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Abstract 

The defect structure of 7 mol% calcium-stabilized 
zirconia (CSZ) is described in terms of a correlated 
distribution of microdomains within the cubic matrix 
of CSZ. It is shown that the defect structure is very 
similar to that of 15 mol% CSZ. The defect structure 
consists of two types of defects: microdomains based 
on a single oxygen vacancy with relaxed neighbour- 
ing ions and microdomains based on a pair of 
oxygen vacancies separated by a3~/2/2 along (111). 
Calculations show that a tetragonal distortion 
cannot explain the observed diffuse scattering. 
Several arguments suggest that the defect structure is 
not that of the qO t phase: first, the similarity of 
diffuse scattering of yttrium-stabilized zirconia, for 
which no ~ phase exists; second, the diffuse scat- 
tering of CSZ is almost identical from 4 mol% CSZ 
up to 20 mol% CSZ; third, the diffuse scattering is 
temperature dependent; and fourth, a direct com- 
parison of single-crystal intensities of the qo~ phase 
with the intensity of diffuse scattering. 

Introduction 

Pure cubic zirconia is thermodynamically stable only 
at temperatures above 2643 K. Below this tempera- 
ture a tetragonal phase is stable down to 1200- 
1300 K. At room temperature a monoclinic phase is 
the stable polymorph. An average fluorite structure 
of zirconia can, however, be stabilized at room tem- 
perature by doping with oxides of various di- and 
trivalent metals such as Ca, Mg, Y and Yb. This 
cubic phase is stable over a range of compositions. 
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The exact mechanism of the stabilization and the 
solution of the structure of the solid has been the 
scope of several investigations (Neder, Frey & 
Schulz, 1990b, and references therein). Neder et al. 
(1990b) showed that the disordered diffuse scattering 
of cubic zirconia stabilized by 15mo1% CaO 
(CSZ15) can be analyzed by the correlated distribu- 
tion of microdomains* within a matrix of cubic 
zirconia. 

There is, however, still a controversial debate con- 
cerning whether the diffuse scattering of calcium- 
stabilized zirconia (CSZ) may be analyzed equally 
well by microdomains within the q~ structure 
(Rossell, Sellar & Wilson 1991; Rossell, 1992) or by 
locally ordered arrangements with tetragonal sym- 
metry (Martin, Boysen & Frey, 1993; Andersen, 
Clausen, Hackett, Hayes, Hutchings, Macdonald & 
Osborn, 1986; Osborn, Andersen, Clausen, Hackett, 
Hayes, Hutchings & Macdonald, 1986). The relevant 
results obviously depend sensitively on the type of 
sample, i.e. single crystal or powder. 

To clarify these points further, and to see how the 
defect structure changes with composition we have 
investigated the diffuse scattering of single crystals 
with 7 mol% CaO (CSZ7). The results should give 
an important insight into the stabilizing mechanism. 
Proffen, Neder, Frey, Keen & Zeyen (1993) deal with 
the temperature dependence of diffuse scattering in 
CSZ with different amounts of CaO. 

* The terms 'domain' or 'microdomain' are used in this paper, 
because it is the usual terminology in this context. We are well 
aware that this terminology does not match the strict crystallo- 
graphic definition of a domain. 
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600 DEFECT STRUCTURE OF CaO-DOPED ZIRCONIA 

Experimental 

The CSZ7 samples used in this study were grown by 
the skull-melting technique. The size of the crystal 
used for the diffraction experiments was about 2 x 2 
x 9 mm. The experiments were carried out at the 

neutron spectrometer MAN II at the FRM research 
reactor in Garching, Munich, Germany. The wave- 
length used was 1.093 A. The M2 contamination was 
less than 0.1% and the observed intensity was cor- 
rected accordingly. Further experimental details are 
given by Neder et  al. (1990b). 
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Fig. 1. Zero  layer of  the [ l l0]  zone. The intensities are stepped 
with linear intervals o f  25 counts,  the lowest intensity 
represented is 125 counts• 
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Fig. 2. Second layer o f  the [110] zone. The intensities are stepped 
with linear intervals o f  25 counts,  the lowest intensity 
represented is 125 counts.  

