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Abstract 3-9 auf 10-0, hat nur einen beschrinkten EinfluB auf
die Fortentwicklung der Dichte der Proben beim
Tetragonal stabilized zirconia samples, 3 mol % in Verdichten in der Kdlte und danach beim Sintern
Y,0;, are prepared by pyrolysis up to 900°C of bei 1500°C.
gelatinous precursors formed by hydrolysis of aqueous Das Vermahlen des Ausgangsprodukts vor der
solutions containing both zirconium and yttrium Pyrolyse verringert die Grisse der bei 900°C
acetates. Such prepared powders are white, but still gebildeten Agglomerate ohne die Grosse der Kristal-
contain about 0-5 wt % in carbon. lite zu verdndern. Der Umfang der grossen Poren
The increase of the end hydrolysis pH from 3-9 to zwischen der Agglomeraten ist auch vermindert. Die
100 has a very limited influence on the evolution of Gesamtporositdt bleibt unverdndert und allein die
the density of samples during cold compaction and Aufteilung zwischen offerner und geschlossener
then sintering by heating at 1500°C. Porositdt ist verdndert. Die Morphologieverinderung
The ball-milling of the precursor before pyrolysis erleichtert die Entwicklung der wdihrend des
decreases the size of the agglomerates formed at Erhitzens entstandenen Gase und fiihrt zu einem
900°C without modifying the size of crystallites. bedeutenderen Schwinden und somit zu einer
The size of large interagglomerate pores is also hoheren Dichte nach dem Sintern.
decreased. The whole porosity remains constant and
only the distribution between open and closed porosity Des échantillons de zircone stabilisée sous forme

is modified. The modification of the morphology quadratique, 3 mol % Y,0;Zr0O, sont préparés
eases the gaseous release during heating and leads par pyrolyse a 900°C de précurseurs gélatineux
to a more significant shrinkage and consequently to formés par hydrolyse de solutions aqueuses d'acétates

a higher density after sintering. d’yttrium et de zirconium. Les poudres ainsi obtenues
sont blanches, mais renferment encore environ 0-5%
Zirkoniumoxidproben, 3 mol % Y,0Zr0,, in en poids de carbone.
tetragonaler Form stabilisiert, werden durch Pyrolyse L'élévation du pH de fin d’hydrolyse de 3-9 a
bei 900°C gelartiger Ausgangsprodukte die durch 10-0 n’a qu'une influence trés limitée sur 'évolution
Hydrolyse wdsseriger Yttrium und Zirkoniumace- de la densité des échantillons lors de la compaction
tatlosungen erzeugt sind, hergestellt. Die so erhaltenen a froid, puis du frittage par chauffage a 1500°C.
Pulver sind weiss, enthalten aber noch etwa 0-5 % Le broyage du précurseur avant pyrolyse diminue
(in Gew.) Kohlenstoff. la taille des agglomérats formés a 900°C sans

Die pH-Erhohung am Ende der Hydrolyse von modifier la taille des cristallites. La taille des gros
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pores inter-agglomérats est également diminuée. La
porosité totale reste constante et seule la répartition
entre porosité ouverte et porosité fermée est modifiée.
La modification de la morphologie facilite le départ
des gaz formés pendant le chauffage et conduit d un
retrait plus important, donc a une meilleure densité
apres frittage.

1 Introduction

A simple route for preparation of yttrium stabi-
lized zirconia is the hydrolysis of zirconyl and
yttrium acetates solutions leading by evaporation
to amorphous precursors and then by pyrolysis to
tetragonal 3 mol % Y,0;-ZrO, solid solutions.!

Recently, for zirconia samples prepared by py-
rolysis of precursors corresponding to a hydrolysis
ratio r = 0:9 (r = moles OH™ added/initial moles
Zr +Y), the best results? in sintering were obtained
without diluting the starting commercial zirconyl
acetate solution and using ammonia concentration
ranging from 1-3 to 2-8 mol/litre.

The present paper is concerned with the study
of the influence, on zirconia sintering behaviour,
of the pH of formation of the wet precursor and
the grinding of the dry precursor before pyrolysis.

In the previous investigation,” pH, correspond-
ing to a hydrolysis ratio r = 0-9, depended upon
ammonia concentration and varied from 6-3 to 6-9.

