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bstract

he present research compares properties and behaviour of co-precipitated 3Y-PSZ powders submitted, after co-precipitation, to different milling

reatments. The characteristics of the different products were evaluated by measurement of particle size distribution, thermogravimetric analysis,
-ray diffraction, specific surface area and scanning electron microscopy analysis. It has been demonstrated that 1 h of attrition milling enables the
roduction of powders containing soft agglomerates of nanometric particles: the dispersing liquid used on milling has little influence. Crystallisation
nto a cryptocrystalline structure of the amorphous powder is achieved after 1 h of high energetic milling, avoiding thermal treatments.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Partially stabilized zirconia (PSZ) materials, sintered at high
elative density, have high strength and good toughness thanks
o the transformation toughening mechanism associated to the
irconia polymorphism.1

The catalytic properties of PSZ powders are also important
ince it has been demonstrated that they can be used for red-ox
eactions at moderate temperature2 and consequently also in the
roduction of ceramic fuel cells.3,4

Zirconia materials can also be used as electric, electronic,
agnetic and nuclear materials due to their good performances

n these fields.5–8

Due to such a wide range of applications, zirconia-based
aterials have received a great deal of attention by researchers

nd a large number of papers are available on the subject, many
f which dealing with the synthesis of zirconia powders and
he production of zirconia monoliths and their properties. In all
ases the first step is the production of powders and the effects of
he properties of the powders on the performance of the material

hen it is in use. For example, the quality of gaseous emissions

rom most of the combustion processes used for energy pro-
uction is greatly influenced by surface area and the catalytic
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ctivity of the powders used as catalysts. On the other hand, the
roduction of submicronic grain-sized monoliths is impossible
f the particles of the starting powders are not submicronic as
ell; secondly, if structural tools are to be produced, powders
ust possess a good sintering behaviour in order to minimize

n undesired residual porosity.9–11

Depending on the application, either good sinterability or
stable surface area after severe temperature treatments are

trictly required. Such characteristics are conflicting since pow-
ers which are able to maintain a high surface area after severe
hermal treatments must not sinter.

Another feature of powder production is chemical homoge-
ization which could be better achieved by chemical processes
han by solid state reactions. Chemical processes require the
reparation of solutions of precursors to be then converted
nto other specific products. During these critical preparation
teps a great number of parameters, i.e. type of precursor
organic–inorganic), aspect (powder–solution), concentration,
rocessing temperature and many others, must be carefully con-
rolled. Unexpected events also causing the worsening of the
haracteristics of the powders cannot be excluded. A procedure
hat enables the reduction of such a large number of parame-
ers making the production of powders with constant properties
asier, could be worthwhile.
During the present research powders of 3Y-PSZ were pro-
uced by co-precipitation of zirconyl chloride octahydrate and
ttrium nitrate pentahydrate. Co-precipitated products were
ivided into different batches: one was directly crystallised
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hermally, and the others were submitted to different milling
rocedures in order to optimize powder properties and prepara-
ion procedure.12–14 The characteristics of the different products
ere evaluated by measurement of particle size distribution

PSD), thermogravimetric analysis (TGA), X-ray diffraction
XRD), specific surface area (BET) and scanning electron
icroscopy (SEM).

. Experimental procedure

Co-precipitation of 3Y-PSZ precursors was made using
rOCl2·8H2O (99.0% Aldrich Chem.), and the required amount
f Y(NO3)3·5H2O (99.9% Aldrich Chem.) which were dis-
olved in distilled water to give a 0.5-mol.% solution. This was
oured, while stirring, into concentrated ammonia (28 wt%) at
oom temperature. The product was divided into two batches
hich were then processed as follows:
One batch was washed three times with de-ionized water

ried at 80 ◦C in an oven, crushed in an agate mortar and sub-
itted to BET, PSD, TGA, XRD and SEM. This powder was

sed as a reference and called A.
The second batch was washed three times with de-ionized

ater, then acetone–toluene–acetone (ATA)15 and dried at 80 ◦C
n an oven. This second powder was called B.

