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Abstract 

Five mol% yttriu doped zirconia powders were pre- 
pared by contrulled hydrolysis of al~oxides. Their 
sintering behavior was monitored by dilatometry to 
optimize the sin&ring schedule. The compact bodies 
were characterized by SEM and quantitative analy- 
sis of their X-ray patterns. Re-sintering under axial 
pressure slightly improved the final relative density 
of the zirconia powders at the expense of a grain size 
increase that, however, for most of them remains 
submicrometric. 0 1998 Elsevier Science Limited. 
All rights reserved 

1 Introduction 

Hydrolysis and polycondensation of alkoxides’ 
constitute an alternative method to obtain very 
pure and easily sinterable powders, once a total 
elimination of the unwanted organic residues has 
been completed. This method allows controlling 
the important powders characteristics such as par- 
ticle size and size distribution, form and agglom- 
eration2 This technique is attractive for ceramics 
powders production because which reaction are 
fast (seconds or few minutes) with a high yield. The 
alkoxide route for ceramics from gels is very pop- 
ular because the procedure stabilizes the element in 
its higher oxidation state as a consequence of the 
presence of the -OR group. However, commercial 
alkoxides are expensive and sometimes difficult to 
find. Thus, only an optimum performance of the 
products from powders prepared by this method 
would make advisable its ~se.~ 

We have shown, contrary to what happens in 
the powders prepared by coprecipitation4 that con- 
trolled hydrolysis of alkoxides allows the preparation 

*To whom correspondence should be addressed. 

Of zirconia-yttria solid solution in which Y atoms 
are in the ZrOz lattice from the very beginning of 
the process5 In the crystallized powders, the 
homogeneity is much higher than the powder 
described in Ref. 4. This agrees with the reported 
characteristic of the sol-gel processing, i.e. this 
technique guarantees homogeneity at a molecular 
level. We found this result interesting enough to 
initiate a study on the sintering behavior and 
mechanical performance of bulks prepared from 
these powders. 

The strength of a ceramic prepared by free sin- 
tering depends on the defects of the green compact6 
which causes different rate of sintering in distinct 
areas of the powder compact. This gives rise to 
strain gradients these in turn generate internal 
stresses which opposes the sintering pressure and 
inhibit sintering. Only plastic deformation can 
relax them. If plastic deformation is faster than 
densification, then the geometric constraints are 
unimportant, but if it is slower, internal stresses 
can arise on block densification and may lead to 
processing flaws. Hot isostatic pressing and super- 
plastic forging are all techniques which can elim- 
inate flaws arising from packing defects, thereby 
enhancing the strength and reliability of ceramics. 
Hot pressing and sinter-forging are somewhat 
superior in that they stimulate large deyiatoric~ 
rather than hydrostatic, stresses and strains and 
hence stimulate a lot of macroscopic plastic flow. 
In superplastic forging, a presintered sample is 
submitted to an uniaxial pressure at high tempera- 
ture. The process is similar to uniaxial hot pressing 
but unlike the former methods the sample can 
expand fateralfy. Venkatacha~ and Raj7s8 studied 
the performance of superplastic forging to elim- 
inate the processing flaws produced during free 
sintering of alumina, checking the change in mor- 
phology and the frequency of processing flaws after 
superplastic deformation. They reported an 
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increase in strength due to strain-controlled healing 
of sintering flaws. It was also shown that at 20% 
strain a beginning of an increase in the ceramic’s 
strength could be measured. 

In the present work the sintering schedule of five 
mol% of yttria doped zirconia powders obtained 
by hydrolysis and polycondensation of alkoxides 
was optimized by dilatometry. The samples that 
presented the highest density were subsequently 
resintered under axial pressure. The microstructure 
and atomic structure changes caused by resintering 
were studied by scanning electron microscopy 
@EM) and Rietveld analysis. 

2 Experimental 

Five mol% yttria doped zirconia powders (from 
now on referred as SYSZ) obtained by con- 
trolled hydrolysis and polycondensation of the 
appropriate amounts of alkoxide of zirconium 
n-propoxide and yttrium isopropoxide. 