2 Experimental

Five dry precursors were prepared starting from
the commercial zirconyl acetate solution (Riedel
de Haen, 22 wt% in ZrO,, pH = 3-3) in which solid
yttrium acetate was dissolved so as to get a molar
ratio Y,0,/(Y,0; + ZrO,) = 0-03; the pH increased
to 3-9. The hydrolysis was performed by adding a
2-2 mol/litre ammonia solution until various hy-
drolysis ratios in the range 0-4-1 were reached
(Table 1). Acidic samples A and B were in the
form of a viscous solution; neutral sample C was a
gelatinous solid; basic samples D and E were in
the form of milky solutions. All dry precursors
were obtained by evaporating on a sand bath at
80-90°C for 15 h.

The elemental analysis of the dry precursors

Table 1. Synthesis parameters of various precursors

Sample pH r
A 39 0
B 5-8 06
C 67 09
D 9:2 16
E 10-0 4-1

Table 2. Elemental analysis of dried precursors

Sample Analysis
Weight (%) Molar ratio
Zr C H N CH;CO0/Zr
A 419 152 32 <0-3 1-4
B 393 14-2 31 0-6 14
C 40-5 154 35 1-0 1-5
D 39-8 133 28 0-4 1-3
E 413 114 32 <0-3 1-1

(Table 2) indicated that the amount of nitrogen
was maximum for the gelatinous sample C and
that the pH rise, from 3-9 to 10-0, decreased the
ratio CH;COO/Zr.

The dry precursors were either used as obtained
(A1-E1) or submitted to a ball-milling for 30 min
with alumina balls (A2-E2). Then pyrolysis was
followed by TGA and DTA coupled to a mass
spectrometer. The resulting zirconia powders were
characterized (XRD, sedimentation speed mea-
surements, mercury porosimetry, BET and SEM)
and their compaction and sintering behaviours
were investigated (compaction test, dilatometry)
using the same apparatus as in the previous
study®. In no case, were zirconia samples ground.

3 Results

3.1 Pyrolysis of dried precursors and characteristics
of zirconia powders

As for the previously studied precursors,? the
transformation of dried precursors into white zir-
conia powders requires calcination up to 900°C.
X-ray patterns then give clear evidence for the
formation of a single phase of yttrium tetragonal
stabilized zirconia. Thermogravimetric analysis
(Fig. 1), coupled with identification of the gaseous
release by mass spectrometry, indicates that the
pyrolysis involves three steps:

—Firstly, the dehydration occurring between 50
and 250°C and giving a weight loss of 10-20%.

—Secondly, the decomposition of the acetate
radical giving a second weight loss of about
20% and corresponding to a release of H,O,
CO, and CH;—CO-CHj;; it begins at 250°C
and is ended at about 550°C for the ball-
milled samples (Fig. 1(b)) and 650°C for the
other samples (Fig. 1(a)); for the latter, the
more acid the sample the slower the decom-
position rate; in any case, the grey colour of
the residue indicates that carbon has not been
completely eliminated.

—Finally, a third small weight loss (2-3%) due
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Fig. 1. TGA curves (150°C/h) of dried precursors A, C and

E; (a) non-ground samples Al, Cl, El; (b) ball-milled samples
A2, C2, E2.

to a release of CO, and H,0 and revealing a
further elimination of carbon leading to white
zirconia powders; this loss occurs in the range
800-900°C for non ground samples Al-El,
700-800°C for ball-milled samples A2-E2.

The comparison between Fig. 1(a) and (b)
shows that the mechanical grinding slightly in-
creases the amount of water lost during the first
step and shifts the end of the decomposition of the
acetate radical, particularly the second elimination
of carbon, towards low temperatures. The infl-

Table 3. Temperatures of DTA peaks

Samples Peak temperature (°C)

Endothermic effects Exothermic effects
Al 105, 230, 305, 340 380, 410, 510, 605, 970
Cl 85, 180, 320 360, 415, 485, 540, 935
El 105, 215, 335 385, 490, 555, 820
A2 85, 195, 280 365, 495, 555, 865
C2 85, 180, 300 370, 490, 555, 870
E2 85, 195, 300 385, 495, 560, 840

Heating rate in air 600°C/h.

