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Abstract 

Crvstallites can grow in superfine zirconia powder 
&lring calcination. It is found that, in addition to 
calcination temperature and holding time, the co'- 
stallite size or ct3,stallite growth rate can apparently 
also be ~tff~,cted by doping. Undoped powder has the 
htrgest crystallite size and the size decreases as the 
dopant eontent increases under the same calcination 
comlitions. The ~ , c t  o[" co'stallite growth sup- 
pression is also dependent on dopant types, and it is 
e.vplained by the dopants surface energy reduction 
~:~k, ct, which is related to their ability to stabilize 
tetragonal and/'or cubic phases of  zirconia and to their 
sutT/'ace-enriching and solute-dragging effects. 

Wiihrend der Kal=inierung k6nnen in extrem feinem 
ZrO2-Pulver Kristalle wachsen. Die Versuehser- 
gebnisse zeigen, daft die Kristallitgrb'fle neben der 
Kal:inierungstemperatur und der Haltezeit often- 
siehtlich aueh yon einer Dotierung des Materials 
ahh6ngt. Unter gleichen Kalzinierungsbedingungen 
wcisen nicht dotierte Pulver die groflten Kristalle au/i 
Die Kristallilgrii[]e nimmt mit zunehmender Do- 
lierung ah. Die Wirksamkeit der Dotierung hfngt auch 
t'om Dotierelement ah. Sie wird az{]eine Reduktion 
~h,r Ohe~fliichenenergie durch t#e Dot&ratome, die 
mit deren Fiihigkeit, die tetragonale und/oder kubische 
ZrOz-Phase zu stabilisieren, zusammenhiingt, sowie 
die Anreicherung an der ObetT[tiiche der Teilehen und 
den ~h¢mit verhundenen 'drag'-Effbkt beim Kristall- 
wachstum :uriickg~/iThrt. 

poudres non dopbes possbdent la taille de cristallites la 
plus blevbe, celle-ci diminuant avec une teneur en 
dopant croissante, dans des conditions de calcination 
identiques. L'inhibition de la croissance des cristallites 
est bgalement dOpendante du type de dopant et elle peut 
6tre e'fpliqube par la rbduction d'bnergie de surface 
Iors du dopage. Celle-ci est jonction de l'aptitude des 
dopants h stabiliser les phases tbtragonale et/ou 
cubique de la zircone et dbpend ~;galement d'un effbt 
d'enrichissement de la surf'ace et d'attraction du 
solute;. 

1 Introduction 

Zirconia powders can be commonly obtained by the 
alkoxide pyrolysis/hydrolysis method 1-4 and the 
precipitation/coprecipitation method. 5'6 The hydrox- 
ide coprecipitation method for doped zirconia 
powder is more commonly used for its convenience, 
low cost and good homogeneity. 

To obtain the most active powders, fine particles 
of the powder are preferred. Particle (crystallite) size 
of powders is dependent on various factors such as 
preparation method, composition of the materials, 
etc. Grain growth generally occurs in dense sintered 
bodies or porous compacts, v 9 and also in superfine 
zirconia powders. ~ 0 This paper investigates the effect 
of solid solute doping in zirconia powders on the 
crystallite growth of zirconia. 

La calcination d'une poudre de :ircone trbs fine peut 
eonchdre ?t la eroissance de cristallites. On a trouv~ 
qu'en plus de la tempbrature de calcination et du temps 
de maintien, la taille des cristallites et leur taux de 
~bet .  which is related to their abili O' to stabilize 

2 Experimental 

117 

Zirconium oxychloride, yttria (99"95%), magnesium 
chloride (AR) and ceria (AR) were used as the raw 
materials, and yttria and ceria were dissolved in 
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excess nitric acid before being used in coprecipit- 
ation. Coprecipitation was performed via the reverse 
strike method ~ ~ to give a final pH value higher than 
9. The coprecipitates were washed with distilled 
water to remove anions and then with ethyl alcohol 
to minimize the possible effect of agglomeration. 1° 
Washed cakes were dried at 100°C and calcined at 
different temperatures from 420 to 1000°C. Crystal- 
lite sizes were determined by the X-ray diffraction- 
line broadening (XRD-LB) method (Rigaku Denki, 
RAX-10) and the powder morphology was observed 

with transmission electron microscopy (JEOL, 
JEM-200CX). 

