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Abstract

The influence of attrition milling on the chemical precursors of alumina and tetragonal zirconia polycrystal (12 mol% CeO,) is
studied, with particular attention to the morphology, the specific surface area, the crystallographic form and the sinterability of
powders obtained by (i) calcining the pristine precursors and (ii) milling the pristine precursors and then performing the calcination.
It has been demonstrated that in the latter case the specific surface area is reduced but the sinterability is increased with respect to
the former one. This behaviour is due to the destruction, by the attrition milling, of the porous microstructures and of the large
aggregates in the “as-prepared’” materials. The influence of milling is more evident in the alumina precursor, since it contains a high
quantity of organic matter and therefore exhibits a very porous microstructure with a high specific surface area. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Powder production is an important step in the synthesis
of ceramics for structural as well as functional materials.
As an example, catalytic performance in the reduction of
gas emission from combustion processes used for energy
transformation is heavily determined by the quality of
the powders. In the case of structural material a good
sintering behaviour is required, whereas for catalytic
applications, a high surface area is preferable. Alumina
and tetragonal zirconia polycrystals represent two of the
most studied materials in these respects.!=¢

o-Alumina has several applications due to its high
hardness, elastic modulus and strength as a monolithic
structural material.'> Powders of y-alumina are often
used as catalytic supports due to the high surface area
often associated with this crystal phase.’~10

Tetragonal zirconia polycrystals (TZP) are important
structural ceramics since the transformation toughening
which is associated with the tetragonal/monoclinic
polymorphism imparts high toughness to dense sintered
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bodies.!!=!13 The catalytic properties of zirconia powders
are also interesting since it has been demonstrated that
they can be used for redox reactions at moderate tem-
perature when ceria is used as the added oxide.!#1°

Due to the wide range of applications, both alumina
and zirconia have received much attention from
researchers and many papers are present in the litera-
ture, many of these being devoted to powder synthesis
and to the production of dense materials (for alumina
see Refs. 1 and 2; for zirconia see Ref. 17).

The best routes to obtain powders with specific proper-
ties still remain matters of discussion: depending on the
application, either stable surface area after high tempera-
ture treatment, or good sinterability are required. The dif-
ficulty depends on the high number of parameters that
must be controlled during the powder production, in par-
ticular when the so-called “‘chemical routes” are followed.
In all cases, the performance (dense sintered body or high
surface area material) depends strongly on the long milling
processes after the precursor calcination. These mechanical
treatments reduce the aggregates to particles of small
dimensions, but sometimes also introduce impurities
due to the wear of the milling media. On the other hand,
it is often impossible to reduce the milling time without
paying a high cost in terms of powder performance.
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With this in mind, we have investigated the possibility
of introducing a short milling process just after the first
step of the powder preparation, and before the calcina-
tion, in order to see if it is possible to avoid or shorten
the prolonged milling after calcination. We were not
able to find papers concerning the effects of mechanical
treatment on chemical precursors before rather than
after calcination.

In this work, we have produced y-Al,O5; and a-Al,O3
by denitration of aluminium nitrate nonahydrate and
12Ce-TZP by coprecipitation of zirconyl chloride pen-
thahydrate and cerium nitrate tetrahydrate. The products
were divided each into two batches: one was charac-
terised as prepared (“‘as-prepared’” samples), the other
one was attrition milled and then characterised (‘“‘milled”
samples).

2. Experimental procedure
2.1. Alumina precursor preparation

Aluminium nitrate nonahydrate (Aldrich Chem.
98%) was melted at 75°C to form a clear liquid. A water
solution with ten percent by weight of tartaric acid was
added in order to avoid the explosive removal of
nitrates. The solution was then aged in an oven at 200°C
for 12 h to expel as much water as possible.

The cake was cooled down to room temperature,
manually crushed and sieved through a 200 um sieve.

2.2. 12Ce-TZP precursor preparation

Preparation of 12Ce—TZP powders was performed by
co-precipitation. Mixtures of ZrOCl,-8H,O (99.0%
Aldrich Chem.) and Ce(NOj3);-6H,0 (99.9% Aldrich
Chem.) were dissolved into distilled water to give a 0.5 M
solution. The solution was poured while stirring into
concentrated ammonia (28 wt%) at room temperature.
The product was washed with de-ionised water and with
acetone-toluene-acetone. '8

Both the precursors were then heated at 80°C in an
oven for 12 h and sieved through a 63 pum sieve; they
were then divided into two batches: the first one was
characterised as-prepared; the second one was attrition
milled and then tested. The milling conditions were: 1 h in
a plastic jar at 300 rpm; o-alumina spheres for the alumina
precursor and 3yttria—zirconia spheres for the 12Ce-TZP
precursor were used as milling media. For both cases the
sphere’s diameter was 5 mm; 30 g of powder were added
to 500 g of milling media slurrying with 50 cm? of eth-
anol as dispersing medium. Drying was performed in an
oven at 80°C for 24 h.

