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Sintering of SrTiO; in a reducing atmosphere in
the presence of the perovskite “Srli, ,Nb;,0,"

M. J. LAURENT, G. DESGARDIN, B. RAVEAU
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Bd du Maréchal Juin, 14032 Caen Cedex, France

The sintering of SrTiO; in a reducing atmosphere in the presence of perovskite Sr(Liy 4 Nbs, )05
as a dopant and lithium salts (LiNQ,, Li,CO; and LiF) as sintering agents has been studied.
Three compositions, Ti/Sr = 1.0125, 1 or 0.975, were investigated. The latter two were shown
to exhibit inhomogeneous microstructures, especiaily when sintering in the presence of LINO,
or Li,CO;. The dielectric properties of those materials were interpreted in terms of anionic
defects and intergrowths. Different processing parameters were investigated such as the
mixing grinding method and the grinding time; the influence of the heating rate and tempera-
ture sintering was also studied. The changes induced by each parameter on the dielectric
properties and the microstructure were discussed. From these results it appears that the
inhomogeneous character of the microstructure could be due to the formation of a liquid
phase involving lithium. This study shows the possibility of synthesizing SrTiO;-based type ill
ceramic capacitors following a suitable process with multilayer technology.

1. Introduction

The classical synthesis of SrTiO;-based Type 11T
dielectrics consists of a sintering at 1400° C in a reduc-
ing atmosphere followed by a partial reoxidation
taking place at the grain boundaries in order to realize
a microstructure built of semiconductive grains
separated by an insulating layer. This process which
leads to high dielectric constants, is in fact more com-
plex: in order to obtain low dielectric losses and also
a good insulating resistance-voltage behaviour a
double “n-p type dopage™ is necessary requiring a
double step sintering. This complex sintering method
does not allow the type I1I materials to be used in the
multilayer technology. The presence of internal elec-
trodes indeed prevents the diffusion of the secondary
phase and the high sintering temperature leads to a
potential reaction between the electrodes and the
dielectric.

Recent papers [1, 2] have shown the possibility of
lowering the sintering temperature of SrTiO, in air
from 1400 to 1100°C, by using lithium salts. These
latter results, and the possibility of sintering SrTiO,
at low temperature in a reducing atmosphere {3, 4]
suggests the possible compatibility of this type III
dielectric with multilayer technology. The present
paper thus deals with the study of the sintering of
StTiO;-based type III material doped with perovskite
Sr(Li,;,Nb;;,)O;.

2. Method

2.1. Choice of the dopant

Nb,O; oxide is currently used as a dopant for the
realization of type I11 dielectrics in order to introduce
niobium as a donor on the octahedral sites of the
perovskite [5]. The low reactivity of this oxide is not
favourable for a sintering at low temperature. In this
respect the perovskite Sr(Li;,Nb,,)O; which is
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susceptible to form a solid solution with SrTiO,
should favour the introduction of niobium on the
titanium sites and therefore be an appropriate dopant.
Moreover, the presence of lithium can effectively
lower the sintering temperature as previously shown
[1-4].

2.2. Synthesis and stability of
Sr(Li;/4Nb;,,) 0,

The perovskite Sr(Li;,,Nb;,)O; which was isolated for
the first time by Hikichi et al. [6] was synthesized in the
following way: the carbonates Li,CO; and SrCO, and
the oxide Nb,O; were mixed in alcohol using an agate
bowl. The mixture was then heated to 1000°C for
16, ground, and heated again up to 1000° C for 16 h.
[t is noticeable that an excess of lithium was necessary
to obtain a pure perovskite from the X-ray powder
pattern. This excess of lithium remains in the material
even after the reaction; atomic absorption spectroscopy
shows that 31 mol % Li remains instead of 25% corre-
sponding to the theoretical formula. This additional
lithium oxide which cannot be observed by X-ray
diffraction, was considered to complete the role of
sintering agent of the lithium salt.

