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Subsolidus phase relations of ternary oxide systems containing divalent Fe, Mg, or Ni, trivalent Al,
Cr, or Fe, and tetravalent Ti are characterized by solid solutions at metal/oxygen ratios 3/4, 2/3, and
3/5. At low temperatures only compounds with cubic or hexagonal close-packed oxygen and uniform
oxygen coordination remain stable in the-crystal structures NaCl, spinel, ilmenite-a-ALO;, TiO,. The
pseudobrookite phases FeTi,O;, MgTi,0;, AL, TiO;, Fe,TiO;, the V,0; structure phase Cr,TiO;s, and
the Andersson phases Cr,Ti,_,0,,_, (n = 4,6,7,8,9) decompose. Additional phases with close-packed
oxygen as predicted by a simple structure model for metal/oxygen ratios 7/12, 5/6, and 11/12 do not
form but presumably are important for nonstoichiometric solid solutions. Most differences between
systems containing transition metals and the MgO-Al,0,-TiO, system can be attributed to crystal field

effects.

1. Introduction

Ternary oxide systems MeO-M,0,-TiO,
with divalent Me = Fe or Mg, trivalent M =
Al or Cr, and tetravalent Ti have been
investigated to study petrogenesis of the
opaque phases in lunar rocks (/-3). Basalts
from Mare Serenitatis and Mare Tranquilli-
tatis contain up to 14 wt% TiO, with the
bulk concentrated in ilmenite (Fe, Mg)TiO,
(with some Al,O, and Cr,0O, in solid solu-
tion), spinel (Fe, Mg), TiO,—(Fe, Mg)(Al,
Cr),O,ss, and the new mineral armalcolite
(Fe, M@)Ti,O;.

From a crystallographic point of view the
ternary systems MeO-M,0,-TiO, can be
considered to be a good example for discus-
sion of the distribution of di-, tri-, and
tetravalent metal atoms at tetrahedral or
octahedral interstices of close-packed oxy-
gen layers. The octahedral ionic radii () of
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the metal atoms—including also Ni#* and
Fe?* in this investigation—increase in the
series AR+ (0.530) < Ti*t (0.605) < Cr3t
(0.615) < Fe3* (0.645) < Niz*+ (0.700) <
Mg?* (0.720) < Fe?* (0.770 A) and are close
to the lower limit for octahedral coordina-
tion (0.58 A). Tetrahedral coordination fre-
quently occurs for AR+, Mg**, Fe?*, and
Fe?*. Niz* and Cr®* prefer octahedral coor-
dination due to strong crystal field stabiliza-
tion energy, which is 0.84 Aoct compared to
0.13 Aoct for Ti3* and Fe?* or 0 for Fe3*
(and Mg?+, AlI3*) for high spin state, and the
relation Atet = 4/9 Aoct between tetrahe-
dral and octahedral crystal field splitting
(5, 6). The influence of crystat field stabili-
zation energy and of size effects on thermo-
dynamic properties can be studied by com-
parison of phase relations within different
ternary systems MeO-M,0,-TiO,. The
possible crystal structures for Me, M, or Ti
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atoms at tetrahedral or octahedral inter-
stices are derived from a structure model.

I1. Structure Model

The structure model of this investigation
is based on the assumption that structures
with cubic or hexagonal close-packed oxy-
gen layers (ccp or hcp) are preferred by
ternary oxides with small metal atoms,
which can be placed at tetrahedral or octa-
hedral interstices. For hcp and ccp the most
economical use is made of space and the
highest symmetry can be achieved (7). Any
other sequence of layers will have a lower
symmetry. A model considering the coordi-
nation polyhedra of interstitial sites around
the oxygen atoms of ccp and hep (Fig. 1)
and Pauling’s electrovalence rule can be
applied to derive theoretical structures, as
was performed for ternary oxide systems
containing Li* (8). The positions of tetrahe-
dral and octahedral interstices near the
oxygen atoms are indicated by letters a-h
and numbers 1-6, respectively. They can
be occupied by di-, tri-, and tetravalent
metal atoms, if the following rules are re-
garded:

(1) For the overall composition, the sum
of the metal atom charges must equal the
sum of the oxygen atom charges because of
the electroneutrality of the compound.