R Precursor not milled Precursor milled
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Fig. 2. DTA curves (600°C/h) of dried precursors A, C and
E; (left) non-ground samples A1, Cl, El; (right) ball-milled
samples A2, C2, E2.

uence of ball-milling is also shown on the DTA
curves (Fig. 2, Table 3). For both types of sam-
ples, the dehydration is revealed by several en-
dothermic peaks in the range 50-350°C which are
not modified by the milling. On the contrary, the
decomposition of acetate radical produces several
exothermic effects for samples AI-El in the range
350-650°C and only one significant exothermic
effect between 350 and 400°C for samples A1-E2.
The last elimination of carbon is indicated by a
weakly exothermic effect close to 950°C for sam-
ples A1-El and to 850°C for samples Al1-E2,
confirming the decrease of temperature due to
grinding. Moreover, it is noticed that the higher
the pH of formation of the gel is, the lower the
temperature of carbon elimination is.

Some characteristics of zirconia powders ob-
tained by pyrolysis in air up to 900°C at a rate of
150°C/h are gathered in Table 4. Although the py-
rolysis leads to white zirconia powders, they still
contain carbon amounts of about 0-5 wt %.
Owing to the temperature of calcination, powders
exhibit low specific surface areas which seem inde-
pendent of the pH of formation of the precursor
and are not affected by the mechanical grinding.
The same observations are valid for crystallite size.
The difference between surface areas measured by
nitrogen adsorption (BET) and mercury penetra-
tion must be attributed to the existence of pores
with radii lower than 3-8 nm, too narrow for
mercury penetration at 200 MPa. The increase,
due to the ball-milling, of the surface area deter-
mined from mercury penetration is consistent with
the decrease of the mean size of the agglomerates.
Considering the small size of crystallites and the
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Table 4. Characteristics of zirconia powders obtained by pyrolysis, up to 900°C, of the precursors

Sample Characteristics

Precursor C Specific surface Agglomerates Crystallites,

formation (weight %) area (m*/g) mean mean
pH diameter diameter
BET Mercury (pum) (nm)
porosimetry

Al 39 0-4 4 1-5 48 215
Bl 58 0-5 5 12 46 22:0
Cl 67 0-5 6 2:6 35 20-0
D1 92 0-5 6 2-0 37 220
El 100 03 5 0-5 36 25-0
A2 39 0-5 7 37 1.7 25-5
B2 5-8 0-5 7 48 1-6 250
C2 67 0-4 6 23 1-5 25-5
D2 92 04 5 32 1-4 255
E2 10-0 0-4 6 20 1-5 26-0

low BET surface area, it is unambiguously to be
concluded that the elementary grains are poly-
crystalline; if the grains were monocrystalline a
diameter of 20 nm would give a surface area of
50 m%g. As previously reported,>* the small size
of crystallites could be assigned to the presence of
residual carbon limiting their growth.

The determination of granulometric distribu-
tions, by sedimentation speed measurements,
separates zirconia samples into three groups
(Fig. 3):

relative density expressed in % of the theoretical
density and P the applied uniaxial pressure (Fig.
4), are characterized by two linear domains sepa-
rated by a breaking pressure P, The first linear
variation at low applied pressures is due to a slide
of agglomerates on each other involving an inter-
agglomerates rearrangement depending upon their
shape, their density and their size distribution.’
The second one is governed by the deformation
and/or the breaking of agglomerates beginning at

60
—First group, samples Al and Bl: coarse y
powders with sizes in the range 0-5-18-0 um — /
and mean diameters close to 4.7 um. ~ oV
—Second group, samples C1, D1 and El: inter- g 50 ] S
mediate powders with sizes lower than 15 um = o)
and mean diameters close to 3-6 um. E Y4
—Third group, samples A2, B2, C2, D2 and Y
. . Zz 404 o
E2: fine powders with sizes lower than 5 um E P ¢
and mean diameters close to 1-5 um. e
3.2 Compaction behaviour 1 A —
As previously noticed,” compaction curves of 0.1 1 10 100 1000
zirconia powders, d versus In (P), where d is the 55
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Fig. 3. Granulometric curves of zirconia samples D2, Bl and
C1 obtained by pyrolysis, up to 900°C, of precursors.

