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Abstract

A zirconia-yttria gel, made by coprecipitation, was
treated in six different ways to obtain a nanocrystal-
line Y-TZP powder: one large gel batch was split
into six parts of which one was crystallized in air
and the others crystallized either in water with a
high pH or in methanol. The batches were subjected
to several post treatments. Powder properties and
densification characteristics of the six powder
batches obtained in this way are described. The air-
calcined powder can be sintered to a relative density
of about 93% at 1070°C/10 h, but reproducibility of
the sintering characteristics is poor. Optimal hydro-
thermal treatment of the powder yields a reproducible
sintering process, resulting in a relative density of
96% at 1070°C/10 h and an average grain size
between 120 and 130 nm.

1 Introduction

Nanostructured materials currently receive consider-
able attention. The percentage of atoms present in
the grain boundary region becomes significant
once the grain size enters the nanometre regime
(i.e. grain size less than 100 nm)."? It is expected
that the properties of these nanocrystalline ceramics
will be different from those of more conventional
materials with phase or grain structures on a
coarser scale.> He er al’® have shown that fine-
grained zirconia exhibits better wear resistance
than the coarse-grained material. For the same
material, Theunissen* found that both bending
strength and fracture toughness at high tempera-
tures are improved with smaller grain sizes. The
evaluation of mechanical properties (at low to
moderate temperatures) requires the production of
bodies with near-theoretical densities. However,
preparing bulk materials with near-theoretical
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densities, while simultaneously keeping the grain
size below 100 nm, is not yet possible. The sinter-
ability of the material should permit densification
to proceed at such a low temperature that only
limited grain growth occurs.

To obtain good sinterability at low tempera-
tures, ultra-fine powders with a low degree of
agglomeration are required. The compaction and
sintering behaviour of such fine powders is deter-
mined, to a large extent, by the strength of their
agglomerates. At a given crystallite size, the agglom-
erate strength can be lowered by increasing
the intra-agglomerate porosity and/or decreasing the
strength of the interparticle bonds.’

Fine powders of ZrO, solid solutions can be
prepared by a gel precipitation technique using
metal chlorides as precursor chemicals.®’ This
so-called chloride method involves coprecipitation
of metal chlorides, followed by water/ammonia
and ethanol washing steps. Subjecting the gel to
ethanol washing is a crucial step in lowering the
strength of the agglomerates. The reduction in
strength has been ascribed to the formation of
ethoxide groups on the surface® and to lower pack-
ing density within the agglomerates due to the
lower surface tension of ethanol compared with
water during the drying process of the powder’!°
The ethanol washing step doubles the intra-
agglomerate porosity after calcination (at 500-
550°C) compared with a gel that has been treated
with water/ammonia only.!! The intra-agglomerate
porosity of these alcohol-washed powders is suffi-
ciently high to make the agglomerates collapse to
a large extent under moderate pressures (50-150
MPa).”!2 In this way, compacts of uniform pore
size distribution are obtained.

Under hydrothermal conditions, crystallization
of ZrO, solid-solution gels proceeds at temperatures
well below 500°C. For example, temperatures of
190-250°C have been reported for the hydrothermal
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crystallization of ZrO,~Ca0," ZrO,-Y,0,'*¢ and
ZrO,~Ce0,.!” Several investigations suggest that
the formation of strong interparticle bonds under
hydrothermal conditions is greatly diminished or
even avoided.” Crystallization in organic solvents
might be a way to reduce the agglomerate strength
even further. Sato et al.'” conclude that crystalliz-
ation in organic solvents gives better results than
hydrothermal crystallization to improve the sinter-
ability, indicating the formation of softer agglom-
erates in organic solvents. Supercritical drying,
which can be performed at a reasonable temperature
and pressure for organic solvents, eliminates the
effects of capillary forces and might result in even
softer agglomerates.

Limited work has been done to address the
differences in sinterability of ZrO, solid solutions
prepared via crystallization in air, hydrothermal
crystallization and crystallization in methanol. In
the case of ZrO,-Ca0,"” Zr0,~Ce0,!” and ZrO,-
Y,0,,!%16 it has been observed that the sinterability
is strongly improved by the hydrothermal treatment.
None of these investigations focused on the effect of
the washing medium after hydrothermal crystal-
lization. It is expected that this step is important
because it affects the surface condition and impurity
level of the particles forming the agglomerates.