3 Results 

3.1 Crystallite size as a function of dopant level 
Yttria-doped zirconia powders with yttria dopant 
levels of 0, 1"5, 3, 7 and 10 mol% Y203 (correspond- 
ing to 0, 3, 6, 13 and 18mo1% YO1.5 content, 
respectively) were selected. The differently doped 

Fig. 1. Particle morphology of YO1.5-doped powders calcined 
at 600°C for 25min: (a) 0mol%; (b) 3mo1%; (c) 6mo1%; 

(d) 13 mol%; (e) 18 mol% YO1.5. 
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Fig. 2. Crystallite sizes of(a) 6 mol% YO~. 5 and (b) 13 mol% 
YO 1.s doped zirconia powders versus calcination temperature. 

powders calcined at 600°C for 25 min had different 
crystallite sizes, as shown in the TEM micrographs of 
Fig. l(a)-(e). It can be seen from the figure that the 
crystallite size of zirconia powders decreases with 
the increase of YO1.5 content, i.e. crystallite growth 
of zirconia is depressed by the yttria doping in 
zirconia. Under the experimental conditions, cal- 
cined pure zirconia powder shows the largest 
crystallite size of about 35 nm, and the crystallite 

Fig. 4. Particle morphology of 14 mol% MgO doped zirconia 
powder (calcined at 600°C). 

sizes are reduced to about 17 nm and 12 nm when 
6mo1% and 13mo1% YO~.s , respectively were 
doped. 

Figure 2 shows the relationship between cry- 
stallite size and calcination temperature for 6 mol% 
and 13 mol% YO1.5 doped powders. The powder of 
higher dopant level always shows smaller crystallite 
size than that of lower dopant level within the 
temperature range 420-1000°C. 

3.2 Effect of dopant types 
The crystallite size of zirconia powder can also be 
decreased by doping with magnesia or ceria, as 
shown in Figs 3 and 4. Figure 3(a) and (b) are the 
TEM micrographs of 6 mol% and 14 mol% ceria- 
doped zirconia powders, respectively. It can be seen 
that the doping ofceria decreases the crystallite size, 
but the size-reducing effect is not as strong as for 
YO1.5 at the same doping level. Doping of 14 mol% 
magnesia has a similar size-reduction effect as ceria, 
as shown in Fig. 4. 

Fig. 3. Particle morphology of C e O  2 doped zirconia powders 
calcined at 600°C: (a) 6mo1% C e O  2 and (b) 14mol% C e O  2. 
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Fig. 5. Crystallite sizes of zirconia powders doped with 
(A) MgO. (0)  YOl.5 and ( , )  CeO 2 versus doping level by 
X-ray diffraction-line broadening technique (calcined at 600°C). 
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The results of  crystallite size determination by 
XRD-LB for different types of  dopants and doping 
level are illustrated in Fig. 5, corresponding to the 
micro-morphology observation in Figs 1, 3 and 4. It 
can also be seen from Fig. 5 that the crystallite size 
reduction is more effective at a lower doping level 
than at a higher level. YO~. 5 is the most effective 
dopant  amongst the dopants studied on the cry- 
stallite size reduction when the dopant levels are 
above 6 mol%, and the effect of  ceria and magnesia 
is about similar. 

4 Discussion 

4.1 Relation between phase stabilization and 
crystallite size reduction 
The main effect of  doping in zirconia is to stabilize 
the tetragonal or cubic phase at room temperature, 
and the mechanism of  the phase stabilization is 
thought to be the lattice distortion of  tetragonal or 
cubic phase by introduction of  dopants into the 
zirconia lattice, thus making the tetragonal or cubic 
phase stable at room temperature. Figure 6 shows 
the change of  total content of  tetragonal and cubic 
phases with dopant  level of  ytrria, magnesia and 
ceria when calcined at 600°C. Higher dopant level 
favors the stabilization of  tetragonal and cubic 
phases more effectively. 

It is known that the tetragonal phase of  zirconia 
has a lower surface energy than that of  the 
monoclinic phase, 12"13 so when the zirconia part- 
icles are less than the critical size, the tetragonal 
phase can be stable at room temperature. 14"~5 The 
critical size is about 30 nm when elastic energy is also 
considered and 10 nm when the elastic energy is not 
considered. ~6 There is also evidence that the cubic 
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Fig. 6. Total amount of tetragonal and cubic phases ofzirconia 
versus doping level for (&) MgO, (O) YOi.5 and (1)  CeOz 

doped powders (calcined at 600°C). 

phase ofzirconia can exist at room temperature after 
a low temperature of  calcination or after a treatment 
resulting in a smaller crystallite size than that which 
produces the tetragonal phase. 3'xv,18 As the less 
symmetric phase--monoclinic  zirconia--is gener- 
ally the more stable phase at room temperature, it 
should have a lower chemical free energy. However, 
by decreasing the particle size, both tetragonal and 
cubic phase can be stabilized. So, as analyzed by 
Garvie, ~4 it is proposed that the zirconia phase with 
higher symmetry would possess a lower surface 
energy than that with lower symmetry. This means 
that the following relation is true at room tempera- 
ture (where 7 is surface energy): 

t'cubic < ~'tetragonal < ~/monoclinic 

Dopants  of  yttria, ceria and magnesia can 
stabilize tetragonal and cubic phases, and according 
to Fig. 6, higher content of  dopants can stabilize 
more effectively the tetragonal and cubic phases. It is 
also clear that the cubic phase is stable at higher 
dopant  levels than the tetragonal one, as suggested 
by phase diagrams. Thus it is inferred that in 
addition to any bulk chemical free energy changes, 
higher dopant levels lower the surface energy of  
zirconia particles. 

