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Abstract

The aim of the present study was investigation of synthesis and sinterability of nanometric zirconia solid so-
lution powders containing 8 mol% and 3mol% of Y,0;. The powders were prepared by the hydrothermal
treatment of the co-precipitated gels, which resulted in very fine powders with particle sizes <10 nm. The main
problem in application of such fine powders is their tendency to form hard agglomerates. To overcome this ob-
stacle, the aqueous suspensions of the powders were subjected to the freeze drying. It resulted in the powders
composed of very weak agglomerates which were broken under pressure as low as ~1 MPa. The powder com-
pacts were sintered in oxygen atmosphere to the state of closed porosity and then HIP-ed at 1300 °C to fully
dense ceramics. The spectrophotometric investigations in the wave length range of 190—1100nm indicated
higher translucency of the 8mol% Y,0;-ZrO, than the 3 mol% Y,0;-ZrO, ceramics. Most probably it should
be related to the birefringence phenomenon which occurs in the latter case due to the tetragonal symmetry of
this material. In the polycrystal containing 8 mol% of Y,0; this phenomenon does not occur due to its cubic
symmetry. The other two factors which lead to the decreased optical transparency of the material containing
3mol% Y,0; are its smaller grain sizes and the presence of some amount of the monoclinic phase.
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I. Introduction the birefringence effects, which occur in the tetragonal

. . . . polycrystals limit their translucency.
Solid solutions of yttria in zirconia have been ex-

tensively studied due to their unique properties. In the
case of the material containing 8 mol% Y,O,, char-
acterized by cubic symmetry [1], its properties as a
solid electrolyte have been proved to be useful. Pore-
less or nearly pore-less polycrystals of this composition
have been useful for optical applications, due to their
very high refractive index 2.2, which has never been
attained in optical glasses. The polycrystals contain-
ing 3mol% of Y,0; show mostly tetragonal symmetry
[1]. They are characterized by high fracture toughness.
This is related to the martensitic transformation of the
tetragonal phase to its monoclinic form at the crack tip
running through the material. This transformation con-
sumes elastic energy which otherwise would be used
for the crack propagation. That is why such materials
show fracture toughness essentially higher than those
of zirconia polycrystals of cubic symmetry. However,

Relatively few investigations have been published on
the fabrication methods of theoretically dense zirconia
polycrystals containing 8 mol% of Y,O;. In majority of
cases the sub-micrometer powders were applied. The ef-
fects of some additives (such as titania) to such pow-
ders were investigated [2,3]. Different techniques were
used for the sintering. Thus, the commercially available
sub-micrometer powders were densified by the post-
sintering HIP technique [2-5]. Pore closing was per-
formed in vacuum [4-6] or in the oxygen atmosphere.
Hot-isostatic pressing led to the pore-free, transparent
polycrystals. Spark plasma sintering was also applied in
vacuum, using the commercial powder [7] or the pow-
der prepared by the glicine-nitrate process [8]. In the
latter case extensive milling of the powder was neces-
sary to remove strong (hard) agglomerates. These ag-
glomerates result from calcination of the powder pre-
cursor. During this operation strong contacts between
 Corresponding author: tel: +48126172464, newly crystallized particles develop. Pore size distribu-

fax: +48126334630, e-mail: radoslaw.lach@agh.edu.pl tion in a powder compact is of utmost importance for
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Figure 1. Powder preparation route

the sintering behaviour of the system [9]. Soft agglom-
erates compacted at sufficiently high pressure lead to the
mono-modal and narrow pore size distribution. Dense
polycrystals result from sintering of such powders. That
is why the agglomerate strength is an important feature
of a sinterable powder. According to Rumpf [10] tensile
strength of agglomerate is given by the relation:

9 1=V
nd?

c =

xFx

g &)

where: V), is pore fraction in an agglomerate, Ly mean
number of contacts per particle, Fx force necessary to
separate two particles in contact and d particle sizes.

The main problem in application of nanometric pow-
ders consists in their tendency to form agglomerates
whose strength is controlled by small particle (crystal-
lite) sizes, the force necessary to separate particles and
agglomerate porosity.