In this paper, Y-TZP (yttria-stabilized tetragonal
zirconia polycrystals) powders are prepared from
a dried ethanol-washed gel obtained by coprecipi-
tation and crystallization in air, crystallization
under hydrothermal conditions or methanol crystal-
lization. After hydrothermal crystallization, a part of
the powder is washed with ethanol. The influence
of crystallization medium and post-hydrothermal
crystallization treatments on powder properties,
green compact structure and sinterability is exam-
ined and the synthesis route leading to dense,
nanostructured Y-TZP is reported.

2 Experimental Procedure

2.1 Powder synthesis

Appropriate amounts of ZrCl, (>98% pure) and
YCl; (99-9% pure) for the preparation of TZP
with 5 at% Y on the Zr-site were dissolved in a 0-2
M aqueous HCI solution. The solution was filtered
and added drop-wise to an excess of a 25 wt%
ammonia solution, with the pH maintained at a
value >11. A precipitated gel was obtained and
allowed to settle overnight, after which the clear
supernatant was removed. The gel obtained was
washed with water/ammonia mixtures until the
washing liquid no longer became turbid on addition
of 0-1 M AgNO,;. This indicated that the washing
liquid was chloride-free. The gel was subsequently

Table 1. Explanation of codes used

Code Explanation

AC Air-crystallized

HC Hydrothermally crystallized
MC Methanol-crystallized

w Water-washed

E Ethanol-washed

SD Supercritical drying

400 Finally heat-treated at 400°C

filtered, redispersed and washed twice in ethanol.
After drying at 120°C, the gel was divided into
four parts as follows.

(1) The first part was dry milled, calcined in static
air at 500°C for 2 h and dry milled again
(AC500) (explanation of codes is given in
Table 1).

(2) The second part was used for hydrothermal
crystallization in a stainless steel autoclave
equipped with poly(tetrafluoroethylene) liner.
Crystallization of the gel took place at 200°C
for 2 h in a basic medium (ammonia solu-
tion) at a pressure of 20-30 bar. After hydro-
thermal treatment, the pH of the slurry was
9-11. The slurry was divided into three parts:
(a) one part was filtered, dried at 120°C and

dry milled (HC-W);

(b) the second part was treated as above
(HC-W) and additionally heat-treated at
400°C for 1 h (HC-W400);

(c) the third part was redispersed and
washed three times in ethanol, filtered
and dried at 120°C. The dried powder
was subsequently dry milled and heat-
treated at 400°C for 1 h to remove residual
organics (HC-E400).

(3) The third part was used for crystallization in
methanol. Crystallization took place at 250°C
for 2 h at a pressure of 130 bar. The powder
was supercritically dried at the same tempera-
ture and pressure, dry milled and heat-treated
at 400°C for 1 h (MC-SD400).

(4) The fourth part was also used for crystalliz-
ation in methanol. Crystallization also took
place at 250°C for 2 h at a pressure of 130
bar. After crystallization, the powder was
washed three times in ethanol, dry milled and
heat treated for 1 h at 400°C (MC-E400).

In all cases, dry milling was performed with zir-
conia balls.

For the above-mentioned syntheses, the effects
of crystallization medium and post-hydrothermal
crystallization treatments (washing, drying and/or
temperature treatment) on powder and sintering
characteristics were researched.
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2.2 Green compact formation and sintering

Green compacts were prepared by cold-isostatic
pressing in two steps: initially at 80 MPa and
finally at 400 MPa with a 3 min holding time. Sinter-
ing was studied by means of dilatometry using
a Netzsch 402 E dilatometer. The dilatometer’s
thermocouple was carefully calibrated by the melting
method proposed by Henderson et al.'* Densities
were calculated from the green density and the
observed linear shrinkage of the specimens, and
corrected for thermal expansion and weight loss
(due to removal of absorbed water). Final densities
calculated in this way were in good agreement
with those measured by Archimedes’ technique (in
Hg). All experiments were performed using cylin-
drical specimens with initial dimensions 7-15 mm
(height) by 6-7 mm (diameter).

Non-isothermal sintering experiments were done
at a heating rate of 120°C h™' to 1200°C, immedi-
ately followed by cooling with a rate of 240°C h™..
Isothermal experiments were done at 1050°C for S
h and at 1070 and 1150°C for 10 h (heating rate
120° h™!, cooling rate 240°C h™).

