 to 6) held together like chains by weak
attractive forces. The phase analysis by X-ray diffrac-
tion revealed that the IW co-precipitate was amorph-
ous and a relatively well crystallized tetragonal zirco-
nia without traces of other phases was formed after
calcining.
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Figure 3 Compaction behaviour of nanosized Y-TZP powders.

Fig. 3 shows the compaction behaviour of the
nanosized Y-TZP powders. The relative densities of
the green compacts were plotted as a function of the
logarithm of the applied isopressure. A curve with two
well defined linear parts intersected at a pressure
P; was obtained. The lower P; is, the lower is the
strength of the agglomerates. A value of P; as low as
32 MPa was found which is much lower than those
reported for Y-TZP powders obtained by different
methods [16]. If the porosity of the agglomerates also
gives an indication of the agglomerates’ strength [21],
then it should be assumed that, as mentioned above,
the internal porosity of the agglomerates in the IW-
calcined powders was quite high. These spherical and
porous agglomerates showed a good packing capabi-
lity and can be easily broken during compaction giv-
ing rise to a homogeneous distribution of both the
stresses and the density in the green compacts.

The above statement is corroborated by the absence
of any sharp edges of density inhomogeneities in the
green bodies as shown in Fig. 4. If any defects had
been introduced during the compacting process they
were not detected in the green state even at higher
electron micrograph magnifications. Thus it can be
concluded that, as a consequence of the isopropanol-
washing step, the quasi-spherical and small agglomer-
ates in the nanosized-Y-TZP powders were porous
and mechanically soft. Hence, the friction between
agglomerates was very low, thus leading to a homo-
geneous green microstructure after compaction.

Taking into account the different microstructural
subunits present in the loose nanosized Y-TZP pow-
der, and its compaction behaviour depicted in Fig. 4,
we could also hypothesize the existence of several
types of pores contributing to the total porosity in the
nanosized Y-TZP powder compacts, as follows:
(i) pores between the particles within a domain/ag-
gregate or intra-domain porosity, and it would be
constituted by the pores having the lowest coordina-
tion; (ii) those pores located between domains/aggre-
gates or inter-domain (also named intra-agglomerate)
porosity; and finally (iii) the pores between the ag-
glomerates or inter-agglomerate porosity. The pore
coordination in the inter-agglomerate porosity would
be, of course, higher than that of the pores in the
inter-domain or intra-agglomerate porosity [22].

Figure 4 Green microstructure of nanosized Y-TZP powder com-

pacts.
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Figure 5 Pore size distribution of nanosized Y-TZP green com-
pacts.

The pore size distribution in compacts after iso-
pressing at 200 M Pa is given in Fig. 5. The nanosized-
Y-TZP powder compacts have a narrow pore size
distribution with a single peak located at a pore
diameter of 6.5 nm. The asymmetrical pore size distri-
bution curve could be indicating the presence of a cer-
tain amount of smaller pores (diameter less than 3 nm)
in the nanosized-Y-TZP green compacts. No large
pores ( > 10 nm) were found in the green microstruc-
ture. This fact indicates that during the compaction
the average interparticle distance is decreased and,
thus, the pore size distribution is displaced towards
smaller pore diameters leading to green compacts with
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Figure 6 Density of nanosized Y-TZP samples as a function of
sintering temperature. Soaking time was 5 h.

intra- and interagglomerate pores of almost the same
dimensions. Accordingly it should be also assumed
that there is both an increase in the particle coordina-
tion number and a decrease in the pore coordination
number. If this is so, then the densification rate should
be enhanced [22].

Fig. 6 shows the sintering temperature dependence
of density for nanosized-Y-TZP sintered samples. Al-
though the green density was as low as 43% of the
theoretical density, very far from that considered as
near-ideal close packing ( ~78% theoretical), the
samples exhibited a 95% density at temperatures as
low as 950 °C, and were theoretically dense at 1070 °C.
These high densities could be a consequence of several
combined factors: (i) the large surface area to volume
ratio of the nanosized-Y-TZP powders; (ii) the in-
crease of both the surface forces and the sintering
pressure acting to enhance densification [23]; and
finally, (iii) the very homogeneous green structure
which, in spite of the low green density, lead to high
densification [13].

Although some grain growth during the densifica-
tion process is inevitable, in the sintered samples of the
Fig. 6, the grains have grown to about 38 nm at
1000 °C which is 6 times the initial particle size, and
only up to 86 nm at 1070 °C for the theoretically dense
samples. At 1400 °C (with no soaking sintering time)
the grain size was still 215 nm. Fig. 7 shows the grain
size variation with temperature for a hold time of 2 h.
As can be observed, the grain size slowly increases up
to ~1000°C and above this temperature grain
growth rapidly increases.