An alkoxide controlled hydrolysis method, based 
in the Fegley and Barringer technique1-3 has been 
used, with minor changes, in the way described 
below. As large volumes are required because of 
the high dilution of the precursors (0.080 M of zir- 
conium propoxide and 0.008 M of yttrium i-prop- 
oxide, appropiated to obtain 5 mol% yttria doped 
zirconia) an inert atmosphere working device has 
been installed to prepare large amounts of pow- 
ders. It permits to work with up to 10 volumes of 
200ml with a yield of 75%. The line is connected 
to a vacuum pump and a nitrogen tank, A valve 
device allows, alternatively, the inlet or outlet from 
each of the matrasses. These are isolated from the 
external atmosphere by means of hermetic stop- 
pers. A vacuum trap preserves the rotatory pump 
from unwanted liquids and a Hg manometer warns 
about the nitrogen pressure in the line, 

Hydrolysis reactions take place at room tem- 
perature in dry atmosphere. The powder was 
extracted from the solution by centrifugation, then 
subjected to a washing cyclic process (three times) 
in distilled water and ethanol consisting of a redis- 
persion by ultrasounds, from a sonifier (KONTES) 
operating at 20 kHz, with a power output of 16 w. 
Next, these powders were redispersed ultra- 
sonically in distilled water at pH = 10.2. Finally, 
the powder was settled during several days and the 
supernatant liquid was taken off and the wet pow- 
der was dried in a oven at 40°C. Once dried, the 
powder was subjected to an oxidation treatment in 
air at 350°C for 15 h, followed by calcination at 
800°C for 2 h. 

Several techniques were used to characterize 
powders. The specific surface area was determined 

using nitrogen adsorption by the Brunauer-Emett- 
Teller (BET) method were applied to calculate the 
mean diameter of the powders crystallite& &~n 
using the relation assuming spherical or cubic 
shape of the particles: 

d 
6 

BET = 3 
(1) 

where p is the theoretical density, and S is the 
specific surface area. 

The particle size and degree of agglomeration 
were examined using SEM (JEOL JSM 820). The 
calcined powders were dispersed in acetone by 
ultrasonic radiation and placed on a carbon film 
for this examination. The features of the micro- 
structures were determined with an image analyser 
(Zeiss Kontro Videoplan). 

The crystalline phases were studied by whole 
profile fitting (WPF) method of X-ray diffraction 
(XRD) patterns, They were obtained (PHILIPS 
PW 1830) with Cu k,i and Cu ka2 radiation 
(Ai = 0.1541 nm and 12 = 0.1544 nm, respectively) 
selected by means of graphite monochromator 
situated after the sample. The working conditions 
were 40 mA and 40 kV. Data were collected in the 
interval 10” < 213 < 90” with a step size of 
A(28) = 0.015”. Counts were measured by keeping 
a collection time of 1 s step-l. 

The data fitting was carried out by means of the 
FULLPROF9 software. This program allows the 
multiphase analysis of diffraction spectra using the 
space group and network parameters of the 
involved phases as starting structural information. 
The line profile is achieved applying the Marquardt 
algorithmi which minimizes the full width half- 
maximum intensity (FWHM) of a previously 
selected analytical function. Silicon was used a 
reference because of its monophase structure with 
diffraction peaks near from the zirconia peaks. The 
28 dependence of the FWHM is defined by the 
usual Cagliotti parameters, U, V and W for the 
Gaussian contribution and X and Y for the Lor- 
entzian contribution. No free yttria traces were 
noticed. The profile agreement indices observed for 
the Pattern-Fitting analysis ranged from 17-23% 
for RWP, 1.3-40% for RB and 14-2.1 for the 
GofF (goodness of fitting). These factors corre- 
spond to the least-square method fitting in the 
FULLPROF program.’ * 

The diagrams were fitted using space groups; 
P4z/nmc for the transformable tetragonal (t-ZrO*) 
and non-transformable tetragonal (t’-ZrOz) phases, 
P21/c for monoclinic (m-ZrOz) phase and Fm3m 
for the cubic (c-ZrO$ phase, respectively, using as 
reticular constant starting values and space group 
those described in the literature.i2-I4 The same 
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atomic positions were used for both tetragonal 
phases. 

A Thomson-Cox-Hasting pseudo-Voigti5 func- 
tion was used for the profile line fitting. This type 
of function is suitable because it allows one to 
determine independently the Gaussian and Lor- 
entzian contributions which are related, respec- 
tively, to the average particle size and microstrain. 
The width in the half maximum (H) of both com- 
ponents are given by 

H~__G = Y. tan 8 (2) 

x 
Hk-,r_ = - 

cos !!9 

where V and X are parameters obtained from the 
diffraction profile fitting of the sample. 