The aim of the present study was based on the appli-
cation of the really nanometric zirconia solid solutions
powders containing 8 mol% and 3 mol% of yttria. The
powders were manufactured by the solid solution crys-
tallization under hydrothermal conditions. The authors’
previous studies [11-15] indicated that the process per-
formed in distilled water results in isometric crystallites
of nanometric sizes with no first order bonds between
particles, i.e. characterized by low F value and hence
reducing strength of agglomerates.

I1. Experimental

The preparation method of the powder is described in
detail in our previous paper [16]. Figure 1 illustrates the
flow sheet diagram of the applied modus operandi.

Both powders, the one of 8 mol% Y,0, (8-YSZ) and
the other one of 3mol% Y,0, (3-YSZ), were prepared
by the same method. Table 1 shows the chemical char-
acteristics of the hydrothermally crystallized powders.
Hafnium oxide is the main “impurity”. The concentra-
tion of yttria with relation to the sum of ZrO, + HfO, is
closed to the assumed values.

Low concentration of the freeze dried suspension of
8-YSZ powder was expected to result in the formation
of the agglomerates characterized by high porosity (V),)
and hence their low strength. The powder compaction
behaviour was studied using Zwick/Roel Z020 machine
and the die of 10 mm diameter equipped with the dense
zirconia lining. A certain amount of the tested pow-
der was placed in the die. During the processing cycle
the ram travel and transmitted load were automatically
recorded in the computer memory. Knowing the geome-
try of the die and the final dimensions of the compact, it
was possible to back-calculate the pressure-density re-
sponse from the load-displacement curve. The applied
rate of load increase was 30 N/s up to the final value of
15700 N. This value corresponds to 200 MPa.

For further investigations the samples of 20 mm
diameter and 2mm thickness were uniaxially com-
pacted under 50 MPa and isostatically repressed under
250 MPa. No lubricants were added to the powders. The
pressed samples were sintered to the state of closed
porosity (1150°C for 2h) in oxygen atmosphere and
then hot isostatically pressed (HIP) at 1300 °C for 2 h
under 250 MPa argon pressure. In our previous work
[16] it was found that the oxygen filling closed pores
could be easily removed from the system. Since some
de-oxidation of the samples occurs during HIP-ing op-
eration, the samples were re-oxidized in air atmosphere
at 1000°C for 1h and then polished from both sides.
Their thickness was 1 mm.

The powder purity was analysed using X-ray fluores-
cence technique (PANalytical, Axios mAX). The X-ray
diffraction (Empyrean, PANalytical) allowed us to de-
termine the powder and the sintered samples phase com-
position; the powder crystallite sizes on the basis of the
X-ray line (111) broadening (Scherrer formula). CuKe
radiation was applied. Powder specific surface area was
determined by nitrogen adsorption (Quantochrome In-
struments, NOVA 1200e). Pore size distribution in the
green samples was measured by mercury porosimetry
(PoreMaster 60 Quantochrome Instruments). Density
of the HIP-ed samples was determined using helium

Table 1. Chemical characteristics of the powders (impurity concentration in wt. %)

Oxide Na,0 ALO, SiO, NiO ZO, Y,0, HfO,
8-YSZ 0.065 0023 0034 0080 84227 13.681 1.889
3-YSZ 0.065 0.023 0034 0080 92418 5318 2077
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Figure 2. Transmission electron micrographs of the hydrothermally crystallized powders, a) 8-YSZ and b) 3-YSZ
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Figure 3. Relative density vs. compaction pressure of
the 8-YSZ powder

pycnometer (Micromeritics, AccuPyc 11 1340).

The transmission electron microscopy (JEOL-JEM
1011) allowed us to observe powders and assess their
crystallite sizes. The mean values of 50 measurements
were applied. A scanning electron microscope (Nova
Nano SEM 200) was used to characterize microstructure
of the dense samples. Their polished surface was ther-
mally etched at 1100 °C for 1h. The Aphelion (ACIS)
computer programme was useful in the quantitative mi-
crostructure characteristics. Microstructure of the mate-
rials was analysed using the SEM micrographs and the
methods described in [17]. On the basis of the equiva-
lent grain diameters observed on the polished surfaces,
volume distribution of grains in the three dimensions
was found by the Scheil-Schwartz-Sattykow method.
Also 3-dimensional mean grain sizes of both materials
were determined.