After drying, powder A was attrition milled for 1 or 2 h using
-butanol as a dispersing liquid. The two resulting powders were
espectively called A1 and A2.

After drying, powder B was divided into several further
atches which were attrition milled for 1 or 2 h using three dif-
erent dispersing liquids, i.e. ethanol, isopropanol and 2-butanol.
he resulting powders were called, respectively, B1, B12, B2,
22, B3 and B32. For clarity names and processing parameters
f the various powders are reported, together with their specific
urface area and crystal structure, in Table 1.

For each milling process a high-density nylon container,

irconia/yttria (3 mol.%) spheres (sphere’s diameter = 5 mm),
00 rpm were used and the following parameters were set:
ar volume = 311 cm3, amount of alcohol = 70 cm3, amounts of
alls = 480 g and amount of powder = 30 g. After milling, pow-

m
c
i
v

able 1
ymbolic names, corresponding schematic preparation procedure, specific surface ar

ymbolic name Schematic preparation procedure

Washed three times with H2O
1 As A and then attrition milled for 1 h with 2-butanol
2 As A and then attrition milled for 2 h with 2-butanol

Washed three times with H2O and then with ATA
1 As B and then attrition milled for 1 h with ethanol
12 As B and then attrition milled for 2 h with ethanol
2 As B and then attrition milled for 1 h with isopropanol
22 As B and then attrition milled for 2 h with isopropanol
3 As B and then attrition milled for 1 h with 2-butanol
32 As B and then attrition milled for 2 h with 2-butanol
3S1 As B3 and then spex milled for 1 h
3S2 As B3 and then spex milled for 2 h
3S4 As B3 and then spex milled for 4 h
3S8 As B3 and then spex milled for 8 h
eramic Society 29 (2009) 1641–1645

ers were dried in the oven at 80 ◦C and then tested by BET,
SD, XRD, SEM and, at the end, TGA.

As a further experiment, the dried B3 powder was milled
ith a high-energy spex mill for 1, 2, 4 and 8 h. The result-

ng powders were called respectively B3S1, B3S2, B3S4 and
3S8 (see Table 1). For such experiments 3Y-TZP balls and jar
ere used and the following ratios were set: powder weight/balls
eight = 1.22/17 and powder volume/jar volume = 0.20/47.5.
PSD was determined by an Horiba LA950 laser scattering

article size distribution analyzer: analyses were made in water
nd, before their analysis, all powders were sonicated for 3 min.
or clarity of comprehension all PSD curves are represented
ith logarithmic abscissa. XRD patterns were recorded on a
hilips X’Pert diffractometer setting the operation conditions at
0 kV and 40 mA using nickel-filtered Cu K�1 radiation. Spectra
ere collected using a step size of 0.02◦ and a counting time of
0 s/angular abscissa in the range 20◦–80◦; BET was determined
y a Sorptomatic Carlo Erba BET instrument using nitrogen as
percolating gas; the powder particles morphology was exam-

ned by an Assing EVO40 scanning electron microscope (SEM)
nd, after these tests, thermogravimetric analyses (TGA) were
erformed on a TA Q500 at a heating rate of 10 ◦C/min up to a
emperature of 700 ◦C.

. Results and discussion

The reference powder (A) has a total weight loss of 45.44%
uring the TGA between room temperature and 700 ◦C; the
-ray diffraction analysis, before and after this thermal treat-
ent, show that the powder, initially amorphous, crystallises

nto the tetragonal structure; Fig. 1 reports the PSD of powders
, A1 and A2. It is showed that powder A has a bimodal PSD
ith a first small peak at 14 �m and a second, greater, with
maximum at 95 �m. On the other hand, A1 and A2 have

imilar monomodal PSD: each one displays a single peak with

aximum around 2 �m. The SEM image of powder A (Fig. 2a)

onfirms the presence of both small and large particles whereas
ts specific surface area (BET) was measured at 252 m2/g. This
ery high BET value must be red with great caution because

ea and X-ray results of the powders prepared in the present work.