Fi1G. 1. Interstitial sites nearby an oxygen atom of
ccp or hep for tetrahedral (letters) or octahedral (num-
bers) coordinated metal atoms and some symmetry
elements at the oxygen atom.

(2) Pauling’s electrovalence rule requires
a compensation of the metal atom charges
in the neighborhood of each oxygen atom.
The metal atoms with the charge z and
the coordination number n contribute the
electrovalence z/n to the oxygen atom.
The sum of the electrovalencies should
equal the formal charge 2 of oxygen.

2 z/n =2 (£}).

This rule can also be interpreted as that the
smallest building blocks of the structure
have as far as possible a composition identi-
cal with the overall composition of the
compound (8, 9). A deviation of 4 is within
the limit of this rule. For arrangements of
metal atoms with a positive deviation, the
electroneutrality rule requires another kind
of oxygen surrounding with the same nega-
tive deviation. In this investigation, values
with deviations from Pauling’s rule are con-
sidered only if both oxygen atoms have the
same number of metal atoms at octahedral
and tetrahedral interstices.

(3) In an undistorted hcp packing with an
0-0 distance of 2.9 A, neighboring tetrahe-
dral sites (d—e, b—f, c—-g) are 1.18A apart.
Octahedral and tetrahedral sites 1-a, 2-c,
etc., in hcp or cep are at 1.78 A. These sites
will not be occupied simultaneously by
atoms with ionic radii of ~0.6 A, in the
latter case, especially not by more highly
charged metal atoms, because of Coulomb
repulsion at short distance. The tetrahedral
positions a and h can both be occupied only
if all octahedral positions are vacant, be-
cause of the same distance restrictions ap-
plied to oxygen atoms of neighboring
layers.

All structural arrangements obtained by
this structure model are listed in Table 1.
The site symmetries (if higher than 1) are
derived for single oxygen atoms and com-
pared with the known structures. They are
decreased, if the coordination polyhedra
are distorted or if the polyhedra of neigh-
boring oxygen atoms exhibit different ori-
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TABLE 1

SITE SYMMETRY OF OXYGEN (OR OTHER ANIONS) AT OCCUPATIONS OF DIFFERENT NEIGHBORING
TETRAHEDRAL AND OCTAHEDRAL SITES?

Site

symmetry ccp hep

m3m (1-6; MgO)

A3m (a,e,f,g; ZnS)

6m?2 (1-6; y-CNb,/L3'; (NiAs)), a,h)

Im (a,h; (OCu,))

im (1,2,3; CdCl,; (Co,(OH);C); (Cu,(OH),Cl), (1,2,3; Cdl,; {-CNb,); (h,1,2,3; (Al,BeO,)),
(h,1,2,3; MgAl,O,; GeNi,0,), (b,c,d; (8- (e.f.g), (e.f,g,h), (a,e.f.g; ZnO)
Ag,Hgl,); (8-Cu,Hgl))), (a,b,c,d)

4/mmm (1,3,4,5)

4mm (1-95), (a,b,c,f; OPb)

mm2(1) (1,2,5; anatase), (a,f,6), (a.f; Hgl,; (a-ZnCl,)) (2,3,5,6)

mm2(2) (1,2,3,6), (a,d,4,5) (a,d,f,h; SPt) (a,d; (SiS,))

m(1) (a,4,5), (a,b,c,6), (a,b,c), (a,d,h), (a,b,c,h)

m(2) (a,d,4) (2-6; (Cr5S)), (1,2,3,4; (LiSbO;); (Cr,Sy)),

(g,1,2,3,4), (2,3,4; rutile; CaCl,; AIO(OH);
(a-Pb0,); (NiWO,); e-; ({-NFe,); ({-CNb,)),
(g,2,3,4;A1,Be0,), (g,1,2,3), (e,f,1,2,3),
(g,h,1,2,3), (£,2,3), (g,1,4), (h,2,3), (e.,f,2,3),
(g,h,2,3), (c,h,1,4), (c,h,1), (g,h,1), (e,f,1),
(e,f,h,1), (c,e,f,1), (e,f,8,1), (a,g; (B-ZnCl,)),
(e,f; B-ZnCl), (a,c), (e,f,h), (a,e.9), (c.e.f),
(a,c,h)