2.3 Characterization techniques

A PL Thermal Sciences system (STA 625) was
used for thermogravimetric and differential thermal
analysis (TGA/DTA) (in air, heating rate 600°C
h™!). Nitrogen sorption isotherms were obtained at
77 K using a Micromeretics ASAP 2400 system.
Specific surface areas were calculated by the BET
method; no corrections for microporosity were
necessary. Mesopore size distributions were calcu-
lated from the adsorption branch assuming cylin-
drical pore shape. The phase composition was
analysed by X-ray diffraction (XRD) using a Philips
PW 1370 diffractometer with Cu K, radiation.
Peaks were corrected for the K,,/K,, doublet and
instrumental broadening. Crystallite sizes of the
powders were determined by X-ray line broaden-
ing assuming Cauchy line profiles. Grain sizes in
sintered specimens were determined by the lineal
intercept technique from scanning electron micro-
graphs (Hitachi S800) of polished, thermally etched
cuts using D = 1-56 L, where L is the average lineal
intercept.!® Corrections for residual porosity were
made by the method proposed by Wurts and
Nelson. The surfaces of specimens for examination
by scanning electron microscopy (SEM) were
coated with Au/Pd to prevent charging.

3 Results
3.1 Powder characteristics

Phase analysis by XRD revealed that all powders
are tetragonal with only traces of monoclinic

zirconia. The primary crystallite size as calculated
from X-ray line broadening data (XRLB) of the
AC500, HC-W, HC-W400 and HC-E400 powders
is ~8 nm, while that of the MC-SD400 and MC-
E400 powders is ~5 nm.

DTA/TGA analyses were performed in air up
to 800°C for all powders before heat treatment or
calcination. The DTA pattern of the AC powder
showed three peaks at 300, 430 and 475°C. The
first two peaks are related to the oxidative decom-
position of ethoxy groups; the peak at 475°C
coincides with the crystallization temperature of
zirconia.'"'>!* The total weight loss of this material
upon heating is 25%. The DTA pattern for HC-W
material did not show any peaks. The weight loss
of this material upon heating was only 4%. The
DTA pattern of the HC-E powder showed two
peaks at 310 and 380°C. The TGA pattern of the
HC-E powder shows a distinct decrease in weight
of ~1-5% between 300 and 400°C. Both peaks
observed in the DTA pattern are therefore likely
to be related to the oxidative decomposition of
chemisorbed ethoxy groups. The total weight loss
of the HC-E material upon heating is 5%. The
MC-SD material shows two peaks in the DTA
pattern at 310 and 420°C. These peaks correspond
to a strong weight loss and are probably related to
adsorbed methanol groups. The total weight loss
of the material upon heating is 14%. The DTA
pattern of the MC-E powder showed only a single
peak at 420°C; weight loss upon heating for this
material is 16%.

As a consequence of the DTA results, the
AC powder was calcined at 500°C (AC500) to
make sure that all powder crystallized. The HC-E
powder was treated at 400°C (HC-E400) in order
to eliminate the chemisorbed ethoxy groups. The
MC-SD and MC-E powders were both treated
at 400°C. DTA measurements performed after
these heat treatments indicated that the powders
were free of chemisorbed species and were fully
crystalline.

The specific surface area of the powders is
dependent on the crystallization medium. Crystalliz-
ation in methanol (samples MC-E400 and MC-
SD400) results in the largest surface area and the
smallest average crystallite size, as shown in Table 2.
After heat treatment at 400°C, the specific surface
areas of both HC-E400 and HC-W400 are equal
(91 m? g™h.

Assuming that the volume ¥, of the pores meas-
ured by N, adsorption/desorption can be ascribed
to (intra)-agglomerate porosity, the porosity P
was calculated using.’

_ Vpp th

= 1
Vo + 1) M
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Table 2. Powder and agglomerate properties of the powders investigated [Sgey is specific surface area; P is agglomerate porosity;
P, is yield point; m is constant from eqn (2)]

Material Crystallite Sger P(%) P, m Modus
code size (m’g?) (MPa) pore
(nm) size
(nm)
AC500 8 103 73 80 14 95
HC-W 8 117 56 62 8 65
HC-W400 8 91 56 130 7 9-5
HC-E400 8 91 67 64 11 95
MC-SD400 5 144 77 41 11 65
MC-E400 5 144 77 55 12 65

where p,, is the theoretical density (6.06 g cm™).
In Table 2, it can be seen that the agglomerate
porosities are in the range 56 to 77% for all pow-
ders. These results indicate that the agglomerate
porosity is dependent on both crystallization
medium (air, water or methanol) and washing liquid
used before final heat treatment. The largest
porosities (77%) are obtained for methanol crystal-
lized materials (MC); the supercritical drying after
treatment (MC-SD400) did not affect the final
porosity.