Simultaneous thermal analysis (STA) diagrams were
obtained on Netzsch STA 409 equipment at a heating
rate of 10 K/min up to a temperature of 1250°C. On

the basis of this information, further calcinations of
alumina precursors were done at 850, 910 and 1050°C
for 2 h; while 12Ce-TZP precursors were calcined at
700°C always for 2 h.

X-ray diffraction data were recorded on an XRG 300
Inel Powder Diffractometer equipped with a CPS 120
detector. Monochromated CoK,; radiation was used
with settings 35 kV and 20 mA.

A Sorptomatic Carlo Erba BET instrument using nitro-
gen as percolating gas was used for the determination of
specific surface areas. Powders morphology, after calcina-
tion, was examined by a Cambridge Stereoscan Scanning
Electron Microscope (SEM). Sintering was performed on
uniaxially pressed (200 MPa) cylindrical specimens (dia-
meter 11 mm and height 4 mm) using a muffle furnace
heated by MoSi, elements. The density of the sintered
bodies was measured with the Archimedes method using
de-ionised water as the displacing liquid.

3. Results and discussion
3.1. Alumina precursor
The STA results for the alumina precursors are repor-

ted in Fig. 1. The total weight loss of the as-prepared
sample (45.5%) is higher than that of the milled one
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Fig. 1. STA results for alumina precursor: (a) as-prepared; (b) milled.
Positive DTA refers to exothermic effect.
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(38.5%). This difference can be ascribed to the “‘wash-
ing” effect of the ethanol used as dispersant liquid for
the milling. Ethanol facilitates the release of water
trapped in the precursor during the drying. It is possible
to see that the as-prepared sample has a continuous
weight loss also after 620°C (see Fig. la). This beha-
viour is due to the microporosity and the presence of
aggregates: both containing non-decomposed material.
The reactions proceed more slowly as the high partial
pressures of the evolved gases in the cavities inhibit the
complete decomposition of the entrapped material.
Conversely in the case of the milled sample, most of the
micropores and of the aggregates are broken and there-
fore the material is in direct contact with the surround-
ing free atmosphere and can decompose more easily.

The DTA curves also show differences. Apart from
the endothermic peaks due to the emission of entrapped
water, two peaks are evident. The former is due to the
crystallisation of the y-phase, the latter to the transfor-
mation to a. In the as-prepared sample, y begins to crys-
tallise at 807°C, the maximum being at 866°C; whereas in
the milled sample, the onset and peak temperatures are
respectively 842 and 877°C. In the case of the transfor-
mation to the a-phase, the peak maximum falls at
1080°C for the as-prepared sample and at 1021°C for
the milled one. In the as-prepared powder the y-crystal-
lisation begins early and it is reasonable to argue that
the entire amount of the alumina is crystallised in the
v-form. For the milled powder, with a higher y-crystal-
lisation temperature some alumina may remain in the
amorphous form. This directly crystallises to the a-form
(see the floor between the two peaks in Fig. 1b, which is
higher than the base line: this can be attributed to a
superimposed effect due to a-formation); this results in an
earlier a-crystallisation peak. It was decided to choose
for the further calcination step three different temperatures:
850°C when y-Al,O3 is forming; 910°C when y-Al,O3
has formed but no o is present; 1150°C when the trans-
formation y— o is completed.

In Table 1, the specific surface area of the alumina
samples calcined at the various temperatures is pre-
sented. The decrease of this parameter with increasing
heating temperature can be explained by considering

Table 1
Specific surface areas and X-ray results for alumina precursors cal-
cined for 2 h at different temperatures

Alumina T (°C) Specific surface X-ray
precursors area (m? g 1) results
As-prepared 850 149 Y
910 137 Y
1150 55 o
Milled 850 122 Y
910 92 y+o
1150 31 o

that the high temperatures promote the coarsening and
densification process. The sudden fall of the specific
surface between the calcination temperatures of 910 and
1150°C is due especially to the alumina y—o-transi-
tion.!2% The most striking difference between the as-
prepared and milled precursors is the marked reduction
of the specific surface area for the latter, for all three
calcination temperatures. This behaviour can be related
to the morphology of the precursor after the oven
treatment at 200°C. The addition of tartaric acid indu-
ces microporosity in the material that favours powders
with a high specific area also after calcination. If the
precursor is submitted to an energetic milling before the
heating, the activity of the powder for coarsening is
increased.?! Indirect evidence for the milling effects was
seen in the results of the thermogravimetric analysis.

In Table 1 the results of the X-ray analysis of the
alumina precursors calcined at 850, 910 and 1150°C are
also reported. The X-ray results confirm that, for pow-
ders treated at 910°C (that is between the two crystal-
lisation peaks), in the as-prepared case only 7y crystals
are detected, whereas in the milled both o and y are
present.