Measurements 

The diffuse intensity was measured in two layers in 
the integral mode of the spectrometer, i.e. without 
analyzer crystal: 

(I) (hk/)[ll0] = 0 (Fig. 1); 
(II) (hk/)[ll0] = 2 (Fig. 2). 
All layers were scanned in steps of 0.05 reciprocal- 

lattice constants in (110) and (001) directions. 
In both layers of reciprocal space, Bragg reflec- 

tions of the tetragonal as well as the cubic phases are 
observed. Diffuse maxima are observed that can be 
indexed as satellites with a satellite vector of 
___(0.4 0.4 _+ 0.8). Visual inspection shows that the 
diffuse phenomena are very similar to those observed 
by Neder et al. (1990b) for CSZl5 and also similar to 
those observed for YSZ (Andersen, Clausen, Hack- 
ett, Hayes, Hutchings, Macdonald & Osborn, 1985; 
Osborn et al., 1986). Broad bands of diffuse intensity 
are observed at higher (sin0)/A. Highly texturized 
powder rings are also visible. 

Model and refinements 

The theory of diffraction by correlated micro- 
domains was presented by Neder, Frey & Schulz 
(1990a) and the model of a correlated distribution of 
microdomains was described in detail by Neder et al. 
(1990b). The same model was used in this study, 
since the diffuse phenomena appear to be reasonably 
similar. The microdomains are based on a single and 
a paired oxygen vacancy, respectively (Figs. 3, 4). In 
the microdomain based on a double vacancy the two 
vacancies are separated by a3~/2/2 along (111) with a 
cation in between. The nearest neighbour oxygen 
ions around the vacancy are allowed to relax along 
(100) towards the vacancy. The cations are relaxed 
along (111). To maintain charge neutrality one of the 
cation neighbours is expected to be calcium. 

The direction of the vector from the Ca ion to the 
oxygen vacancy is taken as the orientation of the 
microdomain. Eight different orientations result for 
the single-vacancy microdomain and four for the 
double-vacancy microdomain, since this micro- 
domain has a centre of symmetry. The diffraction 
theory of Neder et al. (1990a) allows a description of 
the orientation that the first neighbouring microdo- 
main can have with respect to a given microdomain. 
This correlation scheme is identical to the scheme 
that gave the best fit for CSZ15 in Neder et al. 
(1990b). The correlation scheme used restricts the 
orientations that two neighbouring single-vacancy 
microdomains can have with respect to each other. 
The orientation of the first neighbour has to be either 
parallel or at an angle of less than 54.7 ° to the 
orientation of a given single-vacancy microdomain. 
Thus, for a given single-vacancy microdomain of 
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orientation [111] the orientation of the first neigh- 
bouring microdomain can be: [111], [111], [111], 
[111]. A double-vacancy microdomain can only be 
the first neighbour to a single vacancy if its orienta- 
tion is parallel. The diameter of the double-vacancy 

I 
G Zr relaxed along <111> awa) from xacanc) 
0 Ca relaxed along <11 I> away from xacanc) 

[ ]  Oxygen vacancy 

• 0(I) relaxed along <100> lo~ards ~acanc) 

[ ]  0(II) relaxed along <I00> towards ~acanc'y 

[ ]  O(lll) relaxed along <111> a~a) from Ca 

[ ]  O ( I V )  relaxed along <110> a~a) from Ca 

Fig. 3. Structure of the single-vacancy microdomain. The nearest 
neighbour ions are relaxed from their position in the ideal 
fluorite structure. 

O Zr 

O Ca 
relaxed along <111> away from vacancy 
on 1/4 I/4 1/4 between vacancies 

[ ]  Oxygen vacancy 

• O ( I )  relaxed along <I00> tm~ards xacanc.~ 

Fig. 4. Structure of the double-vacancy microdomain. The 
vacancies are separated by a3'~2/2 along [111] with a cation in 
between. The nearest neighbour ions are relaxed from their 
position in the ideal fluorite structure. 

microdomains is too large compared to the satellite 
vector to allow any correlation between two double- 
vacancy microdomains. 

As an alternative model for the microdomain the 
structure of tetragonal zirconia was used (Fig. 5). 
The occupation factors for the oxygen ions were 
adjusted to the vacancy rate in 7 mol% CSZ. No 
specific location was assumed for the oxygen vacancy 
for this microdomain. The oxygen ions were allowed 
to relax along (001). The (001) direction of the 
tetragonal cell was used as the orientation of the 
microdomain. Two schemes were used for the corre- 
lation. In the first scheme the next neighbour of a 
microdomain is restricted to the same orientation. In 
the second scheme any orientation is allowed for the 
next neighbour. For the sake of brevity these two 
schemes will be referred to as 'parallel' and 'all'. 

The modulation indicated by the satellite vectors is 
about 5.2 A. The lattice constants of the monoclinic 
¢~ phase (17.7, 14.5, 12.0 A) are too large to use the 
structure of the ~1 phase as a microdomain. 