(1,2,4,6; a-Al,0,; LiSb0O,), (b.e,3,5), (b.e; (8-
ZnCl)) (a,b,e,h)

2 Indicated by letters a~h and numbers 1-6 (Fig. 1). Crystal structures are correlated to the configurations.
Their formulas are given in brackets, if the site symmetry of the anion is lowered. In PbO, PtS, Cu,0, Nb,C, and
Fe,N the metal atoms exhibit hcp or ccp. Two different twofold axes and mirror planes exist for mm2 and m
symmetry in ccp (Fig. 1). The site symmetry of O in rutile is increased to mm2 (7).

entations or different occupations with
metal atoms, which is indicated by
brackets. Crystal structures with con-
figurations of low symmetry are less fre-
quent probably because of some difficulty
for a three-dimensional arrangement of
the polyhedra. Table II shows the result-
ing composition of the oxides, if a certain
fraction of octahedral and tetrahedral
sites is occupied. Solid-solution phases
with equal metal/oxygen ratios are indi-
cated by numbers as shown in Fig. 2.
Certain compositions of the solid solu-
tions, where superstructures can be ex-
pected, are marked by letters in addition.
For most compositions different struc-

tures are possible (Table II). The arrange-
ments of metal atoms as obtained in the
present investigation are doubly under-
lined. They belong to the following crys-
tal structures: NaCl (phase 1),! spinel (2),
ilmenite-a-AlL,O, (3) and rutile (§). These
are crystal structures with zero or one
tetrahedral site besides the octahedral
sites occupied. For the composition
Me,TiO, (2a) tetravalent Ti at tetrahedral
sites is less favorable than divalent Me.
In Ni,GeO, tetravalent Ge occupies tetra-
hedral sites (/0). In some other systems

1 The phase numbers in the text are given by boid
type.
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TABLE II

OCCUPANCY OF TETRAHEDRAL AND OCTAHEDRAL
SITES OF THE POLYHEDRA OF FIG. 1°

Atoms at
tet. site

Number of octahedral sites occupied

MeMe — —_ 10a—
MeM —_ —_ 10¢ — — — —
MM —_
MeTi — 3ab — — — — _
MeMeMe — 1la,b — —_— — — —_
TiTi 5 — — — — — —_
MeMM 2d — — — — — —
MeMeTi 2a — _ — — — —

MeMeMeMe 1 — —_ — — —_ —

¢ The composition of the phases as indicated by numbers and letters is
shown in the phase diagram of Fig. 2. Configurations observed in phases
of the MeO-M,0,-TiO, systems are double underlined, those assumed
for nonstoichiometric solid solutions of those phases are dashed. Single-
underined values are known for other systems. Oxygen atoms with
different combinations of Me, M, and Ti atoms at tetrahedral sites can
occur at compositions 2e, 2, ¥, 3g, 9d, 10c, and 10d.

structures with metal atoms only at tetra-
hedral sites (single underlined) become
stable (I1, 12). A comparison of theoreti-
cal and observed structures in Table II
suggests that simultaneous occupations of
tetrahedral and octahedral sites are less
favorable in close-packed structures. One
reason for this might be the low symme-
try of most configurations.

Additional theoretical phases derived
by the structure model would have the
metal/oxygen ratio 7/12 (phase 9), 5/6
(phase 10) and 11/12 (phase 11). For
those compositions, arrangements of
metal atoms close to that of existing
phases are possible (dashed underlined).