The optical characteristics were performed using the
Jasco V-630 spectrophotometer, operating at the range
190-1100nm. The V-630 JASCO is a double-beam
spectrophotometer with a single monochromator, and a
halogen/deuterium lamp is used as a light source. The
measurements were provided in the transmittance mode
in the wave length range of 350—-1100 nm, using an inte-
grating sphere (60 mm diameter) with a scanning speed
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of 400 nm/min. For each polished and not-etched sam-
ple the measurements were made 3 times and the result-
ing spectra were the averages of these examinations.
Fracture toughness (Kj.) and hardness (HV) were
measured by the Vickers indentation using the Future
Tech (Japan) equipment. Under lower load (1 kg for the
sample containing 3 mol% of Y,0; and 0.5kg in case
of the one with 8 mol% of yttria), applied for 15s to the
polished sample surface, no cracks occurred. It allowed
us to assess the hardness of the materials. The applica-
tion of a higher load (3 kg for both materials) led to the
Palmgvist cracks. Their length was used to calculate K,
according to the formula given in literature [18].

II1. Results and discussion

The average crystallite size (D11) and particle size
(Dpgr) of each staring powders are close to each other.
It indicates that no inter-crystalline boundaries develop
during the hydrothermal process. We can also state that
crystallites are of isometric shapes, what can be clearly
seen in the transmission electron micrographs (Fig. 2).

The load-density response was studied using the
powder containing 8 mol% of yttria dissolved in ZrO,.
The well-established powder characteristics method is
based on the observation of its behaviour vs. compaction
pressure. In one of the first publications on this problem
[19] it was demonstrated that the plot of green density
vs. logarithm of compaction pressure the straight line
segments would be observed. The fundamental interpre-
tation of this behaviour was suggested by Niesz et al.
[20]. The point of intersection between the straight line
segments corresponds to the pressure under which inter-
particle contacts break [9,20]. This method of the pow-
der compaction characteristics was applied mainly in
the studies on the sub-micrometric powders compaction
behaviour but not in the case of nanometric powders,
like those studied in the present work.

Figure 3 illustrates the dependence of density vs.
pressure of the 8-YSZ powder which characteristics are
shown in Table 2. A similar behaviour is observed in the
case of the 3-YSZ powder, not shown here. The point of



R. Lach et al. / Processing and Application of Ceramics 9 [3] (2015) 175—-180

-
o
1

0.6019 cm/g

o
o
1

250MPa
\

N—
T —p——
0.01

Cumulative pore volume [cm3/g]

0.0 —
0.001

L LT | ULy
0.1 1

Pore diameter [um]
Figure 4. Cumulative curve of the pore size distribution in
the 8-YSZ powder samples compacted under indicated

pressures (arrow indicates volume of pores used in
calculation of agglomerate porosity)

Table 2. Chemical composition of the glass batches

Feature 8-YSZ 3-YSZ
Dy [nm] 8 8
Drey [nm] 7.9 7.9
S, [m%g] 1266 1157
Dpgr [nm] 7.9 8.6

Dq1;: crystallite size calculated on the basis of the X-ray diffrac-
tion method from the (111) line broadening, Drgy,: particle sizes
observed under transmission electron microscope (mean value),
S 2 specific surface area, Dgpr = 6/pS,, particle sizes calculated
on the basis of the specific surface area, ro density of both pow-

ders was assumed 6 g/cm®

intersection of the two linear sections corresponds to the
compaction pressure far below 1 MPa. This is a very low
value corresponding rather to the de-cohesion of spray