For both of the models the calculated intensity 
was fitted to the observed intensities by least squares 
and a weighted residual R was calculated. The peak 
intensities of those points in reciprocal space corre- 
sponding to the satellite vectors were used as the 
data set for the fit. This resulted in a data set of 141 
points. The following values were kept fixed: neutron 
wavelength 1.093A, relative abundance of Ca 
according to 7 mol% CaO; lattice constant 5.14 A; 
neutron-scattering lengths, O 0.580, Zr 0.716, Ca 
0.490 fm (Koester & Yelon, 1983); Debye-Waller 
factors, O 1.00, Zr 0.50, Ca 0.50 (Marxreiter, 1988, 
calculated by Rietveld refinements); discrete spacing 
of the microdomains [R 0 in equations (15) and (24) 
in Neder et al. (1990a)] ~d~lo, i.e. 3.6 A. 

O • 

O Zr. Ca 

• O ( I )  relaxed along <001> 

Fig. 5. Structure of the microdomain based on the structure of 
tetragonal zirconia. The oxygen ions are allowed to relax along 
[OOl]. 
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The following parameters were refined: 
(I) overall scale factor; 
(II) one background parameter; 
(III) positional parameters that describe the 

relaxation away from the positions in the ideal flu- 
orite structure in the direction given by each model. 

Model (I): 
double-vacancy microdomain: 
(a) oxygen relaxation in (100); 
(b) cation relaxation in (111); 
single-vacancy microdomain: 
(c) O(I) relaxation in (100); 
(d) O(II) relaxation in (100); 
(e) O(III) relaxation in (111); 
00 O(IV) relaxation in (110); 
(g) Zr relaxation in (111); 
(h) Ca relaxation in (111). 
Model (II): 
(a) O relaxation in (001). 

Results 

The refinements of model (I) resulted in a weighted R 
value of 18.9% and goodness of fit of 2.4. The 
refined parameters are listed in Table 1. Figs. 6-9 
show the calculated and difference intensities. Both 
layers show good correlation between the observed 
and calculated data. All diffuse peaks are present in 
the calculated intensity distributions and show the 
correct intensities to a good agreement. The powder 
rings were not included in the calculations and thus 
show in the difference intensity. The intensity of the 
broad bands is calculated too low, especially at high 
diffraction angles and the broadened shape of the 
diffuse peaks at (3.6, 3.6, 1.0), (1.6, 1.6, 1.0) and (5.6, 
5.6, 3.0) is not reproduced by the calculations. The 
refinements of model (II) did not converge to a 
comparable agreement. The weighted R value was 
29.9% for the correlation scheme 'parallel' and 
30.8% for the correlation scheme 'all'. The calcu- 
lated intensities do not match the observed intensi- 
ties. The z parameter of the oxygen is not 
significantly shifted from 0.185, the position in the 
ideal tetragonal structure. 

Discussion 

The calculations show that the defect structure of 
CSZ7 stabilized zirconia is almost identical to the 
defect structure of 15 mol% CaO stabilized zirconia. 
It is characterized by two different microdomains 
that are coherently intergrown in the matrix of the 
disordered cubic crystal. The first microdomain is 
based on a single oxygen vacancy with relaxed next 
nearest neighbours. The second is based on two 
oxygen vacancies separated by a31/2/2 along [111]. In 

Table 1. Relaxations away f rom the ideal fluorite 
positions o f  the atoms within the microdomains 

The left column gives the result of  this work, the right column those of  
Neder et al. (! 990b). 

ReLaxation Standard Relaxation Standard 
Parameter (A) deviation (A) deviation 
Single-vacancy microdomain 
O(1) -O.ll  +-0.03 -0.06 __.0.03 along (100) 
0(2) 0.11 +-0.03 0.16 _+0.03 along (100) 
0(3) 0.07 +_0.02 0.12 ±0.02 along (111) 
0(4) 0.09 +-0.02 0.10 +-0.02 along (110) 
Zr 0.13 __-0.02 0.13 ±0.02 along (11 l) 
Ca 0.23 +- 0.04 0.30 __ 0.05 along (111) 

Double-vacancy microdomain 
O 0.38 _+0,03 0.41 __.0.04 along (100) 
Zr 0.01 ±0.03 0.12 ±0.06 along (111) 

both compositions, the absolute value of the 
relaxation of nearest neighbouring ions is identical 
within the error limits. A microdomain based on the 
structure of tetragonal zirconia does not explain the 
observed diffuse intensity. Thus tetragonal distor- 
tions reported by Osborn et al. (1986) in yttrium- 
stabilized zirconia (YSZ) could not be confirmed for 
CSZ. This is further supported by the fact that YSZ 
shows a broad peak at (114) whereas CSZ does not 
show any marked diffuse scattering at (114) although 
Bragg reflections of the tetragonal phase are present 
in 7 mol% CSZ. 