Specific surface area (m2 g−1) X-ray results

252 Amorphous
133 Amorphous

97 Amorphous
42 Amorphous
95 Amorphous
88 Amorphous

103 Amorphous
92 Amorphous

113 Amorphous
94 Amorphous
28 Tetragonal (cryptocrystalline)
33 Tetragonal (cryptocrystalline)
31 Tetragonal (cryptocrystalline)
37 Tetragonal (cryptocrystalline)
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Fig. 1. Particles size distribution (PSD) curves of powders A, A1 and A2.

t is a reasonable consequence of the great amounts of volatile
ubstances entrapped in the powder particles. In fact, before
he BET test, powders must be degassed. Powder A has been
egassed for a time twice longer than for all the other batches.
evertheless it continues to release gases during the test.
onsequently the resulting number is not too much reliable.

Table 1 also displays BET values and X-ray results of all
he powders submitted to the corresponding preparation proce-
ure. Comparing such values, thermal behaviour, PSD and SEM
mages of B1, B2 and B3 with those of B12, B22 and B32 it is

ossible to evaluate the influence of the liquid used for milling
nd then of milling time, on powder properties.

All the above powders are amorphous with surface areas of
imilar magnitude order. Fig. 3 shows the PSD curves of B1 and

h
s
1
o

ig. 2. SEM images of some of the powders prepared in the present study: (a) powd
3S1 (10,000×).
Fig. 3. Particles size distribution (PSD) curves of powders B1 and B12.

12; it can be seen that they are close to one another (those of
2, B22, B3 and B33 show a trend not greatly different from

hat reported in Fig. 3). Fig. 4 shows the TGA curves of powders
1, B3 and B3S1. The one of B2 is practically overlapped to B1
nd therefore, for clarity, not reported; it can be observed that
he total weight loss of A (45.44%) is sensibly lowered after 1 h
f milling (cfr B1-B3) (this result is already documented in an
arlier paper),16 independent of the alcohol used. Furthermore,
he use of ethanol (powder B1) should be preferred since it is less
angerous than the two others against environment and human

ealth. Changes, are very slight for a longer milling time, thus
howing that milling process must be preferably stopped after
h because longer times only favour a partial re-agglomeration
f particles and cause a reduction of BET values. The weight

er A (5000×); (b) powder B1 (5000×); (c) powder A1 (10,000×); (d) powder
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particles that can reach a size of 500 �m. In order to support the
above statement, the PSD curve of B3S1 is reported in Fig. 6,
those of B3S2, B3S4 and B3S8 do not greatly differ from that.
The SEM image of B3S1 is shown in Fig. 2d: small as well as
ig. 4. TGA curves, between room temperature and 700 ◦C of powders B1, B3
nd B3S1.

oss reduction between A and milled products can be ascribed
o the washing effect of the alcohol during milling: it facili-
ates the release of water entrapped in the precursors during the
rying stage. More in particular, the specific behaviour of A is
ue to the presence of particles containing cavities filled with
ubstances that decompose and evaporate; evaporation proceeds
ore slowly as the high partial pressure of the evolved gases in

he cavities inhibit the complete decomposition of the entrapped
aterial. Conversely, in the milled samples, most of the aggre-

ates have been broken down; powder particles are in direct
ontact with the surrounding atmosphere so that water or other
ompounds can evaporate easily.

Fig. 2b is a SEM image of the powder B1 and shows agglom-
rates of nanometric particles. On the other hand, the PSD curve
f the same powder displays the presence of micrometric par-
icles. This apparent conflict could be explained taking into
ccount the sonication time which is applied to the powders
efore the PSD measurements: the longer the time, the better the
article dispersion is. After a 3-min sonication time, agglomer-
tes are only partially broken up into single particles, whereas
art of them (the strongest) remains intact and is measured by
he granulometer as a single particle.