Y
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D mag
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()

dried granules [21] than to the behaviour of agglomer-
ates of the nano-powders, prepared by the calcination
technique [9]. Pore size distribution measurements (Fig.
4) throw light on the reason of such behaviour of the
studied powder. In the case of the compact pressed un-
der 0.5MPa, i.e. below the point of intersection of the
straight line segments, we observe bi-modal pore size
distribution (Fig. 4). It indicates the presence of agglom-
erates in the powder compact. Basing on such a plot, the
total porosity can be divided into two parts; the inter-
agglomerate and intra-agglomerate pore volume (see a
point in Fig. 3). It allows us to assess pore volume within
agglomerates (0.6019 cm?/g), which can be recalculated
to their porosity. It equals as much as 70.7%. This as-
sessment may even be underestimated, since a certain
fraction of the smallest pores is beyond the limit of mea-
surements of the applied Hg-porosimeter. To sum up, we
can state that such high agglomerate porosity (V) (and
by itself low Lk value), the lack of strong bonds between
crystallites (low Fg) (see the formula) explain low pres-
sure under which agglomerates undergo de-cohesion.
Therefore, it is quite obvious that no sign of the agglom-
erate presence occurs in the sample compacted under
250 MPa (Fig. 4).

Scanning electron micrographs of the HIP-ed sam-
ples (Fig. 5) indicate that those of the higher yttria con-
centration are characterized by larger grain sizes. In
terms of quantity this difference is illustrated by the data
given in Table 3 and cumulative curves of 3-dimensional
grain size distribution shown in Fig. 6. The effect of so-
lute concentration on grain sizes in the zirconia systems
is known. One of the possible explanations of this phe-
nomenon is suggested by Lange et al. [22].

As it should be expected, the ceramics containing
8mol% of Y,0, (8-YSZ) shows cubic symmetry and
the one with 3mol% of Y,0; is mainly tetragonal
(92.2%). It contains also 7.8% of the monoclinic phase,
most probably formed due to the martensitic transfor-
mation of tetragonal phase during surface polishing.
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HV )
10.00 kV| 5.7 mm | 101 Helix| 4.0

(b)

98 um

Figure 5. Scanning electron micrographs of the ceramics HIP-ed at 1300 °C: a) 8-YSZ, b) 3-YSZ
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Table 3. Properties of the ceramics HIP-ed at 1300 °C

. Grain size . Density HV K.
Ceramics Phase composition
[wm] [g/cm?] [GPa] [MPa-m'/?]
8-YSZ 0.464 cubic 6.024+0.002 9.49+0.39 1.75+0.11

92.2% tetragonal

3-YSZ 0.233

7.2% monoclinic

6.099+0.001 9.41+0.22 4.10+0.48
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Figure 6. Cumulative curves of the 3-dimensional grain size
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Figure 7. Translucency of the ceramics HIP-ed at 1300 °C vs.
wave length (thickness of the samples equals to 1 mm)

Density of the samples indicates the total elimination
of porosity. That is why light transmittance of the ma-
terials is high (Fig. 7), although lower in the case of
the system which shows tetragonal symmetry. Optical
anisotropy leads to the birefringence effect which limits
light transmittance. Essentially smaller grain sizes (Fig.
6) and presence of some monoclinic phase (most prob-
ably on the sample surface) should be considered as ad-
ditional factors limiting light transmittance.

Both materials do not differ from the point of view
of their hardness, but show essentially different fracture
toughness. The fracture toughness of the material with
tetragonal symmetry is much higher. It has been well
known for many years that martensitic transformation,

which occurs at the tip of the crack running through the
material, is responsible for this effect [23].

IV. Conclusions

It was shown that that nanometric zirconia powders
can be used for preparation dense translucent poly-
crystals.

Freeze dried hydrothermally crystallized powders
consist of agglomerates with extremely high poros-
ity and therefore are mechanically weak.

Cold compaction of such powders results in the sam-
ples which show monomodal pore size distribution.
The polycrystal containing 8 mol% of Y,0; shows
cubic symmetry and higher light transmittance than
the one with 3mol% of Y,O,. The latter is charac-
terized by the tetragonal symmetry and hence shows
birefringence effects which limit light transmittance
of the material. Smaller grain sizes and the presence
of some monoclinic phase should be considered as
additional factors which limit light transmittance of
this material.

Fracture toughness of the tetragonal symmetry mate-
rial is much higher than shown by the one of cubic
symmetry.
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