The defect structure of CSZ can therefore be 
interpreted as consisting of two areas. An area of 
correlated distributions of microdomains alternates 
with areas without correlated defects. In the second 
areas small defects are distributed at random. They 
give rise to the broad bands of diffuse scattering 
(Neder et al., 1990b). The relative amount of these 
two areas changes as the composition of CSZ 
changes. The correlation of the microdomains and 
their internal structure remains unchanged. These 
findings of a crystal with a domain structure are 
supported by electron microscopic images of CSZ by 
Rossell et al. (1991). 

Rossell et al. (1991), however, interpret the struc- 
ture of the microdomains to be identical to that of 
the ~ phase. Their interpretation is based on the 
fact that the contrast observed in electron micro- 
scope images is similar for the pure @1 phase and for 
CSZ of 15-20 mol% CaO. This contrast is attributed 
to the ordering of the metal ions. Due to its weak 
scattering power for electrons, no direct information 
can be gained for oxygen. 

We feel that several arguments support our model 
of the defect structure of CSZ. First, the diffuse 
scattering of YSZ, second the range of composition 
of CSZ throughout which the diffuse scattering can 
be observed, third the temperature dependence of the 
diffuse scattering of CSZ (cf. Proffen et al., 1993), 
and fourth a direct comparison of diffuse intensity 
and q~-phase single-crystal neutron diffraction data. 
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The diffuse scattering of YSZ (Andersen et al., 
1986; Osborn et al., 1986) is very similar over a wide 
range of composition to that of CSZ. No structure 
similar to the ~1 phase exists, however, in the phase 
diagram of YSZ. 
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Fig. 6. Calculated intensity in the zero layer of the [110] zone. The 
intensities are stepped with linear intervals of  25 counts, the 
lowest intensity represented is 125 counts. The Bragg reflections 
are represented by the rectangles. 

The diffuse scattering of CSZ has been shown in 
the literature to be extremely similar over a wide 
range of compositions. From 4 mol% CaO (Proffen, 
1992) up to 20 mol% CaO diffuse maxima can be 
observed at identical positions in reciprocal space. 
Upon annealing at temperatures between 1450 and 
1500 K in air for several months, samples with 15 to 
20 mol% CaO will show sharp Bragg reflections of 
the ~ phase (Hellmann & Stubican, 1983). Samples 
with less than 15 mol% CaO do not transform to the 
q0~ phase. If the structure of the microdomains in 
CSZ is that of the q0~ phase, similar transformations 
should be expected. 
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Fig. 8. Calculated intensity in the second layer of the [110] zone. 
The intensities are stepped with linear intervals of  25 counts, the 

8 lowest intensity represented is 125 counts. The Bragg reflections 
are represented by the rectangles. 
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Fig. 7. Difference intensity lobs -- Ic,,¢ in the zero layer of  the [1T0] 
zone. The intensities are stepped with linear intervals of 25 
counts, the lowest intensity represented is 25 and - 2 5  counts. 
Zero differences are represented by the dotted lines, negative 
intensities by the broken lines. The Bragg reflections are 
represented by the rectangles. 

Fig. 9. Difference intensity lobs - Ica,¢ in the second layer of the 
[110] zone. The intensities are stepped with linear intervals of 25 
counts, the lowest intensity represented is 25 and - 2 5  counts. 
Zero differences are represented by the dotted lines, negative 
intensities by the broken lines. The Bragg reflections are 
represented by the rectangles. 
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Table 2. Comparison of the measured diffuse intensity 
and the measured intensity of the c151 phase reflections 