The average size particle estimate, < p >, can be 
achieved applying the expression 

18OKA 

< p ‘= n(X - X,) 

with K being the Scherrer constant, X being the 
contribution to the integral width due to the grain 
size and X0 the same profile parameter of a well- 
known compound used as a reference. This proce- 
dure works when X and X0 are very different. This 
is the case for powders but not for the sintered 
bodies. The relative fraction of the phases present 
in each sample was evaluated from scale factor 
refining. I6 

Green compact parallelepipeds of -3 mm height 
and 15x 3 mm2 base were made for dilatometry 
experiments (Dilatronic1700 THETA dilatometer 
equipped with a Dilaflex2 sensor). The as-calcined 
powders were cold uniaxially pressed under 75 
MPa in an appropriate die. These compaction 
experiments were performed in air, in which the 
thermocouple is in contact with the sample. Table 1 

Table 1. Heat-treatment schedule and codes of the dilato- 
metry experiments on green samples 

Code Heating 
rate 

(“C h-‘) 

Final Dwell Relative 
temperature time density 

(“C) (h) (%) 

Cl 
c2 
C3 

c4 

c5 

C6 

300 
600 
300 (up to 1250°C) 
60 (up to 155OT) 

300 (up to 1100°C) 
60 (up to 1600°C) 

300 (up to 1lOOT) 
60 (up to 1400°C) 

300 (up to 1250°C) 
60 (up to ISSOT) 

1600 0.5 94 
1600 0.5 94 
1.550 10 95 

1600 0.5 96 

1400 10 96 

1550 2 96 

Ptheoretical = 6.03 gcme3. 

abridges the applied heat-treatments as well as the 
assigned codes. 

Porosity of calcined powders -and green samples 
was characterized by mercu&_ .porosimetry (Pascal 
440 Fisons Instruments) inside cold uniaxially 
pressed pellets (75 MPa). The open porosity could 
thus be quantified. 

Cylindrical pellets of -1 cm height and 1.3cm 
diameter, were obtained from as-calcined powders 

cold uniaxially pressed at 75 MPa. The densities of 
the ‘green’ compacts were -39% of theoretical. 
The density measurents were made using a weight/ 
mensuration technique on the cylindrical coupons 
after compaction. For the sintering experiments 
the temperature was raised at a rate of 1”Cmin to 
1400°C. At this temperature the compact was sin- 
tered for 2 h in air. The overall densities of the 
sintered pellets was determined using Archimedes 
technique (in water). The relative densities were cal- 
culated taking 6.03 g cmp3 as theoretical density.i7 

The microstructure of the pressed samples and 
the morphology, grain size distribution and grain 
growth of sintered bodies were examined by SEM. 
Previously, the sintered bodies were polished and 
thermally etched in air at 1300°C. 

The sintered bodies (cylindric-shaped bodies 
-9mm diameter and -6mm height) were resin- 
tered by hot uniaxial pressing in air in an Instron 
1185 machine. The temperature of the furnace was 
increased from room temperature to 1300 or 
1400°C at 300”Ch-’ heating rate. In order to hold 
the load constant (20-3ON) during heat-up, the 
crosshead speed was continuously modified with 
the aim of compensating the increase of pressure 
due to the thermal dilatation of the sample. Once 
the the working temperature was attained and the 
system stabilized, the compression was commenced 
after waiting 30min for stabilization. We assume 
no shrinkage during equilibration. Three crosshead 
speeds were used: 5,20 and 50 pm mini. The axial 
strain and load were measured continuously with 
time. 

3 Results and Discussion 

3.1 Powder characterization 
The calcined powder at 800°C (5YSZ800) is weakly 
agglomerated into 15-300 pm coarse clusters. 
Scanning electron micrograph of 5YSZ800 pow- 
ders (Fig. 1) reveals the calcined powder is con- 
stituted by near spherical particles. The average 
form factor is 0.93 (Fig. 2), ranging in size from 80 
to 350nm, with an average particle size of 
approximately l-80 nm (Fig. 3). 

Figure 4 shows the Hg intrusion porosimetry 
results of 5YSZ800 powders. Generally, two different 



Fig. 1. Scanning electron micrograph of 5YSZ800 powders. 
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Fig. 2. Form factor of 5YSZ800 powders. 

50 

- i 

40 5YSZ800 

c 30 -. 

g 
z' 

20 

IO 

0 

0 200 400 600 

Diameter (nm) 
Fig. 3. Particle size distribution of 5YSZ800 nowders. 

sized pore populations are observed: (1) small, 
inter-agglomerate pores, fluctuating between 60 
and lOOOnm, with a maximum about 200 nm and 
(2) large, intra-agglomerated pores, in the range 
2x103-6x104nm, with a maximum about 
3xlO”nm. 