The examination of the SEM micrographs (Fig. 2)
showed the presence in the non-milled samples of coarse
particles. In Fig. 2a the appearance of the as-prepared

Fig. 2. SEM pictures for alumina precursors: (a) as-prepared; (b) milled.
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precursor calcined for 2 h at 850°C is shown. This
morphology can be explained by considering that the
ageing at 200°C does not decompose the tartaric acid
that bonds together the particles forming large lumps
that remain also after calcination. If the precursor is
milled before the heating at high temperature, the large
lumps are broken or reduced. In Fig. 2b the appearance
of the milled powder heated at 850°C for 2 h is pre-
sented: finer particles are evident. Consequently the
milled powder has a higher sinterability with respect to
the as-prepared one.???3

In Table 2 the densities of alumina bodies obtained
with as-prepared and with milled precursors, sintered at
1550°C for 1 h are reported.

3.2. 12Ce-TZP precursor

In Fig. 3 the STA of 12Ce-TZP precursors are repor-
ted. The STA measurements show very little difference in

Table 2
Densities of sintered samples obtained from alumina precursor pow-
ders (1550°C for 1 h)

Alumina precursors %
As-prepared 80
Milled 97
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Fig. 3. STA results for 12Ce-TZP precursors: (a) as-prepared;
(b) milled. Positive DTA refers to exothermic effect.

the weight loss between the as-prepared and the milled
samples; also the tetragonal crystallisation temperatures
(peaks at about 450°C) match (see Fig. 3a and b, respec-
tively). This different behaviour with respect to the alu-
mina precursors is probably due either to the modest
quantity of micropores in the coprecipitated hydroxides
and/or to the different decomposition product (aqueous
vapour).

Surface areas and crystal phases of the calcined
(700°C 2 h) 12Ce-TZP powders are reported in Table 3.
Both products have tetragonal symmetry and their sur-
face areas are quite similar. Milled powders have lower
values. As for alumina, also in this case, powder mor-
phology is different as reported in Fig. 4: the as-pre-
pared product (Fig. 4a) contains large agglomerates
while the milled one (Fig. 4b) shows small particles.

Table 3
Specific surface areas and X-ray results for 12Ce-TZP precursors cal-
cined at 700°C for 2 h

Specific surface X-ray results

area (m? g~ 1)

12Ce-TZP precursors T(°C)

As-prepared 700 48
Milled 700 36

Tetragonal
Tetragonal

100pum

A F e BRSPS & TR Ty R LW,
;? b {,E’tzrﬁ, Sa B Rt 5&:{ *‘qu‘”ﬁ\;ﬁ
PRBRNIS T AN AN e R e ]

Ly _; P
o !

Fig. 4. SEM pictures for 12Ce-TZP precursors: (a) as-prepared;
(b) milled.
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Table 4
Densities of sintered samples obtained from 12Ce-TZP precursor
powders (1450°C for 1 h)

12Ce-TZP precursors d.%
As-prepared 85.0
Milled 98.5
Table 5

Comparison, for both the materials, between densities of sintered
bodies obtained with milling step before and after the calcination one

d:%
Materials Milled— calcined Calcined— milled Firing
conditions
Alumina 97.0 92 1550°C, 1 h
12Ce-TZP 98.5 94 1450°C, 1 h

As a consequence the milled sample exhibits a higher
sinterability with respect to the as-prepared one. In
Table 4 the densities of 12Ce—TZP bodies obtained with
as-prepared and with milled precursors fired at 1450°C
for 1 h are reported.

We have also prepared sintered samples with both the
materials (alumina and 12Ce—TZP) in the traditional way,
that is making the milling step after calcination. The sin-
tering times and temperatures were the same used for the
milled samples (1 h at 1550°C for alumina and 1 h at
1450°C for zirconia), as well as the milling step (1 h attri-
tion milling at 300 rpm in ethanol). In Table 5 the com-
parison of the densities obtained in the two ways is
reported. It is evident that performing the same milling
step before calcination produces higher densities in the
sintered bodies. It is possible to obtain finer powders (and
also higher densities) operating the milling after calcina-
tion, but this involve longer times and consequently
increase the probability of introducing contamination in
the powder, as well as increasing the cost of the operation.

4. Conclusions

On the basis of these results, it is possible to argue
that the alumina precursor containing a high quantity
of organic phase develops, after calcination, a micro-
structure with a high quantity of micropores and a high
specific surface area. Besides, by limiting the decom-
position temperature, only the y-phase is obtained.
These features are useful for catalytic applications.

A short attrition milling before calcination reduces
the specific surface area with respect to the as-prepared
precursors, but in this case the presence of large aggre-
gates is avoided. Therefore the powders obtained with
this procedure and calcined at temperatures where the
a-form is stable can be used for the production of high-
density sintered bodies. The behaviour of the coprecipi-
tated 12Ce—TZP is similar to that of alumina.

The specific surface area of the milled and calcined pre-
cursors is lower than that of the as-prepared samples, but
the difference is not very large. The mechanical treatment
also in this case increases the powder sinterability.

Using the same milling and firing conditions, it has
been shown that milled and then calcined powders con-
sistently yield bodies with higher density than powders
calcined and then milled. From this point of view the
milling of precursors before the thermal decomposition
is useful as it is less time-consuming, more economic
and reduces the contamination from the milling media.
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