3.2 Compaction behaviour

The relative density of the powders as a function
of the logarithm of isostatic compaction pressure
is given in Fig. 1. The curves show two linear
parts (parts 1 and 2) with a point of intersection
at pressure P,. Below P,, the increase in density is
rather low.

According to Van de Graaf ef al.,*! the intersec-
tion P, is a measure of the strength of the agglom-
erates. After compaction at a pressure around P,,
the agglomerates are gradually fragmented, while
they are only rearranged at pressures below P,.
Above P, rearrangement of the internal agglom-
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Fig. 1. Densification behaviour of the ZY5 powders during
isostatic compaction.

erate structure takes place. This part of the com-
paction curve (part 2) can be described by the
empirical equation.”!2?%23

p—py,=mXIn[P/P] 2

where m is a constant, p the density and P the
pressure. The subscript y stands for yield point.
The values of P, and m are given in Table 2. The
P, values of the HC-W and the AC500 powder are
62 and 80 MPa, respectively. Because the HC-W
powder shows a lower agglomerate porosity and
the same crystallite size, the lower P, value for the
HC-W powder can be related to weaker intercrystal-
line bonds in the HC-W powder than in the
ACS500 powder. This is in accordance with results
reported by Haberko and Pyda,'* who studied
hydrothermal crystallization of ZrQO,-CaO.

If HC-W and HC-W400 are compared it is clear
that the heat treatment at 400°C results in a
strengthening of the intercrystalline bonds, because
agglomerate porosity and crystallite size remain
the same while P, increases. The influence of
washing medium used after hydrothermal crystal-
lization on agglomerate strength is demonstrated
by the powders HC-W400 and HC-E400, which
have an agglomerate strength of 130 and 64 MPa,
respectively. The smaller agglomerate strength of
HC-E400 is, in this case, probably related to the
larger agglomerate porosity and/or a difference in
strength of the intercrystalline bonds. The slightly
higher agglomerate strength of the HC-E400
material compared with the MC-E400 material is
probably related to the smaller agglomerate
porosity of the former. The agglomerate strength
of the MC-SD400 material (P, = 41 MPa) is
smaller than of the MC-E400 material (P, = 55
MPa). This shows the influence of supercritical
drying in this case.

A large value of m (the slope of the high pressure
curve) corresponds to a relatively rapid increase in
relative density with compaction pressure. A large
value of m might be an indication of a large
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density distribution in the green compact. Some
sources of density variations are the friction
between the powder and the die wall and between
the powder particles. The specimen may fracture
during unloading or ejecting of the pressed part,
especially when large specimens are made. The m
values of the various powders range between 7
and 14, as can be seen in Table 2. It is expected
that the stresses created during compaction of the
HC-W and HC-W400 material are small, there-
fore it should be easy to prepare large samples of
this material.

3.3 Green compact properties

Figure 2 shows adsorption/desorption isotherms
of green compacts (pressed at 400 MPa). The
shape of the hysteresis loop is an indication of the
pore morphology. The hysteresis of the HC-W
and MC-SD400 materials is predominantly of type
E, following the classification of De Boer.* The
ACS500 material is of a mixed type A/E, while the
MC-E400 and HC-E400 (= HC-W400) materials
are in between (curves of the HC-W400 and
MC-E400 materials are not shown here). Type E
is indicative of tubular capillaries with strongly
varying widths (as expected in powder compacts),
while type A corresponds to a cylindrical pore
shape. During sintering of a AC500 powder com-
pact, the hysteresis shape becomes more and more
similar to type A due to progressive neck forma-
tion.”? The differences in green porous texture
between the powders are most probably caused by
partial - sintering already taking place during
crystallization in air (500°C) or heat treatment
(400°C) after crystallization in water or methanol
of the normal dried powder, while partial sintering
does not take place when the hydrothermally
crystallized powder is only filtered and dried at
120°C (HC-W). Neck formation during heat treat-
ment is reduced in the case of supercritical drying
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Fig. 2. N, sorption isotherms of green compacts.
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Fig. 3. Pore size distributions in the powder compacts after
isostatic pressing at 400 MPa.