Standard X-ray diffraction patterns of the pow- 
ders both as-prepared and treated at temperatures 
lower than 400°C did not show traces of crystal- 
linity. However, the typical oscillations of the dif- 
fracted intensities from amorphous materials are 
clearly sharper after this heat-treatment (Fig. 5). 
The WPF refining output plots of the 5YSZ800 
powders are shown in Fig. 6. The best results of 
profile agreement indices were observed when the 
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Fig. 4. Pore size distribution (determined by mercury intru- 
sion) of 5YSZ800 powders. Continuous line represents the 

cumulative volume. 
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Fig. 5. X-ray diffraction spectra of the powder: (a) as-prepared 
and (b) treated at 350°C. 
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t-ZrO,, t’-ZrOl, m-ZrOa and c-ZrOz phases were 
included in the refinement. Table 2 shows the data 
obtained from the pattern-fitting analysis and the 
results of the quantitative analysis data. 

The values of the crystallite size, dx, shown in 
Table 3, has been calculated from the weighted 
average of the medium size of each one present 
phases in the sample. 

The difference in crystallite size value found from 
X-ray diffraction pattern and from SBET can be 
explained by the fact that in these types of powder 
the primary crystallites are clustered forming 
aggregates. In this way nitrogen, used for the BET 
measurements, cannot completely cover the crys- 
tallite surface. So these differences between C&T 
and dx give some indication of the degree of 
aggregation. The basic characteristics of the cal- 
cined powder are given in Table 3. 

I / 
1 : 

5Y SZ800 

20 40 60 80 

2’Theta (0) 

Fig. 6. WPF plots for diffraction data collected from 
5YSZ800 powders. The experimental data is indicated by 
small dots and the calculated patterns by the solid line over- 
lying them. Bars underneath the pattern show the calculated 
Bragg reflection corresponding to the different phases in the 
same order that they appear in the respective table. The line at 
the bottom of the pattern is the difference between the experi- 

mental and the calcufated profiles. 

Table 2. Refinement data, crystallite size and phase composition 
(wt%) obtained for 5YSZ800 samples 

Phase X dX (nm) wt% 
- -.__I 

t-ZrOz 0.276 35 15 
t’-ZrOz 0.307 31 8 
m-Z&& 0.329 27 47 
c-ZrOz 0.106 103 30 

Table 3. Characteristics of the calcined powders (SYSZSOO) 
- .- 

Sample SBET dBET dx Relative density 
f‘m2 g-‘) (nm,J fnm) (%) 

SYSZ800 14 72 68 14 

Ptheoretical =6.03gcm-s. 
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Fig. 7. Shrinkage behavior of the specimens during sintering 
versus time (above) and temperature (below) for the sintering 

schedules shown in Table 2. 
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0 
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Fig. 8. Pore size distribution (determined by mercury intru- 
sion) of the green bodies. Continuous line represents the 

cumulative volume. 
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Pig. 9. Scanning electron micrograph of fractured surfaces c 
green body uniaxially compacted up to 75 MPa (Bar = 1 pm) 

Table 4. Effect of the re-sintering treatment by hot uniaxial 
pressing on density on samples sintered at 1400°C for 2 h 

____ 
Forging Axial Crosshead Relative Relative 
temperature strain speed density” density” 

(“Ci (%) (pmmin-‘j A(%) Psf(%) 

1400 5 5 96 98 
1400 10 5 96 98 
1400 15 5 96 98 
1400 10 20 96 98 
1400 10 50 96 98 
1300 10 5 96 98 
1300 10 20 96 9% 
1300 10 50 96 98 

“ps ,c$f are, respectively, the body density before and after re- 
sintering. &h (SYSZ) = 6.03gcma3. 

