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Abstract 

Four kinds of zirconia powders are prepared in 
dtfleren t ways. Their compaction and sintering 
hehaviour are studied extensively. During compaction, 
the ugglomerutes or granules present in the powder 
ure broken and/or undergo plastic deformation. The 
hehaviour depends essentiully on the strength of 
links between the particles. 

The sol-gel powders are more sensitive to the for- 
mation of hard inter-particle links during the syn- 
thesis process. So careful’ control is needed in order 
to avoid the formation of aggregates, because they 
f&our the presence of !arge pores which lead to 
dtrerentiul sintering und grain coursening. 

In other cuses the sintering curt also be inhibited 
by the presence of residual impurities. A powder 
which has rod-like shuped agglomerates is sintered 
to regular microstructure. 

The purpose of this work was to compare the 
compaction and sintering behaviours of zirconia 
powder prepared by several laboratories with a 
commercial zirconia powder Pl.+ The following 
synthesis methods were used: 

l Sol-gel process4 was used for the first 
batches of powder, (P2, P3). 

l Drying of amorphous gelatinous precipitates 
obtained by hydrolysis of solutions contain- 
ing both zirconium and yttrium acetates’ for 
the second batch, (P4). 

l Reaction of both zirconyl and yttrium chlo- 
rides in molten salt6 for the final batch, (P5). 

The comparison was likely to give some informa- 
tion about the respective processes involved and could 
help to optimize the physico-chemical parameters 
in order to produce high quality zirconia powders. 

Experimental procedure 
Introduction 

Uniaxial dry pressing is the most common forming 
process used to obtain green ceramic bodies in tech- 
nology today. This process is of great interest tech- 
nologically because it conditions the quality of fired 
ceramic bodies, which are influenced by the chardc- 
teristics of the starting powders. 

The presence of hard agglomerates in the powders 
was reported to be the main source of microstructural 
inhomogeneities in green ceramic bodies.’ -3 They are 
formed during the synthesis of the powder. 
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The synthesis processes used to prepare the five 
batches of zirconia are summarized in Fig. 1. 

The powder, Pl, was prepared by hydrolysis of 
a solution containing zirconia and yttria chlorides. 
It was obtained from calcinated gel. It was then 
milled and atomized. 

The powder, P2, was prepared from a solution 
containing both zirconia and yttria salts. Ammo- 
nia was used as the neutralising agent. The gel 
was first washed using water, then dried using 
hexanol. The obtained spheroidal xerogel particles 
were finally calcinated at 700°C. 

The powder, P3, was obtained by coprecipitation 
of gel. This was later prepared from zirconia and 
yttria chlorides. The gel was washed three times 
using water, then three times using pure ethanol. It 
was then, dried at 110°C and calcinated at 600°C. 
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ZtOCl2,8H2O 
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e 
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d 
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Powder PI 

Fig. 1. Flowcharts of synthesis processes involved to prepare the five zirconia powders. (a) Synthesis process of the powder Pl; 
(b) synthesis process of the powder P2; (c) synthesis process of the powder P3; (d) synthesis process of the powder P4; (e) synthesis 

process of the powder P5. 
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Table 1. Sample characteristics 
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Sample SynZhesis ro&= Y,O, (m&x) Specific surface 
area (m’/g) 

Agglomerates mean size 
(cun) 

Crystallite mean 
diameter (nm) 

PI 3 17 53.3 93 
P2 Sol-Gel 3.6 100 34 9 
P3 Sol-Gel 2 80 12.5 9 
P4 Hydroxyacetate 3 6 100 25 
P5 Molten sahs 3 120 1.7 10 

The powder, P4, was prepared from acetates. 
Solid yttrium acetate was dissolved in commercial 
zirconyl acetate solution. Then, the clear solution 
was neutralized by adding ammonia. The wet gel 
obtained was dried on a sand bath at 90°C and 
finally calcinated at 900°C in order to obtain 
white zirconia. 

The powder, P5, was prepared by reacting both 
zirconia and yttria chlorides in molten salts at 
450°C. 

All the powders are yttrium stabilized zirconia, 
the amount of Y,O, varying from 2.0 to 3.6 mol% 
(see Table 1). 