Sr(Li; 4, Nb;,,)O; is stable up to 1400°C in air,
temperature above which Li,O evaporates leaving
the oxide SrsNb,Oj. In a reducing atmosphere
(N, + 10% H,) a regular weight loss plotted from
room temperature up to 730°C, does not coincide
with the lithium excess; the X-ray diffraction patterns
remain unchanged up to this temperature, i.e. charac-
teristic of the perovskite phase. Beyond 730°C, no
weight loss can be recorded but the phase turns grey
and at 1350° C, a light purple colour is observed which
indicates a slight departure of oxygen. The phase
SrsNb,O)s appears in the X-ray diffraction pattern
beside the perovskite. At 1430° C, the perovskite has
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nearly disappeared, and is repiaced by the oxide
Sr;Nb,O;s.

In order to understand the reactivity between
Sr(Li;;4Nb;,)O; and SrTiO;, an equimolar mixture
of those compounds was heated to 1350°C per 2h
under a hydrogen-nitrogen mixture (10% H,). In
these conditions, no complete solid solution was
obtained, and no Sr;Nb,O,s was formed. The X-ray
powder patterns showed the beginning of a disorgan-
ization of the Sr(Li;,Nb;,)O; network. For the
further calcination conditions and for smaller
amounts of dopant (0.67mol %), Sr(Li,,Nb;,)O,
may enter into SrTiO, lattice in a solid solution form
without any decomposition.

2.3. Calcination of strontium titanate in the
presence of 0.67 mol% Sr(Li,;;Nbs,)0,

In order to understand the influence of stoichiometry
on the nature of the calcinated products, three differ-
ent strontium titanates were calcinated under a reduc-
ing atmosphere (N,, H, 10%) at 1350° C for 2 h, with
0.67 mol % Sr(Li, 4, Nb;,)O, corresponding to a molar
ratio of titanium to strontium of 1.0125, 1, and 0.975
respectively.

For Ti/Sr = 1 and 0.975, the grey colour of the
calcinated powders suggests rather high anionic
vacancies contents. The similar conductivities of both
samples agree with the fact that an excess of SrO does
not introduce additional electronic defects. This is
confirmed by the X-ray diffraction patterns of the
samples Sr/Ti = 0.975, which exhibit peaks charac-
teristic of the intergrowth SrO(SrTi0O,),, showing that
the SrO excess has been intercalated between the
SrTiO, perovskite layers.

For Ti/Sr = 1.0125 a slight shrinkage of the sample
and a darker grey colour of the powder are observed,
which suggest a higher reactivity. The temperature
must be lowered down to 1250° Cin order to avoid the
shrinkage. In this latter case, the light grey powder
reveals a much lower density of anionic defects, and a
poor conductivity compared to the sample Ti/Sr = 1
and 0.975. Thus it appears that a TiO, excess lowers
the sintering temperature: the solubility limit of TiO,
in SrTiO, is indeed overpassed for this molar ratio
[7, 8] and shear structure Ti,0,,_, [9] are likely to form
in agreement with the results obtained for the SrTiO;-
based materials doped with Nb,O; for Ti/Sr = 1.004
and sintered in a reducing atmosphere [10, 11].

2.4. Sintering of the strontium titanate doped
with Sr(Li; 4 Nb;,4) 05

The three preceding calcinated samples were sintered

at 1100°C using three sorts of sintering agents

(10 mol % of lithium from LiNO,, Li,CO; and LiF)

and according to the following experimental con-

ditions (except contrary precision)

1100°C
1h 1h

!

150°Ch~! atmo‘sphere 150°Ch™!
I

10% H,-N, || O,
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3. Results
For Ti/Sr = 0.975, we observe the following charac-
teristics:

(i) the shrinkage reaches a mean value of 15%,

(ii) the microstructure (Fig. 1) are rather inhomo-
geneous for Li,CO; with grain sizes ranging from 1
to Sum whereas an homogeneous distribution is
observed for LiF,

(iii) the lithium content after sintering measured by
atomic absorption is weak (smaller than 0.5%),

(iv) the dielectric constants are as low as 2000 at
room temperature (Fig. 2), whereas the insulating
resistances are close to 107 Qcm under 50 Vmm ™',
whatever the lithium salt may be.