5YSZR 

0,2 0,4 0,6 0,8 I,0 I,2 I,4 0,o 02 0;4 0;s 0,6 I,0 I,2 1:4 

Diameter (tlm) Diameter (pm) 

Fig. IO. Particle size distribution of sintered samples at: (a) 1400°C for 2 h; (b) 1400°C for 3 h; (c) 1400°C for 4 h; (d) 1450°C for 2 h; 
(e) 1500°C for 2 h; (f) 1400°C for 2 h and resintered at 1400°C. 
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Table 5. Refinement data, phase compositions (wt%), crystallite size and cell parameters obtained from 5YSZ samples according to 
the different heat treatments 

-- 
Sampfe PhfJse X a fnmi b @ml c Cnmi rf”j wt% --__ 
SYSZ- 1400 t-ZrO, 0.050 0.3604 0.5182 - 19.53 

t’-ZrOz 0.014 0.3627 - 0.5244 -- 14.87 
m-ZrOz 0.022 0.5160 0.5209 0.5327 99‘44 36.41 
c-ZrQ 0,078 0.5134 - - 

SYSZ-1550 
29.19 

t-ZrOz 0.058 0.3604 - 0.5181 = 61.89 
t’-ZrOl 0.071 0.3635 - 0.5353 - 3.14 
m-ZrOz 0.050 0.5159 0.5209 0.5327 99.44 13.05 
c-zroz 0,082 0.5133 - - 

5YSZ-14~R 
21.92 

t-ZrO, 0.050 0.3604 - 0.5182 1 15.52 
t’-ZrO, 0.014 0.3667 - 0.5244 -- IO.77 
m-ZrOz 0.022 0.5160 0.5209 0.5327 99.44 46.53 
c-ZrOz 0.078 0.5134 - - - 27.58 - _^ 

3.2 Dilatometry 

Figure 7 shows the linear shrinkage versus tem- 
perature and time for different heat-treatments. 
The codes are specified in Table 1. The curves 
reveal that sintering starts at 95O”C, independently 
of the heating rate. In all the cases the shrinkage 
reaches about 30%, the heating rate and the sin- 
tering temperature do not influence the final 
density [Fig. 7(b)]. 

Considering different curves, from 1400°C on the 
samples do not shrink but those that have been 
scheduied to reach 1600°C begin to suffer thermal 
expansion. C4, scheduled until 14Oo”C, linearly 
shrinks and no completion of this process is 

Fig. Il. Series of scanning electron m~crographs showing 
polished and thermally etched surfaces sintered at 1400°C; (a) 

for 2 h; (b) for 4 h (bars = 1 Fm). 

observed after 1Oh dwell. The different shrinking 
rates values are caused by the variation of the 
heating rate [Fig. 7(a)]. Dilatometric data are con- 
firmed by the measurement of the density of 
sintered pellets using Archimedes’ method Table I. 

The sintering schedule employed in our samples 
was chosen after the dilatometric tests output as 
well as regarding the grain growth experimented 
for the samples for each particular sintering sche- 
dule. The best result was reached when the tem- 
perature was raised up to 14OO”C, at a rate of 
300°C h-l up to 1 IOO”C and of 60°C h-l up to the 
sintering temperature, the samples were held at this 
temperature for 2, 3 or 4 h. No significant 
improvement of the final densities were observed 
for isothe~al treatments longer than 2 h. 

3.3 Characterization of the green bodies 
Mercury porosimetry results (Fig. 8) show pore 
radii distribution is in the range 60-150 nm for all 
samples with a maximum between 80 and 1OOnm. 
If the pore mean diameter is compared to crystal- 
lite diameter size obtained by SEM (Fig. 3), it can 
easily be noticed that the samples exhibit mainly 
intergranular porosity. In addition, a very small 
porosity is discerned for the samples with a pore 
radii larger than lo5 nm. 

SEM micrographs of green bodies (Fig. 9) 
shows that they present a very uniform aspect 
indicating that the compaction process of powders 
is controlled by a crushing phenomenon of their 
agglomerates, since they do not stand after 
applying uniaxial pressure (75 MPa). 

3.4 Characterization of the sitiered bodies 
Slight grain growth is observed in the samples sin- 
tered at 1400°C for 2, 3 or 4h (referred as 
5YSZ1400), with respect to the 5YSZ800 powders. 
No appreciable difference exists between them, the 
grain sizes of which ranging from 150 to 700nm, 
Fig. 10. The micrographs in Fig. 11 show that the 
material consists of a distribution of small and 



monosized grains, 300- 350 nm average diameter. A 
sintering temperature of 1450°C involves increas- 
ing the average grain size by loo/o, exceeding more 
of them > 0.3g.m that is the critical size required 
for the retention of the tetragonal structure18-20 
(Fig. 10). Increasing the sintering temperature from 
1400 to 1600°C causes the average grain size to 
increase to 950nm and the grain size distribution 
to broaden, with grains now ranging from 0.16 to 
3.3 pm [Figs 11 and 12(a) and (b)]. Selected areas 
electron diffraction analyses of similar materials by 