Fig. 4. Compaction curve of zirconia samples D1 and D2.
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Table 5. Compaction data

Sample Data
Slope of low Slope of high Threshold Density (% TD)
pressure pressure pressure P;
linear area linear area (MPa) Starting Compacted pellet
(% TD/MPa) (% TD/MPa) powder (at 215 MPa)
Al 29 17-0 24 352 569
BI 2:6 12-:0 30 377 551
Cl 1-9 127 16 371 56-2
D1 2-8 13-1 21 372 548
El 29 130 20 381 56-1
A2 7-0 139 80 281 536
B2 6-2 139 60 26-3 54-4
C2 62 13-6 70 282 54-1
D2 67 12:3 7 26-9 54-0
E2 65 14-1 75 268 54-1

the threshold pressure P; and inducing the partial
elimination of the interagglomerates porosity.®
The value of the pressure P; is highly sensitive to
the hardness of agglomerates.

Compaction data are summarized in Table 5.
The five powders Al-El exhibit similar com-
paction behaviours characterized by threshold
pressures P; close to 25 MPa and by powder den-
sities increasing from 37 to 56% of the theoretical
density as the applied pressure is raised up to
215 MPa. The five powders A2-E2 also present
similar compaction behaviours distinguished by
threshold pressures P; higher than 70 MPa and by
powder densities increasing from 27 to 54% of the
theoretical density. Therefore as shown in Fig. 4,
the decrease of agglomerates size produced by the
ball-milling involves simultaneously a lowering of
initial powder density and an important shift of
the threshold pressure P; towards high pressures.
Densities obtained after uniaxial pressing up to
215 MPa are slightly lower for ball-milled pow-
ders and, in other respects, a cleavage of the cor-
responding pellets is noticed.

3.3 Sinterability

Powders were uniaxially pressed up to 100 MPa
and then isostatically up to 400 MPa, so as
to avoid cleavage of pellets inherent to uniaxial
pressing at high pressure. Dilatometric curves
were recorded heating up to 1500°C at a rate of
60°C/h, maintaining the temperature for 3 h and
finally cooling at the same rate.

The observation of the dilatometric data (Table
6) reveals similarities in the behaviour of the pow-
ders A1-El, on the one hand, and the powders
A2-E2 on the other hand. For the latter, the ther-
mal treatment increases the density from a green
value close to 3-38 to a sintered value reaching
about 5-33 and involves a linear shrinkage close to

15% and a firing loss of about 4-3%. For the for-
mer, the density is increased from 3-48 to 4-8 and
the shrinkage and the firing loss are respectively
12-3% and 2-8%.

As shown in Fig. 5(a) for samples D1 and D2,
taken as example of the two series of powders, a
small expansion occurs for both powders, in the
range 20-900°C, probably due to the elimination
of superficial adsorbed water and to the dilatation
of the material. For powders A2-E2, a second
expansion is observed between 900 and 1000°C,
whereas for powders A1-El the shrinkage begins
as soon as 900°C is reached. Beyond 1000°C pow-
ders A2-E2 exhibit a regular shrinkage when, for
powders A1-El, a significant decrease of the sin-
tering rate is noticed close to 1200°C; it was previ-
ously attributed®’ to the gaseous release produced
by the elimination of residual carbon, present in
the state of carbonate or oxycarbonate. For both
powders, the sintering is not ended at 1500°C, as
revealed by the shrinkage during the isothermal
level (Fig. 5(b)). The difference observed between
Al1-El and A2-E2 is the consequence of the ball-

Table 6. Sintering data (1500°C, 3h)

Sample Data
Density (% TD) Shrinkage  Firing loss
(%) (%)
Green Sintered

Al 58:0 80-3 11-6 2-8
Bl 577 78-7 10-9 2:5
Cl 57-4 77-0 12:3 29
D1 562 77-0 12-5 2:9
El 56-4 78-7 12-4 2-8
A2 55-4 87-2 150 4.4
B2 554 877 15-5 45
C2 557 87-4 15-5 39
D2 557 86-9 15-0 4.5
E2 54-4 87-4 155 4.2
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Fig. 5. Dilatometric curves (60°C/h) of samples D1 and D2; (a) heating and cooling stages; (b) isothermal level at 1500°C.

milling of precursors which provides an easier
elimination of carbon. In any case destabilization
of tetragonal zirconia is never observed on the
cooling curves (Fig 5(a)).