For Ti/Sr = 1, shrinkage is very similar in the three
cases, close to 16% and the lithium content after
sintering is higher than for Ti/Sr = 0.975(1.5%). The
inhomogeneous character of the microstructures in
the case of Li,CO, and LiNO, and the homogeneous
distribution of the grain size (about 10 um) in the case
of LiF are confirmed. The dielectric constants at 20°C
are much higher than the previous ones: they are
greater than 7500 (Fig. 3) at room temperature. High
insulating resistance (10" Qcm under a d.c. bias field
of 45V mm™') are measured when sintering with LiF.
On the other band the values decrease to 10° Qcm
when sintering with Li,CO; or LiNO;.

For Ti/Sr = 1.0125, sintering of samples calcinated
at 1350° C is inhibited by the shrinkage state resulting
from calcination; less than 10% shrinkage is observed
for instance with LiF. On the other hand the samples
calcinated at 1250° C exhibit a good shrinkage (15.5%
with LiF for instance). Nevertheless, even in these
latter conditions the dielectric constants are low
(smaller than 2000) due to the low conductivity of
the grains which does not allow an actual type IH-
dielectric to be realized. The microstructures are very
different from those observed for Ti/St = 1 or 0.975.
The grain size cannot be determined from the frac-
tures which seem to be intragranular.

4. Discussion

For Ti/Sr > 1, the Li* cations will tend to occupy the
octahedral sites of the perovskite, forming additional
anionic vacancies, according to the equation

Lit > Lif + 2Vg )

The anionic vacancies will then be partially occupied
by oxygen coming from Li,O (for an addition of
LiNO, or Li,CO,) or by fluorine (for an addition of
LiF). Nevertheless the number of anionic vacancies
increases by addition of “Li,O” or “LiF” and favours
the diffusion, i.e. the grain growth. This latter
phenomenon is partly limited for the LiF sintering
agent, due to the smaller number of anionic vacan-
cies resulting from their occupancy by fluorine. The
higher dielectric constants observed for the stoichio-
metric composition with LiNO; and Li,CO;, result
mainly from the higher mean size of the conductive
grains.

For Ti/Sr < 1, the SrO excess accommodated in
the form of intergrowth defects SrO (SrTi0,), in the
absence of lithinm, will be in fact partially destroyed



by addition of lithium salts according to the equations
LiF + “SrO” — Sr& + O3 + Lif; + Fy + 1Vg
(2)

Li,O + “2SrO” - 2Sr% + 30§ + 2Lif; + 3Vg
(3)

Nevertheless, the presence of those intergrowths
SrO-(SrTi0,), would slow down the grain growth and
stabilize the role of lithium as shown by the micro-
structures observed for Ti/Sr = 0.975, which exhibit
much smaller grain sizes.

The resistivity is also closely related to the stoichio-
metry. The highest resistivities are indeed obtained for
Ti/Sr = 0.975 for all lithium salts (R, = 10" Qcm) or
for Ti/Sr = 1in the presence of LiF (R, = 10" Qcm).
This property which corresponds to grain boundary
phenomena, is easily explained by the tightly grain size
distribution of those samples: a greater and more
regular reoxidation of the surface of the grains is
indeed more easily obtained for smaller grains.