Fig. 12. Series of scanning electron micrographs showing 
polished and thermally etched surfaces; (a) sintered at 1500°C 
for 2 h, (b) sintered at 1600°C for 2 h and (c) sintered at 
1400°C for 2 h and resintered at 1400°C under hot uniaxially 

pressure (bars = 1 gm). 

other investigators have shown that the larger 
grains have the cubic structure, whereas the smaller 
grains are tetragona~.2’ 

Table 4 presents the detailed conditions and 
results of the resintering process under uniaxially 
pressure in the same order they were carried out. 
As can be seen, no significant variation in density is 
achieved after 5, 10 or 20% axial strains (at 1400°C 
and 5 brn min-r crosshead speed); hence the rest of 
the experiments were perfo~ed deforming the 
samples to intermediate strain, 10%. Variation of 
the crosshead speed (5-20gm) and working tem- 
perature (1300°C versus 1400°C) also yield similar 
values of densities in all cases. 

No remarkable differences in grain size have 
been observed between pellets submitted to differ- 
ent the~o-mechanical treatment schedules. The 

rg-1500 . 
~1000 i I 5YSZ1400 

8 I 

5Ysz1550 

Q 
;;200 
g150 5YSZ1400R 

20 40 60 80 

20 (degrees) 

Fig. 13. Rietveld plots for diffraction data collected from 
5YSZ sintered bodies at: (top) 1400°C for 2 h, (middle) 1500°C 
for 2 h, and (bottom) 1400°C for 2 h and resintered 1400°C 
under hot uniaxiafly pressure. The observed data are indicated 
by dots and the claculated pattern by the solid line overlying 
them. Bars underneath the pattern show the calculated Bragg- 
reflections corresponding to the different phases in the same 
order that they appear in the respective tables. The line at the 
bottom of the pattern is the difference between the observed 

and calculated profiles. 
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grain size distribution of compacts sintered at 
1400°C does not change significantly after resin- 
tering [Figs 10, 11 and 12(c)], referred as 
5YSZl4OOR. No intragranular pores have been 
observed either in sintered or resintered samples. 

Figure 13 shows the refining output plots indi- 
cating the difference between the calculated and 
experimental profiles, as well as the Bragg reflec- 
tion of the phases assumed for the fitting corre- 
spending at sintered samples at different heat- 
treatment. In all cases the best fits were obtained 
assuming all four phases were present. It is worth 
commenting that the patterns obtained before pal- 
ishing did not show evidence of a monoclinic 
phase. The final values of the parameters and the 
percentage of each of the phases are listed in 
Table 5. Both monoclinic and cubic phases content 
diminish with increasing sintering temperature, but 
they increase with the resintering treatment. No 
free yttria traces were found. 

4 Conclusions 

SYSZ powders have been prepared from controlled 
hydrolysis of alkoxides. The powders after calci- 
nation at 600°C contain primary ~rystallites with 
an average particle diameter of 180 nm. 

Sintering starts at 95O”C, independently of the 
heating rate. In all cases the shrinkage reaches 
about 30%, the heating rate and the sintering tem- 
perature do not influence the final density. Green 
bodies present a very uniform aspect. The com- 
paction process of powders is controlled by a 
crushing phenomenon of their agglomerates. 

Slight grain growth is observed in the samples 
sintered at 14OO”C, with respect to the 5YSZ800 
powders. No appreciable difference exists between 
them, the grain sizes of which ranging from 200 to 
400nm. The samples sintered at 1400°C consists 
of a distribution of small and monosized grains, 
3OO-350nm average diameter. A 50°C increase of 
the sintering temperature represents that the cri- 

tical size (0.3 pm) required for the retention of the 
tetragonal structure is overstepped by most of 
grains. Increasing the sintering temperature from 
1400 to 16Oo”(C causes the average grain size to 
increases three times with grains now ranging from 
0.16 to 3.3 pm. 

The sintering schedule that gave the smallest 
grain size (average grain size < 300nm) was heat- 
ing at 5”min-’ up to 1100°C and then at 
l”Cmin-’ up to 1400°C holding this temperature 
for 2 h. 

Resintering did not lead to a grain growth. It 
increases the density of the 5YSZ1400 from 96 to 
98% by collapsing pores. Both monoclinic and 

cubic phases increases with such a treatment. No 
remarkable differences in grain size have been 
observed between pellets submitted to different 
thermo-mechanical treatment schedules. 
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