3.4 Thermogravimetric analysis of green compacts

Chemical analysis of carbon content (Table 4)
gives comparable values for samples A1-El and
A2-E2. However, TGA, performed at a rate of
150°C/h on green pellets isostatically pressed up
to 400 MPa, shows a difference in the behaviour
of powders A1-El and A2-E2, as illustrated for
samples D1 and D2 (Fig. 6). Below 500°C, a small
loss of adsorbed water is observed. The next, one
due to the elimination of residual carbon revealed

by mass spectrometry, arises above 900°C. It
appears more intense for powders A2-E2 than
for powders A1-El. In both cases carbon elimina-
tion is not ended when the temperature reaches
1500°C.

3.5 Mercury porosimetry investigation of green and
sintered compacts

Two kinds of porosity are observed, an inter-
agglomerates porosity with pore sizes greater
than 30 nm and an intra-agglomerate porosity
with pore sizes lower than 10 nm. The open
porosity is deduced from mercury penetration; the
whole porosity is determined from measurement
of the size for green pellets and from pycnometry

Table 7. Green compacts porosity

Sample Whole porosity Open porosity Pore radii Closed porosity
(mm’/g) (mm’/g) (nm) (mm’/g)

Al 1186 89-8 *30-2500 (maximum penetration at 290) 28-8
*3.8-10

Bl 120-2 93.7 *30-2500 (maximum penetration at 470) 265
*3.8-100

Cl1 121-8 97-7 *30-2500 (maximum penetration at 470) 241
*3.8-100

Di 127-6 99-1 *30-2500 (maximum penetration at 470) 285
*3.8-100

El 126-8 77-5 *30-2500 (maximum penetration at 470) 49-3

A2 1319 98-3 *10-240 (maximum penetration at 90) 336
*3.8-100

B2 1319 96-2 *10-240 (maximum penetration at 100) 357
*3-8-10

C2 130-2 91-8 *3.8-190 (maximum penetration at 120) 384

D2 129-2 98-7 *10-240 (maximum penetration at 90) 315

E2 137-3 88-0 *3-8-240 (maximum penetration at 110) 49:3
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Fig. 6. TGA curves (150°C/h) of zirconia green compacts,
samples D1 and D2.

for sintered materials; the closed porosity is ob-
tained by difference. From data gathered in Table
7 for green samples and in Table 8 for sintered
samples and reported as mercury penetration
versus pore radius curves (Figs 7 and 8). samples
Al-El can be distinguished from ball-milled
powders A2-E2.

3.5.1 Behaviour of samples A1-E1

For green samples A1-El, the representation of
Hg penetration versus pore radius, Fig.7(a), shows
the existence of two kinds of pores with radii
spread in the ranges 3-8-10-0 nm and 30-2500 nm,
respectively. A slight increase of the whole poros-
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Fig. 7. Mercury penetration curves of (a) green pellets Al,
Cl, DI; (b) sintered pellets Al, C1, D1.
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Fig. 8. Mercury penetration curves, (a) green pellets A2,
C2, D2; (b) sintered pellets A2, C2, D2.

ity as the basicity is raised from pH = 3-9 to pH =
10-0 (Table 7, Fig. 7(a)) is seen. Intra-agglomerate
porosity is not observed for the most basic sample
El, which exhibits the highest closed porosity
obtained; the lowest one is observed for the quite
neutral sample C1.

A lowering of the whole porosity of about two-
thirds is involved by sintering at 1500°C for 3 h
and (Table 8, Fig. 7(b)), the vanishing of intra-
agglomerate porosity, the decrease of about 50%
of the open porosity and a drastic decrease of
the closed one, are noticed. The closed porous
volume becomes lower than 2:5 mm®g, except
for the densified sample CI1, for which it reaches
13-6 mm?®/g, whereas its green pellet gave the
lowest value (24-1 mm?¥g). In addition, the spread
of pore radii is significantly narrowed with only
small changes in the maximum penetration radii.