4.1. Origin of the inhomogeneity

The preceding considerations do not explain com-
pletely the inhomogeneous character of the micro-
structures obtained with Li,CO; and LiNO;. In order
to understand this phenomenon the influence of dif-
ferent parameters involved in the method of prepar-
ation was tested on the inhomogeneous composition
SrTiO, Ti/Sr = 1 doped with 0.0067 mole of

Figure 1 Microstructures for a SrTiO; (Ti/Sr = 0.975) + 0.0067
SrLi,,Nb,,0,) and composition calcined at 1350°C, 2h under
N,-10% H, and then sintered at 1100°C with 0.1 mol of lithium
heating rate 150°Ch~!. (a) 0.1 LiF; (b) 0.05 Li,COs5; (¢) 0.1 LINO,.

Sr(Li, 4Nb;,4)O; and sintered in the presence of
0.1 mol of lithium.

4.1.1. Influence of the grinding method

The above composition was now prepared by mixing
SrCO, and TiO, by attrition in alcoholic or citric
medium. The microstructures of the sintered samples
are very similar to those prepared with the bowl
method. One indeed observes a rather homogeneous
microstructure with LiF, whereas the grain size ranges
from 1 to 50 um with Li,CO, or LiNO;.

The dielectric characteristics are also similar. How-
ever, a better compromise microstructure-dielectric
constant-insulating resistance can be obtained. An ¢
value of 11000 can be reached for a grain size smaller
than 15 um with LiF, the mixture SrCO,-TiO, being
done in a citric medium before calcination. Moreover
the insulating resistance of this ceramic remains
greater than 10'° Qcm up to 80 Vmm ™' (Fig. 4). This
good behaviour under a d.c. bias field, without any
secondary phase added at the grain boundary and
without any post heating, after sintering is very pro-
mising: this characteristic is indeed close to the com-
mercial limit (10Qcm under 100 Vmm™").

4.1.2. Influence of the mixing—grinding time
In the previous samples prepared by using a bowl no
inhomogeneity was detected by EDX analysis (in par-
ticular concerning the niobium distribution in the
grains) but this cannot rule out a bad distribution of
the different species.

The influence of the mixing-grinding time was thus
tested by changing it from 30 min to 1 h, as the lithium
salt was added in a bowl. An homogeneous distri-
bution of the sintering agent and a decrease in the size
of the agglomerates and aggregates sizes are then
expected.

The dielectric constants for 1h mixing are rather
close to those observed for 30 min mixing but are
generally smaller (Fig. 5).

The microstructures are more dependent on the
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Figure 2 Dielectric characteristics for materials corresponding to Figure 3 Dielectric characteristics for SrTiO; (Ti/Sr = 1) 4+ 0.0067

Fig. 1. (Sintering agent: —— LiF, - - - Li,CO,, — — LiNO,.) SrLi; 4Nb;, O, calcined at 1350°C, 2 h, under N,-10% H, and then
sintered at 1100°C with 0.1 mol of lithium heating rate 150°Ch-".
(Sintering agent: — LiF, ~ -~ Li,CO;, — — LiNO,.)
13

log R; (Qcm)

1 10 100

£ (vmm )
Figure 4 (a) Resistivity plotted against bias field for a SrTiO; (Ti/Sr = 1) 4+ 0.0067 SrLi,4 Nb;,O; calcined at 1350°C, 2h, under N,-
10% H, and then sintered at 1100°C with 0.1 mol of LiF. (Attritor milling in citric acid medium.) (b) Microstructure of the material
corresponding to Fig. 4a.
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Figure 5 Diclectric characteristics for SrTiO; (Ti/Sr = 1) + 0.0067
SrLi, 4 Nb, ,O; calcined at 1350° C, 2h, under N,~10% H, and then
sintered at 1100° C with 0.1 mol of lithium. Heating rate 150°Ch ™"
(contrary to Fig. 4 the mixing-grinding time is [ h when the lithium
salt is added). (—— LiF (a), —-- Li,CO; (b), —-— LiNO; (b"),
—— LiNO; (¢), —-- LiNO; (¢).)

mixing time. The LiF sample still exhibits an homo-
gencous microstructure but with larger grains (10 to
[5pum) and a more important residual porosity
(Fig. 6a). The LiNO; and Li,CO, samples still have
inhomogeneous microstructure (Figs 6b and 6c¢) but