Therefore, these configurations might
have some importance for the nonstoi-
chiometric solid solutions, which are up
to ~5 wt% at the higher temperatures
(1). The nonstoichiometric solid solutions
are not shown in the phase diagrams of
this investigation because of more com-
plexity and some difficulty in determina-
tion at the lower temperatures. A non-
stoichiometric solid solution versus the
composition (10a—c) occurs, if one addi-
tional octahedral site of phase (3a—e) (il-
menite-a-Al,O;) is occupied or if one oc-
tahedral site of phase (1) (NaCl structure)
is vacant. A limited solid solution of il-
menite-a-AlLO; (3a—e) toward phase
(11a,b) is obtained, if an additional tetra-
hedral site is occupied by Me. For the
inverse spinel with composition (2¢,d), a
nonstoichiometric solid solution toward

Ti02(5)

MeO T TSl MO0 MeMD, 1291 M0; (3e)

mol %

FIG. 2. Theoretical phase diagram MeO-M,0,;-TiO,
containing solid solutions of phases with close-packed
oxygen atoms at metal/oxygen ratios 1/1 (phase 1),
3/4 (phase 2), 2/3 (phase 3), 1/2 (phase 5), 7/12 (phase
9), 5/6 (phase 10), and 11/12 (phase 11). Superstruc-
tures can be expected at the composition Me,TiO,
(2a), Me;M,Ti,0,, (2b), Me M,TiO,; (2c), MeM,0,
(2d), Me, M, Ti;O., (2e), Me,M,TiO; (2f), MeTiO, (3a),
Me M, Tiz0,, (3b), MeM,TiO, (3c), MeM,TiO,, (3d),
M;0; (3e), MeMcTi;0,, (3f), Me, M, Ti;0,, (3g),
MeTi,O; (4a), Me;M;Ti;0, (4b), MeM.Ti,0,, (4c),
MeMTi;0,, (4d), M,TiO, (4e), Me,TisO,, (92),
MeM,Ti,0,, 9b), M, Ti;0,, (%¢), Me;M,Ti0,, (9d),
Me,TiO; (10a), Me,M,TiO,, (10b), Me;M,0; (10c),
Me M, Ti,0,, (10d), Me,, TiO,, (11a), Me,M,0,, (11b).
Solid solutions of the high-temperatures phases (4),
(6), (7), and (8) are shown by dashed lines.
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M,Ti;O0,, (9¢) can be considered, if one
octahedral position nearby some oxygen
atoms is not occupied.

Ordered compounds with different co-
ordination numbers of the oxygen atoms
were reported for M,Ti, ,0,,_,, n = 3-9
and 15-~36 with the more covalent triva-
lent transition metals M = Cr, Fe, and Ti
(13-16) and are also known, e.g., for the
less ionic sulfides Cr;Sg;, Fe;Sg, CrgS,,
and In,S,; (7, 12). The oxygen or sulfur
atoms of those compounds exhibit a low
site symmetry. The oxides of the present
investigation with mixed oxygen coordi-
nation decompose at low temperatures as
is described in Section IV. A separation
into two phases with uniform oxygen co-
ordination in each phase seems to be
more favorable for stable low-temperature
phases with strong Coulomb interactions.

HI. Phases with hcp or ccp Structures

Phase (2) is reported to be a normal
spinel Me[M,]0O, with Me = Mg or Fe at
tetrahedral and M = Al or Cr at octahedral
interstices (10). NiAlL,O, is a 75% inverse
spinel and (Fe, Mg),TiO, a 100% inverse
spinel according to the formula Ni,,Al,
[Niy,Al;;4 10, and (Fe, Mg) [(Fe, Mg)Ti]O,
with 25 or 50% of divalent Me at tetrahedral
sites. The inverse spinel character of
NiAlL O, and also of Fe, O, and NiFe,O, can
be explained by the higher crystal field
stabilization energy for Ni?* or Fe?* at
octahedral sites (5, 6, 10). NiCr,O, is a
normal spinel with a tetragonal distorted
hausmannite structure (10). Ni2* at tetrahe-
dral sites gains crystal field energy by the
tetragonal Jahn-Teller distortion. The (Fe,
Mg), TiO, spinels exhibit a higher Coulomb
energy if tetravalent Ti occupies octahedral
interstices (7). At very low temperatures
the Ti and Fe (or Mg) atoms should order at
the octahedral interstices or the inverse
spinels become unstable because of the

