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In the system Co,Ge0,-Mg,GeOy, solid solubilities in spinel and olivine structures were studied on
samples prepared by solid state reaction at temperatures of 1000-1300°C. The solubility limits were
determined from the identification by X-ray powder pattern and the change of the lattice constant
of spinel with composition. The relation between temperature and the free energy difference 4G°
which was estimated from the solubility limits agreed qualitatively with the fact that the spinel
phase of Mg,GeO, is stable at low temperatures under atmospheric pressure. The spinels were
also synthesized at 800°C under the pressure of 20 kb. Over the whole range of composition, the
cation distribution was found to be normal with # = 0.375. Above 1000°C under 20 kb in the
presence of water, the spinels, except Co,GeOQ,, were found to react with water to form enstatite and
probably magnesium hydroxide in an amorphous state.

Introduction

We have been interested in the cation
distribution in spinel-type oxides. Previously
(1), we proposed a modified X-ray method for
its determination and showed experimentally
that Co,GeQO, has an exactly normal distribu-
tion of cations, (Ge)ieyra[C02lociaO4, With the
ideal cubic close packing of oxygen atoms,
u =0.375. The same method was applied to
the solid solutions in the system Co,GeQ,~
CoALO, (2). The results showed that the
coexistence of germanium and cobalt ions
in the same tetrahedral sites is unfavorable.

In the present work, solid solubilities in the
spinel and olivine structures were investigated
in the system Co,Ge0,~-Mg,GeQO,. Since
Mg,GeO, was obtained in the spinel structure
under high pressure (3) or as poorly crystalline
precipitates followed by long-time annealing
at 650°C (4), the synthesis of the spinel solid
solutions was carried out not only under nor-
mal pressure but also under a pressure of
20 kbar. Thermodynamic considerations were
applied to the solubilities of spinel and olivine
Copyright © 1977 by Academic Press, Inc.

All rights of reproduction in any form reserved.
Printed in Great Britain

169

structures. The cation distribution and sta-
bility under hydrothermal conditions were
also examined on the spinel phases.

Experimental

The solid solutions in the system Co,GeQ
Mg,GeO, were synthesized from a mixture o
CoO, MgO, and GeO, by solid state reac-
tions at temperatures of 1000, 1100, 1200, and
1300°C under the atmospheric pressure of air.
The heating was repeated in a platinum
envelope with tightly folded edges, until no
changes in X-ray powder pattern, positions,
and relative intensities of diffraction lines were
detected. After the final heating the samples
were quenched in water. The syntheses of
spinel solid solutions were carried out also
under 20 kb at 800°C for 3 hr by using a
girdle-type high-pressure apparatus (5). For
the samples thus prepared, the existing phases
were identified from the X-ray powder
patterns. For the spinel phases, the lattice
constant a, was determined from 533 reflection
(26 = 90°) by referring to an internal standard
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of silicon and the cation distribution was
measured by using the method proposed
previously (7).

The stability of spinels was also examined
under 20 kb in the presence of water. The
phases formed were identified from their
powder pattern.

Results and Discussion

1. Phase Relation

In the present system, the phases identified
and the lattice constant a, of the spinel phase
are shown as a function of composition x in
(Ge) [Co,_Mg,],0, in Fig. 1, The phase
boundary on the spinel side in Fig. la is
drawn on the basis of the change in the lattice
constant with composition (Fig. 1b).

The phase boundaries obtained in the pre-
sent work converge to the estimated point of
phase transition for Mg,GeO, from spinel
to olivine (3) under atmospheric pressure.
The phase relation observed in the present
work is a little different from that reported by
Navrotsky below 1100°C (6). In the present
work, the samples were heated at 1100°C for
10 days and at 1000°C for 20 days. At the
beginning of the heat treatment, the spinel
solid solution, which has a small value of x
(estimated from the lattice constant), and the
olivine solid solution were formed and both
reacted gradually with each other by the
continuation of the heat treatment. Below
1100°C and at compositions with x < 0.6, the
lattice constant of the spinel solid solution
decreased slowly with the heat treatment and
finally reached the values shown in Fig. 1b.
At x=0.7, a very small amount of olivine
phase was observed even after heating for
20 days at 1000°C.

We tried to obtain the equilibrium phases at
900°C in air. However, the reaction rate was
so slow that the equilibrium phases could not
be obtained even after 40 days. We tried to
get them by using a mineralizer LiF, but
without success even after 30 days.

Under the pressure of 20 kbar at 800°C, the
spinel solid solutions were obtained in the
single phase over the whole composition
range. The relation between lattice constant
a, and composition x is linear and agrees
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F1G. 1. Phase relation and lattice constant change
in the Co,Ge0,~Mg,GeO, system. The results at
different temperatures are plotted by different marks.
The open mark stands for the single phase with spinel
structure, the filled mark for the single phase with
olivine structure, and the half-filled mark for the co-
existence of two phases. The lattice constant a, for the
spinel solid solutions obtained at 800°C under 20 kb
is also plotted (&).

with that obtained under atmospheric pressure
as shown in Fig. 1b.