The granulometric distribution of the different 
batches was obtained using a laser particle size 
analyser+ and their morphology was investigated 
by scanning electron microscopy (SEM). The 
mean diameter of crystallites was determined from 
X-ray diffraction line broadening (XRD-LB) using 
the Scherrer formula for the calculation: 

D = 0.89 A/@ Case) 

where D is mean diameter of crystallites, A the 
wave length of the X-ray (CU-Ka), 0 is the Bragg 
angle and p is the calibrated width of the diffrac- 
tion peak at half maximum at selected 28. The 
proportion between the phases (monoclinic and 
tetragonal zirconia) was estimated using the 
empirical equation given by Toraya et al.’ The 
specific surface area was evaluated by 
Brunauer-Emett-Teller (BET) nitrogen adsorp- 
tion method. 

Compaction tests were carried out on a 
mechanical testing machine: from 0 to 200MPa with 
a crosshead rate of 0.5 mm/min so as to avoid the 
influence of loading rate.’ In order to minimize the 
influence of moisture,9v’0 samples were oven dried 
at 110°C before compaction. Density variation 
during pressing was deduced from the crosshead 
continuous displacement. Deviation due to the 
elastic deformation of the die and the loading cell 
was taken into account with a blank test. 

Porosity of the green samples was characterized 

‘Malvern particle size analyser 200013000. 
:Instron Ltd 1195. 

by mercury penetration inside cold isostatic 
pressed pellets (400MPa). The open porosity dis- 
tribution could thus be quantified. Microstructure 
was also investigated by SEM. 

The sintering schedule was optimized by per- 
forming dilatometric tests on samples isostatically 
pressed at 400MPa; the temperature was raised up 
to 15OO”C, at a rate of l”C/min and samples were 
held at this temperature for 2 or 3 h. The porosity 
and microstructure of sintered samples were also 
examined. 

Results and discussion 

The sample characteristics are shown in Table 1. 

From these results it is shown that: 

l Powders P2 and P3, (sol-gel) and P5, 
(molten salt) exhibit much higher surface 
areas than powders PI, (commercial) and 
P4, (hydroxyacetate). 

l The crystallite mean diameter of the com- 
mercial powder, PI is consequently larger 
than that of the other powders. 

The X-ray patterns of these powders (Fig. 2) 
indicates that powders P2, P3, P4 and P5 are fully 

1 

27 29 31 

Two Theta (degrees) 

Fig. 2. X-ray patterns of the powders. 
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stabilized into the tetragonal phase whereas the 
commercial powder, Pl, contains a very low 
amount of monoclinic zirconia, about 3 ~01%. 

The SEM micrographs (Fig. 3) can divide the 
samples into three groups according to the shapes 
of the agglomerates: spheroidal (Pl, P2 and P3), 
rod-like (P5) and irregular (P4). 

The compaction plots (Fig. 4) of all the pow- 
ders, density versus applied pressure, shows two 
linear regions separated by a transition zone. The 
first linear region, localized at low pressures and 
characterized by a low slope, is consistent with a 
rearrangement of the agglomerates in the die. This 
stage is controlled by particle-particle friction, 

a b 

d 

e 

Fig. 3. Scanning electron micrographs of loose powders. (a) powder Pl; (b) powder p2; W powder P3; (d) powder P4; (4 powder P5. 
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Applhl p~cscure (MPa) slope value 

Fig. 4. Compaction behaviour of the five zirconia batches. Fig. 5. Plot showing the compaction slope versus tap density. 
The slope was calculated for each powder in high pressure 

Table 2. Compaction characteristics of the samples 

Sample 

Tap density 
Slope value 
Pj (MPa) 

PI P2 P3 P4 P5 
._ 

21.45 14.16 10.83 37.08 16.66 
6.23 8.90 IO.46 4.62 6.90 
I 30 11 II 15 

until they are on fixed positions to each other.‘,” 
The second linear regior, occurs at higher pressure 
having a more significant slope, corresponds to 
the elimination of the interagglomerate porosity.‘*” 
The transition zone exhibits a particular pressure 
value Pj for each powder, known as the ‘yield 
point.‘*11,12 This threshold pressure corresponds to 
the beginning of the agglomerate deformation 
and/or crushing. It indicates a transition from dis- 
crete agglomerate structure to a coherent compact 
structure. Compared to the commercial powder, 
Pl, the tap density of powder P4 is about 50% 

Pore radius (Micron) Pore radius (Micron) Pore radius (Micron) 

40 

10 

. P4 

PI 
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PS 
. 

pz 
. 