remaining entropy. For the same reason
only compositions given in Fig. 2 for the
solid-solution series can stay stable in or-
dered low-temperature phases. The change
of ordering in spinels can be without phase
transition or first or second order (I7).
The change normal-statistical-inverse or
normal-inverse in the solid solutions
MeM,0,-Me, TiO, can be first order or
without phase transition. An ordering with
two different atoms at tetrahedral sites,
such as Me and Ti in a theoretical structure
of a spinel with the composition (2e) or (2f),
could be accomplished by a first- or a
second-order phase transition. Most of the
other phase transitions can only be first
order (/7) but probably occur only at very
low temperatures. The ordering of Fe?* and
Fe®*, e.g., at the octahedral interstices of
the inverse spinel Fe,0, = Fe’*
[Fe2+Fe3*]0, with a reduction of site
symmetry of oxygen to m, was observed
below 120 K (/7). In this investigation no
phase transition could be detected. In some
systems, however, this would have been
scarcely detectable by X-rays, because of
the small difference in scattering power for
neighboring elements (Mg, Al) or (Ti, Cr,
Fe, Ni1).

In Cr,0,-NiTiO, solid solution a phase
transition between the structure of Cr,O,
(space group R3c) and NiTiO; (R3) (1])
should occur with a reduction of site sym-
metry of oxygen atoms from 2 to 1, when
the four metal atoms near each oxygen
atom become ordered with a successive
replacement of Cr by Ni and Ti at the
compositions (3b—-d). This measurement
was not possible by X rays because of the
similarity in scattering power of Ni, Cr, and
Ti.

IV. Phases Not Described by the Structure
Model

Some phases of MeO-M,0,-TiO, sys-
tems with mixed oxygen coordination or
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with strong deviations from hcp or ccp are
shown in Fig. 2 by dashed lines. At the
metal/oxygen ratio 3/5 phase (4) with
pseudobrookite or V,0, structure is
formed, both of which can be related to
ilmenite-a-Al,O, and rutile structures
(11, 16). In the pseudobrookite structure
TiOg octahedra are linked to «[TiO;] chains
and M atoms of M,TiO; or Me and the
second Ti atom of MeTi, O, are at approxi-
mately tetrahedral coordination with two
additional oxygen atoms of a greater dis-
tance. Their coordination can change from
tetrahedral to octahedral by variation of xyz
parameters. Pauling’s rule would be vio-
lated for undistorted octahedra with three
or four nearest metal atoms of the O atoms.
The V;0, structure is built up of VOq
octahedra which are mutually joined by
sharing corners, edges, and faces. Some
oxygen atoms of distorted hcp have three
nearest metal atom neighbors similar to
rutile; others exhibit four neighbors as in
ilmenite structure. The phases with high Cr
content prefer the V,0; structure because
of the high octahedral crystal field stabiliza-
tion of Cr3+. The phases decompose at low
temperatures: Fe,TiO, below 585°C (I8),
ALTiO, below 1286°C, Cr,TiO; below
1660°C (19), pure FeTi,O; below 1140°C
(18), MgTi, 0, below 620°C (20), or 720°C
as obtained by a hydrothermal run at 2.7 kb
argon pressure in this investigation. At high
pressure the phases of pseudobrookite
structure type decompose at higher temper-
atures because of the larger volume com-
pared to decomposition products with hcp
or ccp structures as was shown, e.g., by the
decomposition of MgTi, O; to MgTiO; and
TiO, (20).