2. Thermodynamic Considerations

A crude estimation of the free energy
differences AG° for the transitions of Mg,GeO,
from olivine (Ol.) to spinel (Sp.) and also of
Co,Ge0, from spinel to olivine was made at
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temperature.

different temperatures by the calculation of the
activity coefficient from the solubility limits
which were obtained under atmospheric
pressure, according to the same procedure as
Navrotsky (6, 7). The AG° values obtained
from the present data were plotted as a func-
tion of temperature in Fig. 2,

For the transition Mg,GeO, (Ol) -
Mg,GeQ, (Sp.), the obtained values of 4G°
showed the stability of the olivine structure at
the temperatures examined and at 1200°C
the same value of AG° was obtained as repor-
ted by Navrotsky (6). The value of AG° tends
to decrease with decreasing temperature and
this tendency agrees qualitatively with the
fact that the spinel structure becomes stable
at low temperatures (3).

The high value AG® for the transition of
Co,Ge0Q, (Sp.) to Co,GeO, (Ol.) suggests
that the stability of the spinel structure in the
temperature range examined is high. It tends
to decrease with increasing temperature.

3. Cation Distribution

The cation distribution was measured on
the spinel solid solutions prepared at 800°C
under 20 kb and on some prepared under
atmospheric pressure. The present results
indicate that Ge** ions always occupy the
tetrahedral sites. All solid solutions in the
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present system have the cation distribution of
(Ge) [Mg,Co,_,],0, with u =0.375.

It has been shown by the same method that
Co0,Ge0, is normal spinel (/) and that the
coexistence of Ge*+ and Co?* ions in the same
tetrahedral sites is unfavorable (2). On the
spinel Mg,GeOQ,, two distinct results have
been reported, inversed (3) and normal (4, 8,
9), on the basis of X-ray intensities and infra-
red spectrum. The present result shows that
Mg,GeQ, is normal with u = 0.375.

4. Stability under Hydrothermal Condition

Under high pressure a small amount of
water has been known to accelerate solid state
reactions. In the present system, the same
effect was observed at temperatures below
1000°C. However, the decomposition was also
observed at high temperatures. The experi-
mental results are summarized in Table I.
Below 800°C, the spinel phase is stable over
the whole composition range of the present
system, even in the presence of water. The
spinels obtained in the presence of water have
the same lattice constant as shown in Fig. 1b.
Above 1000°C, however, the decomposition
of the spinel phase is observed by detecting
extra phases; one was identified as enstatite
from the powder pattern and another was
estimated as an amorphous phase (Am.)
because of the halo at low diffraction angles.
The amorphous phase was difficult to detect
at 1000°C, probably because of its small
amount, even though it was formed in the
specimen. Without water, such decompo-
sition of spinel was not observed even at
1200°C (Table 1). No decomposition of
Co,GeQ, spinel was observed even with water
at 1200°C. In the specimens (3 mm in diameter
and 10 mm long) of the spinel solid solutions
heat treated above 1200°C under pressure, a
distribution in color along the radial direction
was observed; the periphery changing to
white, the central part remaining pink (the
color of spinel phase), and the middle part
having a dark pink color. The enstatite phase
was preferentially observed in the middle part
in addition to the original spinel phase and the
amorphous phase in the peripheral white part.
Any appreciable change in the lattice constant
of the spinel phase was not detected even after
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TABLE I

EXPERIMENTAL RESULTS UNDER HIGH PRESSURE

Starting material T(°C) P(kb) t(hr) Water(wt %) Phase identified”
Mg,GeO, (Ol.) 600 20 5 10 Sp. (ao=8.241 A)
800 20 24 10 Sp.
1000 20 24 10 Sp. + En.
1100 20 24 10 Sp. + En.
1200 20 24 10 Sp. + En. + Am.
1300 20 24 10 Sp. + En. + Am.
Coo.,Mg, sGeO, (Ol.) 800 20 5 10 Sp. (a0 = 8.253 A)
1000 20 5 10 Sp. + En.
1200 20 5 10 Sp. + En. + Am.
Coo.sMg, ¢GeO, (Ol.) 800 20 5 10 SPp. (a0 = 8.261 A)
1200 20 24 10 Sp. + En. + Am.
1200 20 24 0 Sp.
Coy.sMg, sGeO, (OL.) 1200 20 24 10 Sp. + En. + Am.
C0,GeO, (Sp.) 800 20 5 10 Sp. (ao=8.318 A)
1200 20 24 10 Sp.
2 Ol.: olivine, Sp: spinel, En.: enstatite, Am.: amorphous.
starting the decomposition. From these References

results, we propose the following decompo-
sition reaction for Mg,GeQ, spinel,

Mg,GeO, (Sp.) + H,O — MgGeO; (En.)
+ Mg(OH), (Am.).

This decomposition reaction probably occurs
due to the high basicity of the Mg?* ion. For
the spinel solid solutions, it seems likely that
the Mg?* ions are preferentially extracted
from the spinel structure by water and the Co-
containing enstatite phase is formed.

The present results agree with those by
Ringwood and Seabrook (/0) which show the
stability of MgGeQ; (En.) and Co,GeO, (Sp.)
under high pressure.
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