P3 
. 

-I 
4 6 8 10 12 

linear region according to Zheng. 

higher whereas for powders P2, P3 and P5 it is 
lower. For powder P4, even if the shape of 
agglomerates is irregular, their high density and 
large size (100 pm) allows this high tap density. 
For PI powder, exhibiting the same shape of 
agglomerates as for the powders P2 and P3, the high 
tap density is favoured by the large size (53.3 pm) 
and density of agglomerates. This later allows 
easy rearrangement in the die. On the contrary, 
the small size of P2 and P3 agglomerates (mean 
size 34 and 12.5 pm respectively) and also their 
porous morphology in the case of the powder P3 
favours low tap density. For the powder P5, the 
rod-like shape of agglomerates involves a bad 
flowability and consequently a weak green density. 

The slopes of the curves in the high pressure lin- 
ear region have been calculated (Table 2), and 
plotted versus taped densities (Fig. 5) in the same 

Fig. 6. Pore size frequency distribution in dry isostatically pressed compacts (400 MPa). 
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way as Zheng and Reed.13 The compaction rate 
varies inversely to the powder tap density. The 
more the powder is constituted of large and dense 
agglomerates, the more the agglomerates are diffi- 
cult to deform and/or to crush. 

For the powder Pl, the yield pressure is about 1 
MPa, whereas for the laboratory prepared pow- 
ders, P2, P3, P4 and P5 it is close to 10MPa. The 
difference could be explained by the presence of a 
binder/plasticizer system in powder PI, allowing 

a b 

e 

d 

Fig. 7. Series of scanning electron micrographs showing fractured surfaces of green bodies isostatically compacted up to 400 MPa. 
(a) Fractured surface of green compacted Pl; (b) fractured surface of green compacted P2; (c) fractured surface of green compacted 

P3; (d) fractured surface of green compacted P4; (e) fractured surface of green compacted P5.. 
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easy plastic deformation of agglomerates at low 
applied pressure. Then, they crush easily and the 
particles slide onto each other, favouring inter and 
intra-agglomerate porosity elimination and thus 
better compaction. 

Mercury porosimetry data (Fig. 6) shows a pore 
distribution radii in the range 0.01-10 pm for all 
samples isostatically compacted at 400 MPa. The 
maximum porous volume is localised in the low 
value side for Pl, P2, P3 and P5 (near 0.01 pm) and 
at the larger side value for P4 (near 0.7 pm). If 
the pore mean diameter of each powder is com- 
pared to crystallite mean diameter obtained from 
X-ray patterns, we can easily notice that the sam- 
ples PI, P2, P3 and P5 exhibit mainly intercrystallite 
porosity. In addition, a. very small interaggregate 
porosity is noticed for samples P2 and P3 with 
pore radii more than 0.01 pm. On the contrary, 
the sample P4 exhibits essentially large interaggre- 
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gate pores. Very weak intercrystallite porosity is 
also seen at about 5 nm. So, this powder is essen- 
tially formed of dense aggregates. 

The SEM characterization of green bodies (Fig. 7) 
shows that: 

l The compaction process of powders Pl, P3 
and P4, at pressures higher than Pj, is con- 
trolled by a crushing phenomenon of their 
agglomerates. 

l FOF powder P5, it is also controlled by the 
crushing of agglomerates but some rod-like 
shaped agglomerates remain after pressing. 

l For powder P2, the integrity of agglomer- 
ates is conserved even after pressing up to 
400 MPa. Consequently large pores are still 
present in the green bodies. 