TABLE 1 (STiO, Ti/St = 1 + 0.0067 SrLi;,Nby,0,) calcined
at 1350° C under N,-10% H, and sintered at 1100° C with 0.1 mol
of lithium influence of the mixing grinding time when adding the
lithium salt

Sintering agent Mixing grinding time

1h 30 min

& 3500 7000
0.1 tan & <3% < 4%
LiF R, 10% 5 x 101

R 16.2% 16.5%

3 5750 8000
0.05 tan & < 8% < 5%
Li,CO;, R 7 x 10! 108

R 16.3% 16.4%

& 5000 7500
0.1 tan § 5% < 5%
LiNO, R; 7 x 104 10°

R 16% 15.5%

R, = insulating resistance (Q cm) measured under a d.c. bias field of
40 to 50 Vmm™'.
R = shrinkage.

with greater amounts of large grains. In the latter case
the shrinkage values do not depend on the mixing time
and remain close to 16% (Table I).

Thus the variation of the mixing time does not
change really the microstructure development; this
suggests that the lithium distribution and the powder
granulometry were already correct after 30min
mixing.

4.1.3. Influence of the sintering parameters

4.1.3.1. The sintering temperature. The sintering tem-
perature was lowered from 1100 to 1000° C, the other
parameters being unchanged in comparison with the
preceding experiments. At this temperature a normal
shrinkage is observed (greater than 15%) whatever the
lithium salt may be. The microstructures are only

Figure 6 Microstructures corresponding to the materials characterized in Fig. 5. (a) 0.1 LiF: (b) (b") 0.05 Li,CO;: (c) (¢') 0.1 LiINO;.
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slightly different. The LiF ceramic is very porous
after sintering at 1000° C and the grains are smaller.
The Li,CO, and LiNO, samples have a microstruc-
ture similar to that obtained at 1100° C; numerous
nuclei showing a discontinuous grain growth are
already observed at 1000°C, which are then abnor-

Figure 7 Microstructures  for

SrTio,
SrLi Nbyj, O, calcined at 1350°C, 2 h, under N,-10% H, and then
sintered at 1100° C with 0.1 mol of lithium. Heating rate 300°Ch~".
(2) 0.1 LiF; (b) 0.05 Li,COj5; (c) 0.1 LiNO;.

(Ti/Sr = 1) + 0.0067

mally developed at 1100°C, without improving the
densification.

The dielectric constants are generally weaker for the
1000° C ceramics owing to their greater porosity and
to a smaller mean grain size. Correlatively the dielec-
tric losses are higher than for the 1100° C ceramics.

4.1.3.2. Sintering heating rate The sintering heating
rate may influence the microstructure especially as it
may affect the gas and volatile elements (Li, F, O)
departure.

We compare here the results obtained with a heat-
ing rate of 300° C h ™' instead of the classical one being
150°Ch~", for a sintering temperature of 1100°C.

The microstructures of samples Li,CO, and LiNO,
do not change. The LiF ceramic has its microstructure
more homogeneous for a 300°Ch™! rate than for a
150°Ch~' one, even if from time to time larger grains

TABLE II SrTiO; Ti/Sr = 1 (different mixing-grinding method) + 0.0067 SrLi;, Nb;,O; calcined at 1350°C under 10% H,-N, and
sintered at 1100°C with a lithium salt. Influence of the mixing grinding method of (StCO; + TiO,) and of the heating rate sintering

(150°Ch~" or 300°Ch-")