Fig. 8 shows the non-isothermal sintering curves of
nanosized Y-TZP compacts. Shrinkage begins at tem-
peratures as low as 500°C, and above this temper-
ature shrinkage was linear and continuous up to the
hold temperature. The final density is achieved at
a temperature somewhat higher than 1200°C. The
same figure shows the shrinkage rate as a function of
densification temperature. Two maxima were found,
one of them at about 800 °C and a higher peak in the
shrinkage rate follows at approximately 1000 °C. Each
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Figure 7 Grain size of nanosized Y-TZP samples as a function of
sintering temperature (hold time, 2 h).
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Figure 8 Non-isothermal sintering behaviour of nanosized Y-TZP
green compacts.

of them seems to correspond to a type of pore in the
pore-size distribution curve. The smaller pores
( <3 nm), probably intra-agglomerates, are eliminated
at the lower temperatures and the larger, interag-
glomerates, need higher temperatures to be eliminated
[24,25]. Both the speed and low temperature (much
lower than 0.5T,) of pore elimination confirm the
homogeneous porosity distribution in the nanosized-
Y-TZP green compacts, as shown in Fig. 5.
Although the small particle size, but not mono-
sized, could not be the only condition to achieve high
densification, the fact that near theoretically dense
bodies were obtained at temperatures as low as
1000—-1070°C, see Fig. 6, indicates that a high particle
coordination number and uniform packing exist in the
nanosized-Y-TZP green compacts in spite of the rela-
tively low green density [23]. On the other hand, the
fast elimination of the pores allows us to state that the
pore coordination number in the nanosized-Y-TZP
green compacts was below the critical value (R.), for
pores to disappear by volume/grain boundary diffu-
sion [26, 27]. Furthermore, since the particle size of
the Y-TZP powder is very small (nanometric charac-
teristics) then a large generated sintering pressure and
an assumed small variation in the particle coordina-
tion number, lead to both an enhanced shrinkage rate



100—r .

96 -

[Le]
[e?]

94

% of theoretical density

22

90 | | | |
0 10 20 30 40

Sintering time (h)

Ly
50 100

Figure 9 Isothermal sintering behaviour of nanosized Y-TZP green
compacts: @ 1070 °C and O 1000 °C.

and a complete densification at low temperature
[1, 28, 29]. Although such a sintering pressure could
finally result in the formation of flaws in the sintered
bodies, the absence of both hard agglomerates or large
pores in the nanosized-Y-TZP green compacts, see
Fig. 4, leads to fully densified almost defect-free bodies
maintaining a grain size less that 100 nm (nanostruc-
tured) being achieved by pressureless sintering at very
low temperatures. It means that Y-TZP nanostruc-
tured ceramics could be achieved below 1000 °C with
adequate powder processing. Thus a Y-TZP unag-
glomerated powder with higher surface energy (higher
surface/volume ratio) could potentially lead to fully
dense bodies by reducing the solid surface curvature
and delivering more free energy from the system.
Given that the major densification took place at
1000 to 1100°C, dense bodies with small grain sizes
could be obtained in that temperature range, thus
temperatures of 1000 and 1070 °C were chosen for the
isothermal sintering studies. Fig. 9 shows the isother-
mal sintering curves of the samples sintered at 1000
and 1070°C. Starting with 43% green density, the
samples can sinter to full density ( >99.9% theoret-
ical) with a grain size of only 72 nm after 2 h holding
time at 1070 °C. When the sintering peak of 1000 °C is
used then the samples take 80—100 h to reach full
density but the grain size is still less than 100 nm. The
little grain growth observed at this point indicates that
the mobility of the pores was much higher than that of
the grain boundaries and, hence, they would have
a pinning effect on the grain growth process. Fig. 10
shows the polished and thermally etched surface of
a 99.9% dense sample. Uniformity in density is
achieved and the fine particulate nanostructure, is
maintained. This microstructure of grains with well-
developed grain boundaries and no detectable resid-
ual porosity is typical of a ceramic body in the final
sintering stage. In contrast, SEM observations on the
polished cross-section and non-etched surface sample
showed some residual porosity that was not elimi-
nated, although no structural defects (crack-like voids)
were detected. Therefore, it has been demonstrated

Figure 10 SEM of nanosized Y-TZP 99.9% dense samples.

with these isothermal experiments that after 2 h sinter-
ing at a temperature as low as 1070 °C, Y-TZP dense
bodies with a grain size in the nanoscale range and,
apparently, defect-free can be achieved. Similar results
were obtained in the case of a nanocrystalline TiO,
prepared by an inert gas condensation technique [7],
but nanostructured Y-TZP could not be prepared
[30].

4. Conclusions
The above described experimental results allow us to
draw the following conclusions.

1. Nanoparticles of Y-TZP with an average grain
size of 6 nm can be produced by calcining at 450 °C,
a thoroughly isopropanol-washed co-precipitated
amorphous Y-TZP powder.

2. The obtained nanosized Y-TZP powder con-
tained soft agglomerates, ~ 100 nm in diameter, which
were easily fragmented during compaction leading to
green compacts with a very uniform microstructure,
a narrow pore size distribution (only maximum at
a pore size smaller than 8§nm), and with very few
defects or defect-free.

3. The unique characteristics of such nanosized
powder compacts allowed fully dense bodies of Y-
TZP with a grain size in the nanoscale ( <100 nm) and
near defect-free by pressureless sintering at a temper-
ature as low as 1000 °C for 80—100h or 1070°C for
2 h, to be achieved.
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