3.5.2 Behaviour of samples A2-E2

In green compacts prepared from ball-milled pre-
cusors A2-E2, the intra-agglomerate porosity is
detected only for the two more acidic samples A2
and B2 (Table 7, Fig. 8(a)). Another effect of ball-
milling is a strong decrease of pore radii, now
situated in the range 10-240 nm with a maximum
of penetration between 90 and 120 nm (Fig. 8(a)).
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Table 8. Sintered pellets porosity

Sample Whole porosity Open Pore radii Closed

(mm’/g) porosity (nm) porosity

(mm’/g) (mm’/g)
Al 40-1 377 170-750 (maximum penetration at 470) 2:4
Bl 48-8 473 180750 (maximum penetration at 540) 1-5
Cl 479 34-3 250-940 (maximum penetration at 470) 13-6
D1 48-8 457 190-750 (maximum penetration at 540) 31
El 44.4 434 160-625 (maximum penetration at 420) 10
A2 24-0 73 25-65 (maximum penetration at 50) 16-7
B2 23-0 10-3 15-125 (maximum penetration at 30) 127
C2 23.7 153 30-125 (maximum penetration at 70) 84
D2 24-7 7-6 15-65 (maximum penetration at 30) 17-1
E2 237 0-0 — 237

The open porous volume is not affected and
remains close to 95 mm®*g. The closed porous
volume is slightly increased, except for sample E2,
for which it reaches the same highest value as for
sample E1, 49 mm%/g.

The ball-milling of precursors promotes the de-
crease of the whole porous volume produced by
the sintering at 1500°C for 3 h, so that the values
obtained for samples A2-E2 (24 mm®g for all
samples) appear about twice as low as for samples
Al-El, (Table 8, Fig. 8(b)). An opposite variation
of open and closed porosity is noticed (Fig. 9); the
more basic sample E2 exhibits only a closed
porosity. The decrease profits the open porosity
all the more, the closed one appearing generally
higher for samples A2-E2 than for sintered
samples A1-El. As for samples AI1-El, a very
significant narrowing of pore radii spread and
a decrease of the maximum of penetration are
observed.

4 Discussion

From the comparison of specific surface areas of
zirconia samples determined by nitrogen adsorp-
tion (BET) and mercury penetration. it is noticed
that the ball-milling of the precursors increases
significantly the Hg areas (particularly for samples
A, B and E) whereas it has quite no influence on

[ 8 W
(= o
t

Pore volume (mm3/g)
)

Fig. 9. Variation of pore volume versus pH for samples
obtained from the ball-milled precursors.

BET areas. Thus, it appears clearly that the area
calculated from Hg porosimetry data is due prin-
cipally to the interagglomerates porosity which is
strongly affected by the decrease of the size of the
agglomerates and perhaps by a modification of
their shape. In contrast, the area calculated from
BET data is essentially due to the intra-agglomer-
ates porosity related to the size of elementary
grains or crystallites and perhaps to their own mi-
croporosity.

The decrease of the size of agglomerates and of
the size of the interagglomerates pores influences
both compaction and sintering behaviours of zir-
conia powders. For compaction, the main differ-
ence is revealed by the shift of P; towards high
pressures, indicating that agglomerates in powders
A2-E2 are more difficult to break or to distort
and then smaller and harder than those of
powders A1-El. At pressures lower than P, the
higher slope for samples A2-E2 is consistent with
an easier rearrangement of the small agglomerates
inside the matrix. After isostatic pressing at 400
MPa, green compacts A1-E1 and A2-E2 exhibit
comparable porous volumes, but the size distribu-
tion is significantly narrowed by the milling of the
precursors. Consequently, the fine porosity of
green pellets A2-E2 (radii lower than 240 nm)
allows a regular elimination of gaseous com-
pounds formed above 1000°C during the sintering.
The slightly lower green densities of pellets A2-E2
are balanced by a higher shrinkage leading to
higher densities. In contrast, for samples A1-El,
the coarser green porosity (size in the range 30—
2500 nm) is more difficult to eliminate by volumic

Bottle pore

Cylindrical or conical pores

Fig. 10. Porosity type in green compacts D1 and D2.
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(a) (b)
Fig. 11. SEM micrographs of powders (a) D1 and (b) D2 obtained by pyrolysis of precursors up to 900°C.