Comparing properties and thermal behaviour of powders A,
1, A2 with those of powders B, B3 and B32, it is possible

o evaluate the influence of the ATA process when powders are
urther attrition milled before their thermal crystallisation. Nev-
rtheless, after the above discussion, the presence of A2 and B32,
or such evaluation, results redundant since after 1 h of attrition
illing, powders do not greatly change their properties. Table 1

hows that all the above powders are amorphous, being their
pecific surface area influenced by the ATA washing. In fact, it
an be pointed out that the BET of A is 252 m2/g whereas the one
f B is 42 m2/g and greatly changes from A to A1 and from B to
3, but A1 and B3 have values of same magnitude order. Similar

rend was observed in the corresponding PSD curves which were
arrowed after 1 h of milling, but longer milling time does not
reatly improve the number of small particles. It is interesting to

bserve that 1 h of attrition milling transforms powders submit-
ed to the ATA procedure into powders with similar properties
o those similarly milled, but not submitted to the ATA washing.
he thermogravimetric analysis did not show substantial differ-
ig. 5. X-ray diffraction patterns of powders A, B3S1 and B3 (after TGA),
espectively.

nces between the thermal behaviour of A1 and that of B3. The
EM image of A1 (Fig. 2c) shows agglomerates of nanometric
articles having different sizes.

Comparing properties and thermal behaviour of B3, with
hose of B3S1, B3S2, B3S4 and B3S8 it is possible to evaluate
he influence of the time when powders B3 are milled with a Spex
ighly energetic mill. It is known that this type of mill is often
sed to induce mechanical alloying among several typologies of
omponents.

In the present work the effect can be observed in Table 1 where
t is shown that B3 is amorphous, whereas B3S1, B3S2, B3S4
nd B3S8 show a cryptocrystalline tetragonal structure. As an
xample, Fig. 5 shows the X-ray diffraction patterns of powders

(amorphous), B3S1 (cryptocrystalline) and that of B3 (after
he TGA test). The patterns of B3S2, B3S4 and B3S8 evidence
he same structure as B3S1. Fig. 4 shows that the weight loss of
3 is greater than that of B3S1; the TGA curves acquired from
3S2, B3S4 and B3S8 are close to the one reported in the figure.
he specific surface area, high in B3, drops dramatically after 1 h
f milling and then it does not sensibly change. B3 has a narrow
SD curve with particles of size smaller than 20 �m whereas
3S1, B3S2, B3S4 and B3S8 have a large bimodal PSD with
Fig. 6. Particles size distribution (PSD) curve of powder B3S1.
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of ZrO –Ce (20%mol) TZP solid solutions prepared by various methods.
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arge hard agglomerates of nanometric particles are visible. The
onication time before the PSD measurements is not sufficiently
ong to destroy most of the agglomerates that are present in the
owders which build up during the milling process. It may be
oncluded that highly energetic milling enable the production of
ryptocrystalline powders just after 1 h of milling, but the high
pecific surface area of the starting products is reduced as well as
s probably reduced its ability to sinter17,18 due to the formation
f large, strong agglomerates of particles.

. Conclusions

An 1 h of attrition milling before calcination of co-
recipitated 3Y-PSZ powders enables the production of powders
ith agglomerated nanometric particles. Ethanol, isopropanol or
-butanol can be used as milling liquid, the choice made on the
rounds of considerations regarding the environmental impact
ince powder properties are not greatly influenced by the type
f liquid used during the milling stage. If powders are attri-
ion milled after co-precipitation, also the ATA washing of the
o-precipitated product could be avoided.

Attrition milled powders crystallise into the tetragonal struc-
ures (cryptocrystalline), after a 1 h milling with a Spex mill
ithout any thermal treatment, but such powders have large PSD

pectra, low BET and contain large hard agglomerates.
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