Intensity 
Fluorite indices ~1 indices Diffuse ~1 Difference 

1.40 1.40 0.20 6 0 - 4  82 1673 - 1591 
0.20 0.20 0.40 2 0 2 79 172 - 93 
1.20 1.20 0.40 - 4 0 4 55 44 1 I 
1.80 1.80 1.40 10 0 - 4  101 101 0 
0.80 0.80 1.60 0 0 4 75 191 - 116 
0.60 0.60 1.80 6 0 0 114 783 - 669 
0.60 0.60 1.80 6 0 0 114 866 - 752 
0.60 0.60 2.20 2 0 4 74 429 - 355 
1.40 - 0.60 0.20 2 - 4 - 1 87 2989 - 2902 
1.60 - 0.40 0.20 - 2 4 2 80 19 61 
1.60 - 0.40 0.20 - 2 4 2 80 23 57 
1.60 - 0.40 0.20 - 2 4 2 80 55 25 
1.60 - 0.40 0.20 - 2 4 2 80 6 74 
1.60 - 0.40 0.20 - 2 4 2 80 9 7 I 
2.40 0.4 0.20 6 - 4  - 4  274 217 57 
2.60 0.60 0.20 - 6 4 5 80 5687 - 5607 
2.60 0.60 0.20 - 6 4 5 80 5560 - 5480 
1.80 - 0 . 2 0  0.60 - 2  4 3 58 77 - 19 
2.20 0.20 0.60 - 6 4 3 57 49 8 
1.20 - 0.80 0.40 0 4 1 86 23 63 
1.20 - 0.80 0.40 0 4 1 86 3 83 
1.80 - 0.20 0.40 4 - 4 - 2 67 57 I 0 
2.20 0.20 0.40 - 4 4 4 106 24 82 
1.40 - 0.60 0.80 0 4 2 56 78 - 22 
1.60 - 0.40 0.80 4 - 4 - 1 104 52 52 
t.60 -0 .40  0.80 4 - 4  - 1 104 119 - 15 
2.40 0.40 0.80 - 4  4 5 56 179 - 123 
2.40 0.40 0.80 - 4  4 5 56 249 - 193 
2.60 0.60 0.80 8 - 4 - 4 199 50 149 
2.60 0.60 0.80 8 - 4 - 4 199 3 196 
1.60 - 0.40 1.20 0 4 3 100 2463 - 2363 
1.20 - 0.80 1.40 2 4 2 36 13 23 
1.80 - 0.20 1.40 6 - 4 - 1 44 36 8 
2.40 0.40 1.20 8 - 4 - 3 112 5024 - 4912 
2.20 0.20 1.40 - 2 4 5 49 140 - 91 
1.80 - 0.20 1.60 0 4 4 68 21 47 

The temperature dependency of the diffuse scat- 
tering of  CSZ will be described in detail by Proffen et 
al. (1993). We observed that the intensity of the 
diffuse scattering remains almost constant up to 
temperatures of  about 1150 K. At 1350 K the inten- 
sity is reduced to less than one third. From 1350 up 
to 1750 K it remains almost constant again. Over the 
whole temperature range the full width at half maxi- 
mum (FWHM) stays constant. This process is revers- 
ible, as was shown for 15 mol% CSZ by Neder et al. 
(1990b). The correlation among the defects remains 
basically the same over the whole temperature range. 
Between 1150 and 1350 K the relative volume of 
correlated defects decreases dramatically. Contra- 
dictory to this decrease in volume fraction, the qbl 
phase, however, is stable from 1450 to 1500 K (Hell- 
mann & Stubican, 1983). During the crystallization 
of single crystals of  CSZ the crystals are cooled from 
the melt to room temperature within a few days. This 
time is too short to allow for cation order which 
plays a significant role in the structure of the 451 
phase. 

Upon annealing a single crystal of  15 mol% CSZ 
for 3 months at 1450K in air, a large volume 
fraction of the single crystal is transformed into the 
451 phase. The intensities of  ~l-phase reflections were 

measured by neutron diffraction using instrument 
D19 at the ILL, Grenoble. Table 2 lists those reflec- 
tions that lie in the zero and in the second layer of  
the [110] zone. The table also lists the intensity of  the 
diffuse scattering of 15 mol% CaO as measured by 
Neder et al. (1990b). The intensities have been scaled 
so that the intensity of  the 451-phase reflection 10 0 74 
and the corresponding fluorite intensity at 1.8 1.8 1.4 
are equal. The table shows that the two sets of  
intensities - measured diffuse intensity and measured 
qbl-phase intensities - do not match. 

As described by Allpress & Rossell (1975) and by 
Marxreiter, Boysen, Frey, Schulz & Vogt (1990), the 
basic building block of the ~l  phase that distin- 
guishes this phase from the ideal fluorite phase, is a 
pair of  oxygen vacancies that are separated by 31/2/2 
of  the basic fluorite subcell with a cation in between 
the vacancies. This vacancy arrangement corre- 
sponds to the double-vacancy microdomain in our 
model. In other words, a basic structure element of  
the ~1 phase is one structure element in the micro- 
domain description as used here. 

This work was supported by funds of the BMFT 
(grant No.  03-SC2LMU). 
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