(MC-SD400), resulting in an E type hysteresis and
low P, values.

The pore size distributions of green compacts
are given in Fig. 3. The width of the pore size
distribution is similar for all powders, with
the exception of the HC-W powder, which has a
slightly broader distribution. The most frequently
found pore diameter of the HC-E400, HC-W400
and AC500 compacts is the same and equals
9.5 nm, whereas the HC-W, MC-SD400 and
MC-E400 materials have a maximum at 6.5 nm.
Since the crystallite sizes of the AC500, HC-W,
HC-W400 and HC-E400 materials are the same,
the smaller average pore diameter of the HC-W
green compact results from improved compact-
ability resulting in a better particle stacking.

3.4 Sinterability and microstructure

The increase in relative density with temperature
was measured using a heating rate of 120°C h™! to
1200°C. The results for the AC500, HC-W, HC-W400
and MC-SD400 materials can be seen in Fig. 4.
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Fig. 4. Increase of relative density with temperature during
heating at 120°C h™".
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The HC-E400 and MC-E400 materials show
approximately the same densification behaviour as
the AC500 material. The maximum in densifica-
tion rate is found at a temperature of around
1040°C for all cases. The HC-W400 material
has the lowest final density (90%), probably due to
the harder agglomerates present in the powder.
The other materials show only small differences in
sinterability, these samples being 95% dense
at 1150°C. From the non-isothermal sintering
behaviour, it is evident that it should be possible
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Fig. 5. Increase of relative density with time during sintering
at 1050°C.
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Fig. 6. Microstructure of the HC-E400 material sintered for

5 h at 1050°C.

to sinter the five systems to full density at a
temperature below 1100°C. For the AC500,
HC-W, HC-E400, MC-E400 and MC-SD400
materials, isothermal sintering experiments were
performed at 1050°C. The increase in relative
density with time during sintering at 1050°C
is illustrated in Fig. 5. The AC500 material is 90%
dense and the HC-E400, MC-E400 and MC-
SD400 materials are 93, 93 and 94% dense, respec-
tively, after 5 h of sintering. The HC-W material
is 94% dense after 2 h of sintering at this low
temperature. The average grain size of the mater-
ials after sintering at 1050°C/5 h is between 95
and 100 nm in all cases. The microstructure is
homogeneous, as is shown for the HC-E400
material in Fig. 6. HC-E400 and MC-SD400 were
also sintered at 1150°C for 10 h, resulting in a
density of 98% and a grain size of 180 nm. Sinter-
ing the AC500 and HC-E400 materials at 1070°C
for 10 h resulted in a grain size between 120 and
130 nm and a relative density of 93 and 96% for
ACS500 and HC-E400, respectively. In the HC-W
material, small cracks were observed by SEM, as
is shown in Fig. 7. No cracking was observed for
the other materials. A drawback of the AC500
material is that it results in irreproducible final
densities. After sintering for 10 h at 1150°C, densi-
ties varied between 92 and 97%. The densification

( - T 0 8 0 83 5 f " BN
12KY X15.8K 2.08um
Fig. 7. Microstructure of the HC-W material sintered at
1050°C for S h showing a crack.
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characteristics of the hydrothermal powders are
very reproducible.

4 Discussion

4.1 The effect of liquid medium before final heat
treatment on powder properties

Final heat treatment of hydrothermal powder
results in a larger pore size and smaller pore size
distribution. The neck area is also increased by
this heat treatment. Boutz et al.*® observed that an
increase in heat treatment temperature of an air-
crystallized powder compact (starting at 500°C)
leads to an increase in pore size, narrowing of the
pore size distribution and increase in neck area.
The results observed for the HC-W and HC-W400
materials indicate that the same holds for hydro-
thermally crystallized powders for temperatures
down to 200°C (hydrothermal crystallization tem-
perature). After hydrothermal crystallization, the
liquid medium does not influence the pore size,
pore size distribution or the pore shape. Materials
HC-W400 and HC-E400 show identical results.