(c) (d)
Fig. 12. SEM micrographs of polished sections of sintered bodies (1500°C, 3 h) of samples D1 ((a) and (c)) and D2 ((b) and (d).
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diffusion and only poor sintered densities are
achieved, although the bodies exhibit a very low
closed porosity.

Another influence of ball-milling is noticed
looking at the evolution of porosity during sinter-
ing. The presence of a higher closed porosity and
of a lower open porosity in sintered samples
A2-E2 than in sintered samples A1-E1, could be
interpreted assuming that in green compacts
A2-E2 the interagglomerates pores are bottle-
shaped, whereas those of green compacts A1-El
are cylindrical or cone-shaped (Fig. 10). Owing to
their smaller size and to their shape, the bottle-
shaped open pores of green pellets A2-E2 would
be liable to close, whereas the large cylindrical or
conical pores of green pellets A1-E1 would not be
affected by sintering.

Electron micrographs corroborate the preceding
interpretation. For the powders, they reveal
clearly the decrease of the size of the agglomerates
involved by the milling of the precursors as shown
on Fig. 11 for the powders D1 and D2. For sin-
tered bodies, electron micrographs (Fig. 12) of a
polished section show a regular intra-agglomerate
sintering for both kinds of powders: a more
significant and regularly distributed closed poros-
ity for A2-E2, on the one hand, and a poor inter-
agglomerate sintering, particularly in case of
A1-El, on the other hand.

S Conclusion

The formation of white yttrium stabilized zirconia
powders, by pyrolysis of precursors obtained by
hydrolysis at different pH, of aqueous solutions
containing both zirconium and yttrium acetate,
requires thermal treatments up to 900°C so as to
eliminate the major part of carbon. These zirconia
powders are constituted of large agglomerates
with mean diameters close to 4 um and extended
size distribution; they still contain amounts of
about 0-5 wt% carbon. Isostatic compaction up to
400 MPa leads to green pellets characterized by a
coarse interagglomerates porosity, with extended
size distribution and mean radius close to 470 nm,
and by an intra-agglomerate porosity in the range
3-8-10-0 nm; agglomerates are broken or distorted
above 20 MPa. The firing of green pellets at
1500°C for 3 h involves a homogeneous intra-
agglomerate sintering, leading to a very low
closed porosity (porous volume <3 mm?g), but it
has quite no influence on the interagglomerates
porosity; the pore size distribution is indeed
narrowed but the mean size remains unchanged.
During sintering, residual carbon is eliminated by
formation of gaseous compounds which produce

an inflation because their release is made difficult
by the evolution of the porosity. Shrinkage rate is
simultaneously decreased and only poor densities
are achieved (80% TD).

The ball-milling of precursors decreases the size
of the agglomerates formed by pyrolysis up to
900°C. The whole porous volume is not changed
but the size of large interagglomerates pores is
decreased and distribution in size narrowed while
intra-agglomerate porosity is not affected. The
modifications of the morphology of zirconia
powders strongly influence their compaction and
sintering behaviours. The compaction rate is
increased and the breaking of agglomerates shifted
towards higher pressures. The firing at 1500°C for
3 h involves simultaneously a homogeneous intra-
agglomerate sintering, as for non-ground samples
but also an interagglomerates sintering. The
modification of the porosity allows an easier re-
lease of the formed gaseous compounds and a reg-
ular and more significant shrinkage leading to
higher sintered densities (87% TD). Compared
with non-ground samples, the remaining whole
porous volume is half as low, but it corresponds
principally to a higher closed porous volume, due
to the presence of small closed pores.

Therefore, the ball-milling of the precursors
appears as an essential step of the procedure of
preparation of high-density ceramic bodies by
sintering 3 mol% Y,0;-ZrO, powders synthesized
by the acetate route.

As for the pH of formation of the precursors, it
has limited influence on the sintered densities, al-
though at equal whole porous volume, the pH in-
crease seems to favour the formation of closed
pores, which could be considered as a disadvan-
tage. In other respects, however, the pH increase
makes the filtration and washing of precursors
easier. Consequently, formation of gels at basic
pH has to be preferred and after optimization of
the procedure including a careful washing of the
precursors, sintered densities reaching 94-8% of
the theoretical density have been achieved (Samdi,
A., unpublished).
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