The shrinkage of P2, P3 and P5, characterized 
by a high specific surface area (close to 100 m2/g), 
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Fig. 8. Dikdtometric curves ,af samples isostatically packed up to 400 MPa and sintered up to 1500°C with a heating rate of 
I “Urnin. 
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starts at 400°C and reaches about 20%. Shrinkage 
is also significant for the powder Pl but begins 
only at 850°C. Powder P4 has the lowest surface 
area and shrinkage starts at 850°C and does not 
exceed 12%, (Fig. 8). Thus, the reactivity of the 

powders P2, P3 and P5 allows a good densifica- 
tion during the sintering stage, though they have a 
low green density. The sintering stage of powder 
P4 is largely delayed by the presence of a large 
porosity, which is difficult to eliminate at 1500°C 

a b 

e 

d 

Fig. 9. Series of scanning electron micrographs of sintered (15OO’C) pellets made from the powders compacted up to 400 MPa. 
(a) Micrograph of sintered PI sample; (b) micrograph of sintered P2 sample; (c) micrograph of sintered P3 sample; (d) micrograph 

of sintered P4 sample; (e) micrograph of sintered P5 sample. 
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Table 3. Density of green and sintered samples, % of theoretical 

Sample 

Green 

PI P2 P3 P4 P5 

54.6’1 46.78 49.09 58.52 52.17 

1350°C - 96.16 94.09 - - 
Sintered 

1500°C 99.83 88.44 91.99 79.01 98.7 

probably owing to the hardness of agglomerates 
which have not been crushed during pressing. 
Dilatometric curves of sol-gel powders P3 and 
principally P2 show a dedensification above 
1350°C as previously observed in earlier 
work.‘4’15 

Dilatometric data are confirmed by the mea- 
surement of the density of sintered pellets using 
Arthur’s methodI (Talble 3). A density close to 
95% of theoretical is reached for samples P2 and 
P3 sintered at 1350°C. The marked density 
decrease for the pellets sintered at 1500°C can be 
explained both by the opening of large pores and 
the presence of microcracks as shown in SEM 

2-7 29 :,I 33 35 37 

Two Theta (degrees) 

Fig. 10. XRD patterns of compacts sintered at 1500°C. 
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Fig. 11. XRD patterns of P3 sintered (a) at 15OO”C, (b) at 
1350°C pellets. 

micrographs (Fig. 9). Microcracks seen on the 
micrograph of sample P3, are induced by an increase 
in monoclinic zirconia content due to grain 
growth which causes lower density. The tetragonal 
to monoclinic transformation occurs during the 
cooling stage as is evident from a dedensification 
mentioned by the arrow on the dilatometric curve, 
(Fig. 8) and the presence of monoclinic zirconia 
on XRD patterns, (Figs 10 and 11). 

The pattern of the other sintered samples indi- 
cates only the presence of tetragonal zirconia (Fig. 
10). This difference of behaviour is interpreted as 
a consequence of a lower amount of Y203 in sample 
P3. The dedensification phenomenon of sample P2 
is a consequence of differential sintering leading to 
circumferential cracks around hard granules.” 

A density close to 99 and 98% of theoretical 
is reached respectively for samples Pl and P5 
exhibiting a regular microstructure. The SEM 
micrograph of sample P4 shows a large porosity 
which can not be eliminated below 1500°C. TGA 
experiments (Fig. 12) coupled with gas release 
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Fig. 12. Thermogravimetric data (TGA) of the sample P4 iso- 
statically packed (400 MPa). 
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analysis show that the decomposition of residual 
carbon may be in the form of carbonate or oxy- 
carbonate groups beginning beyond 900°C and 
not finished at 1500°C. So, a density of 78% of 
theoretical isn’t exceeded. 

Conclusions 

The commercial powder has a higher mean crys- 
tallite size, it sinters quite well and a regular 
microstructure is obtained. This is due to plastic 
behaviour of the granules during the compaction 
stage. The binder favours compaction and allows 
an earlier crushing of the agglomerates at very low 
applied pressures. Then, narrower porosity distri- 
bution in the green samples leads to good densifi- 
cation. 

The reactivity and the fine grain size of sol-gel 
powders allows a very low sintering temperature. 
The granulation process involves very good flowa- 
bility, but it must be controlled carefully to avoid 
the formation of hard agglomerates. This could be 
achieved by lowering the calcination temperature 
down to 400-500 as proposed by Van de Graaf et 
aLIs 

The presence of residual carbon in the form of 
carbonate or oxycarbonate groups in the sample 
P4 inhibits the sintering of this powder. Their 
decomposition begins beyond 900°C and is not 
finished at 1500°C. Also the presence of aggre- 
gates is the second major inconvenience which 
inhibits the sintering stage. 

The molten salt route is interesting because sin- 
tered bodies reach the theoretical density. The 
morphology of this powder must be optimized by 
changing synthesis parameters so as to enhance 
flowability. 
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