Based on the thermodynamic point of  view, 
particles with lower surface energy could exist with 
smaller sizes than ones with higher surface energy. 
Kinetically, the surface energy could affect the 
crystallite growth rate. The crystallite growth 
process can generally be described by the following: 

r" - r~ = A exp ( -  E/RT) ( t  - to) (n = 2 4 )  

where A is the pre-exponent factor, n is a constant 
(n = 2 for dense materials and n = 3-4 for porous 
compacts), r is the crystallite radius, E is the 
activation energy for crystallite growth, and T and t 
are the absolute temperature and time, respectively, r 
is r o at t = t  o . The pre-exponent factor A is 
proportional 7 to the surface (or interface) tension (or 
surface energy): 

Aocy 

Doping of  solid solute of  yttria, ceria and 
magnesia in zirconia crystallites reduces the surface 
energy and so decreases the pre-exponent factor A 
and the crystallite size, i.e. introduction of  solid 
solute dopants into the zirconia lattice simul- 
taneously stabilizes the tetragonal and cubic phases 
on the one hand and reduces the growth rate of 
zirconia crystallites on the other. 

Figure 6 has shown that YO1.5 is the most 
effective phase stabilization dopant  among the 
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dopants used, so YO~.s-doped zirconia powder has 
the smallest particle size compared to magnesia- or 
ceria-doped zirconia powders (Fig. 2) at the same 
dopant level. 

4.2 Effect of doping types on the suppression of 
crystallite growth 
There are ways to create lattice distortion for the 
phase stabilization: by introducing oxygen vac- 
ancies with cations of different valencies than Zr 4+ 
or by substituting host ions Zr 4+ with isovalent 
cations of different radii. Tables 1 and 2 show the 
wmancy concentrations introduced into zirconia by 
dopants (per mol} and the ion radii as well as the 
radius differences between dopant ions and zir- 
conium ion. Ce ~+ does not introduce oxygen 
wtcancies in the zirconia lattice as compared to y 3  + 

and Mg 2 +, so ceria-doped zirconia powder contains 
the highest content of  monoclinic phase at the same 
dopant level among the dopants used. Although 
Mg -'+ can introduce a doubled amount  of oxygen 
vacancies if compared with y 3 + ,  the radius dif- 
ference between y 3 ,  and Zr "~+ is much larger than 
that between Mg 2+ and Zr 4+. As a result, y 3 +  is 
more effective than Mg 2+, and also than Ce 4+, in 
phase stabilization and crystallite growth reduction. 
In addition, although Ce ~+ does not create oxygen 
vacancies in zirconia, the radius difference between 
Ce "~ and Zr ~+ is larger than that between Mg 2+ 
and Zr a+, so Ce ~+ is believed to create lattice 
distortion by the radius difference. As a result, ceria 
and magnesia have a similar effect on phase 
stabilization and crystallite growth reduction as 
well. 

In addition to the reasons discussed, dopant 
segregation to the particle surface may also be 
important.X~ 22 Because of the dopant segregation, 
the surface charging state and the surface tension 
may be altered. ~9 Such an effect has been observed 
and discussed by several authors 2° 22 for segreg- 
ation at grain boundaries in zirconia ceramics. 
According to the argument by Chen, 2 ~ larger cations 

Table I. Oxygen wlcancy concentration (per mol) in zirconia 
doped with YO~ 5, MgO and CeO 2 

Dopant MgO YOi.5 CeO2 

I'~i 6"02 x 1023 301 x 1023 0 

with lower valencies ( < 4 + )  are more effective in 
decreasing grain boundary mobility and therefore 
suppressing grain growth in ceramics than smaller 
cations with higher valencies (>  4 +), based on the 
consideration of solute dragging and the space 
charge cloud-forming effect. 22 Since these principles 
may, at least, be generally true for the suppression of 
crystallite growth in doped zirconia powders, the 
more effective crystallite growth-suppressing effect 
o fY  3 + as compared to Ce 4+ can be understood, and 
as Mg 2+ is smaller but less positively charged than 
Ce '~+, the similar effect of  Mg 2+ and Ce 4+ can also 
be reasoned. 

5 Conclusions 

Doping proper solid solutes like yttria, ceria and 
magnesia in zirconia powders prepared by copre- 
cipitation can reduce the crystallite sizes or suppress 
the crystallite growth of  zirconia particles in the 
temperature range from 420 to 1000'-'C, which is 
accompanied by tetragonal and cubic phase stabiliz- 
ation. The crystallite growth-suppressing effect in 
zirconia powders is attributed to the surface tension 
reduction of the powder particles by doping, which is 
believed to be also effective partially in the stabiliz- 
ation of tetragonal and cubic phases in the superfine 
zirconia powders. The difference of the crystallite 
growth-suppressing effects between y3 +, Mg2 + and 
Ce ~ + is related to their different properties (valencies 
and radii), which affect their segregation on cry- 
stallite surfaces and the surface mobility decreasing 
effect of  the dopants. 
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