Lithium salt

(SrCO; + TiO,) Mixing-grinding method

Shaker mill Attritor C,H;OH medium Attritor citric medium
150°Ch~! 300°Ch-! 150°Ch™! 300°Ch~! 150°Ch™!
&0 7000 3000 9000 7250 8500
0.1 LiF tan & <4% <2% <4% <4% <3%
A R, 5 x 10" 5 x 1012 5 x 10! 5 x 104 4 x 101
R 16.2% 17% 18.8% 18% 16.7%
£ 7000 14250 5600
. tan o < 5% < 5% <8%
OILING, - p 108 s x 10 10!
R 15.5% 18.4% 15.4%
& 7000 10600 4350
. tan 6 <5% < 4% < 7%
0.05 Li,CO;s 0 10 3 x 10
R 15.5% 15.4% 17.2%

R;: insulating resistance (Q cm) measured under a d.c. bias field of 40 to 50 Vmm™'.

R: shrinkage.
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(20 to 25 um) surrounded by 10 pm diameter grains
are observed (Fig. 7). However, the dielectric con-
stants are significantly weaker than for a 150°Ch™"’
heating rate (Table 11).

4.1.3.3. Sintering agent: nature and content. The dis-
continuous grain growth observed could also result
from a sintering in the presence of a liquid phase.
Indeed, if the volume of this liquid phase is not large
enough for a uniform distribution on the surface of all
the grains, a segregation can then result and the con-
centration gradient of this phase may lead to an
abnormal grain growth. Such a development is often
observed for BaTiO, dielectric materials [12] especially
in the presence of a TiO, excess.

In the present work, the lithium salts may introduce
such a liquid phase. For this reason the influence of
the lithium content (0.05 here instead of 0.1 mol per
SrTiO, previously) added at LiF and as Li,CO,
separately, is studied. Finally three mixtures of LiF
and Li,CO, corresponding to a total lithium content
of 0.1 mol per formula “SrTiO; Ti/Sr = 1 + 0.0067
Sr(Liy ;s Nbs, O, were also investigated.

All the other experimental conditions are identical
to those described in Sections 2.3 and 2.4.

The microstructure of the 0.05 LiF ceramic is less
homogeneous than that of 0.10 LiF ceramic: larger
grains (15um) are actually distributed in a rather
dense matrix, containing mainly very small grains
(1 pm). For the 0.025 Li, CO, ceramic, the microstruc-
ture inhomogeneity is more obvious than for LiF:
large blocks (35 um) are regularly distributed in the
small grains matrix. The decrease of the lithium con-
tent is here accompanied by a decrease of the size
(35 um instead of 50 ym and more) and of the number
of the large grains. LiF and Li,CO; lead both to a
mean grain size smaller for 5% Li than for 10% Li,
corresponding to smaller dielectric constants.

These observations for Li,CO, are in agreement
with a sintering mechanism involving a liquid phase
containing lithium: the number of potential nuclei

and their development decrease as the volume of this

liquid phase decreases.

The shrinkage measured for these low sintering
agent contents (5% Li from Li,CO, or LiF) is close to
18% and much greater than previously observed. A
discontinuous grain growth, less important, and less
developed may be at the origin of a better densifi-
cation. Consequently, 5% mol of lithium are sufficient
to ensure a complete densification of the ceramic but
do not allow a good homogeneity to be achieved.

Among the three following LiF-Li,CO; mixtures,
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Figure 8 Dielectric characteristics for SrTiO; (Ti/Sr = 1) + 0.0067
SrLi;;yNby, O, calcined at 1350°C, 2h, under N,~10% H, and
then sintered at 1100°C (heating rate 150°Ch™") with x LiF +
y Li,CO; as sintering agent: (— x = 0.075, y = 0.0125;
——~x = 0050, y = 0.0250; —— x = 0.025, y = 0.0375).