The agglomerate strength of air-crystallized
powder can be reduced if water is replaced by
ethanol before crystallization. This reduction is
extremely large. It was found that the agglomerate
strength of a water-washed air-crystallized powder
is >400 MPa, whereas the agglomerate strength of
ethanol-washed air-crystallized powder varies
between 60 and 90 MPa. This reduction in strength
has been ascribed to the formation of ethoxide
groups on the surface® and to the lower com-
paction pressure during drying due to the lower
surface tension of ethanol compared with water.!
In the case of hydrothermally crystallized powder,
the agglomerate strength is reduced to a lesser
extent if water is replaced by ethanol after crystal-
lization: 130 MPa for HC-W400 compared with
64 MPa for HC-E400 powder. This means that
the effect of the washing medium can be reduced
by crystallization before final heat treatment.
However, this influence cannot be neglected yet.
The reduction in agglomerate strength is likely to
result from the increase in agglomerate porosity.
The increase of agglomerate strength with heat
treatment temperature (HC-W and HC-W400) is
caused by an increase in neck area.

The hydrothermally crystallized powders show
good sintering characteristics. The observed crack-
ing of the HC-W material might be related to
stresses forming in the temperature range 200-
700°C during densification of agglomerates con-
taining a large number of pores with a diameter
<6 nm. Cracking of the HC-W material can be
avoided if a lower heating rate is used until 700°C.

4.2 The effect of crystallization medium on powder
properties

A comparison will be made between crystalliza-
tion in air, water and methanol. Crystallization in
methanol results in a smaller crystallite size than is
obtained by hydrothermal crystallization or crystal-
lization in air. The difference in pore size between
AC500 and HC-E400 on one hand, and MC-E400
on the other hand might be caused by this difference
in crystallite size.

More neck area is obtained by crystallization in
air than by crystallization in liquid media. This might
be caused by the higher crystallization tempera-
ture. To a large extent, the strength of the inter-
crystalline bonds and agglomerate porosity determine
the agglomerate strength of the material’ It is
reasonable to assume that the strength of the inter-
crystalline bonds is increased if the neck area is
increased. Therefore, the agglomerate strength of
the methanol-crystallized material is expected
to be the smallest; this is in agreement with experi-
mental results (as indicated by P, values).

The sinterability of the material is not influenced
by the crystallization medium. The low reproduc-
ibility of achieving high final densities of the air-
calcined material can have several causes. Some of
these are: a large agglomerate-strength distrib-
ution; the irregular agglomerate shape; and the large
differences in agglomerate sizes in the powder.
The synthesis of Y-TZP with reproducible high
final densities from air-crystallized material is still
under investigation.

4.3 The effect of supercritical drying of methanol-
crystallized material on powder properties

The effect of supercritical drying on powder prop-
erties has been analysed for methanol-crystallized
material. The results obtained for the methanol-
crystallized materials show that supercritical drying
has no influence on pore size, pore size distrib-
ution, agglomerate porosity or sinterability of the
material. Supercritical drying does, however. result
in less neck area compared with normal drying
which, with the same agglomerate porosity, leads to
a smaller agglomerate strength. This will lead to a
more homogeneous microstructure in the green
and sintered compact.

5 Conclusions

(1) Pressureless sintering of the hydrothermally
or methanol-crystallized material that was
ethanol-washed and subsequently heat-treated,
results in relatively dense (93-94%), nano-
structured (<100 nm) Y-TZP at a sintering
temperature as low as 1050°C.



766

C. D. Sagel-Ransijn et al.

(2) Densities can be increased to 96% at 1070°C

and 98% at 1150°C, with resulting grain sizes
of 130 and 180 nm, respectively.

(3) The as-dried hydrothermally crystallized mat-

erial (HC-W) exhibited small cracks after
sintering, probably caused by stresses associ-
ated with the densification of agglomerates.
Cracking can be avoided by low heating rates
up to 700°C.

(4) The effects of supercritical drying after crystal-

lization in methanol are minor.

(5) The powder characteristics, compactability,

green compact properties and sinterability of
the air-calcined and hydrothermally crystal-
lized materials that were ethanol-washed and
heat-treated, are almost the same.

(6) Crystallization in methanol instead of water

or air results in smaller crystallites and softer
agglomerates.

(7) Replacing water by ethanol directly after hydro-

thermal crystallization results in an increase
in agglomerate porosity.
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