(a)0.075 LiF + 0.0125Li,CO,; (b) 0.05 LiF + 0.025
Li,COs; (0) 0.025 LiF + 0.0375 Li,CO,, the compo-
sitions (a) and (b) lead to similar microstructures
characterized by small grains, with rare regions of
abnormal grain growth, which number decreases with
the Li,CO, content. These blocks are absolutely iso-
lated one from the other and characterize a long dis-
tance inhomogeneity. On the other hand the {c¢) com-
position leads to a short distance inhomogeneity with
much shorter distances between by large grains (30 um)
and small grains (5 um). These results are still in agree-
ment with the hypothesis of liquid phase sintering.
Unfortunately the dielectric constants (Table II1, Fig.
8) are always smaller than for LiF or Li,CO; alone.

TABLE 111 (SrTiO, Ti/St = 1 + 0.0067 SrLi;;,Nb;,0,) calcined at 1350°C under N,-10% H, and sintered in the presence of

various lithium compounds

Lithium LiF 0.075 LiF + 0.05 LiF + 0.025 LiF + Li,CO,
salt 0.0125 Li,CO;, 0.025 Li, CO, 0.0375 Li,CO,

£ag 7000 5800 3800 4000 8000
tan d < 4% < 6% <3% < 3% < 5%
R, S x 10" 8 x 10" S x 10° 6 x 107 108

R 16.5% 17.7% 18% 16.8% 15.5%

R;: insulating resistance (Q cm) measured under a d.c. bias field of 40 to 50 Vmm™'.

R: shrinkage.
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5. Conclusion

This original doping of SrTiO; by Sr(Li,;Nb,,)O;
allows type III ceramics to be synthesized with
interesting dielectric constants (¢ ~ 10000), consider-
ing the small grain size especially in the presence of
LiF as sintering agent (10um instead of 50 um).
Another quality of this material is its good behaviour
under an electrical field, without any diffusion of an
additional phase at the grain boundaries.

An application of such a material to multilayer
technology may now be considered. The main problem
deals with the inhomogeneity of the microstructure
which is interpreted by the formation of a liquid phase
during sintering.

References
[. J. M. HAUSSONNE, G. DESGARDIN, J. LOSTEC,
B. RAVEAU, O. REGRENNY and PH. BAJOLET,

Silicates Industriels 11-12 (1984) 231.

2. J. M. HAUSSONNE, G. DESGARDIN, 0. RE-
GRENNY, M. HALIM, J. LOSTEC and B. RAVEAU,
6th CIMTEC World Congress on High Technology Ceramics,
Milan, June 1986. Proceedings ““High Tech. Ceram.” edited by
P. Vincenzini (Elsevier, Amsterdam, 1987) pp. 1515-24.

606

3. J. M. HAUSSONNE, M. J. LAURENT, M. LE CUN,
G. DESGARDIN, S. YAZIDI and B. RAVEAU, J.
Physique 47 (1986) C1 883-887.

4. J. M. HAUSSONNE, O. REGRENNY, M. J. LAUR-
ENT, G. DESGARDIN and B. RAVEAU, ACS Meeting,
Chicago, April 27-May 1st 1986. Extended abstracts of the
electronic division.

5. J. M. HAUSSONNE and J. Y. LE TRAON, L’échos des
recherches. English issue (1985) pp. 63-75.

6. HIKICHI, Mater. Res. Bull. 17 (1987) 1371-1377.

7. S. WITEK and D. M. SMYTH, J. Amer. Ceram. Soc. 67
(1974) 372-375.

8. N. G. EROR and V. BALACHANDRAN, J. Solid State
Chem. 42 (1982) 227-241.

9. S. ANDERSSON, B, COLLEN, U. KUYLENSTIERNA
and A. MAGNELI, Acta Chem. Scand. 11 (1957) 1641.

10. M. FUJIMOTO and W. D. FINGERY, J. Amer. Ceram.
Soc. 68 (1985) 169-173.

11. M. FUJIMOTO and WATANABE, J. Mater. Sci. 20
(1985) 3683-3690.

2. D. F. K. HENNINGS, R. JANSSEN and P.]J. L.
REYNEN, J. Amer. Ceram. Soc. 70 (1987) 23-27.

Received 11 October 1988
and accepted 13 April 1959