Phases (6), (7), and (8) are Andersson
phases of the series Cr, Ti,_,0,,, withn =
4-9, which are closely related to rutile or a-
PbO, structure (at n = 4) with crystallo-
graphic shear planes, where octahedra are
linked by faces as in a-AlL,O; (I3, I4).
Three oxygen atoms of one formula unit

exhibit the coordination number 4; the
other, that of three nearest metal atoms.
There are alternating layers of different
composition or to some extent also a disor-
dered sequence of layers in nonstoichiome-
tric solid solutions (79) between TiO, and
the nonexisting Cr,Ti;O,, (9¢). A Cr,Ti;O,,
would contain equal numbers of oxygen
atoms with one Cr and two Ti or three Cr
and one Ti atoms as nearest neighbors.
These phases become unstable at low tem-
peratures, which, however, is difficult to
achieve because of kinetic problems. The
following decomposition temperatures
were obtained in this investigation by use of
a small amount of a potassium-tetraborate-
10 wt% PbO flux: Cr,Ti, O, (phase E or 7)
(~1205°C), Cr,Ti,0,; (1420°C), Cr,Ti;O,5
(1340°C), Cr,TizO,5; (phase 8) (~1280°C),
Cr,Ti; 0, (phase 6) (~1250°C). At higher
temperatures with that flux the phases
stayed unchanged. The decomposition tem-
peratures of Cr,Ti,O;, and Cr,Ti;0,; are in
good agreement with former results without
flux (19). Similar phases are reported for
systems with trivalent Fe at temperatures
above 1450°C and are probably stabilized
by divalent Fe at lower temperatures
(14, 15).

In the oxide systems of this investigation
only compounds with close-packed oxygen
layers and uniform coordination of the oxy-
gen atoms remain at low temperatures.
Their structures can be described by the
structure model of Section II.

V. Relations between Structural and
Thermodynamic Properties

The relations between structural and
thermodynamic properties could be dis-
cussed, if phase diagrams at very low tem-
peratures were obtained. At low tempera-
tures the metal atoms become ordered at
the interstitial sites and the solid solutions
are restricted to the compositions of those
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ordered compounds. The configurations of
the metal atoms at the interstices are
mainly determined by Coulomb interac-
tions. In this investigation, equilibrium of
prereacted oxide mixtures could be ob-
tained only at temperatures above about
900-1300°C, depending on composition,
and also in a few runs at lower tempera-
tures by use of a flux or in hydrothermal
reactions. Because of the kinetic problems
at low temperatures the phase relations
were studied over a larger temperature
range to obtain some idea of how the sys-
tem develops at decreasing temperatures.
For each system two typical isothermal
sections are shown in Fig. 3 and phase
relations are discussed in detail in the next
section. For FeO-containing systems,
phase relations were also studied at differ-
ent oxygen partial pressures: in contact
with metallic iron, at reducing conditions of
H,/CO, gas mixtures in different ratios,
and in air. The isobaric 1000 and 1300°C
sections (Fig. 4) were derived from these
experiments and from literature data for
FeO,-TiO, and FeO,-AlL O, systems
(21, 22). At higher oxygen partial pressures
divalent Fe is oxidized to the trivalent
state. At strongly reducing conditions,
some Ti®* can occur, especially in ferro-

pseudobrookite phase FeTi,O;-Ti;0;,,
and ilmenite phase FeTiO,-Ti,0,
(20, 23).

The change of phase relations and in
particular of conjugation lines between co-
existing phases with decreasing tempera-
tures or at different oxygen partial pres-
sures (in FeO-containing systems) can give
some indication of the stability of a com-
pound. The variation of conjugation lines
between coexisting phases A and B at high
temperatures to A and C at low tempera-
tures can be explained by increasing ther-
modynamic stability of phase C compared
to phase B at low temperatures. B and C
can be phases with different structures or
only different compositions of a solid solu-

tion. A variation of the conjugation lines to
a certain composition of a solid solution can
mean that this particular composition be-
comes ordered and thereby more stable
than the disordered solid solution. The lat-
tice constants change discontinuously at a
miscibility gap and quite often exhibit a

Ti0gis)

20517 "0 11} n A0y

Sl
01 12 0y 0 1}

Fe0tn [t} €209 ko0l @ Cra0y3)

Top18

21 (Xl o) [

Tyt

Fic. 3. Isothermal sections of MeO-M,0,-TiO,
systems at two different temperatures. The phases are
given by numbers as shown in Fig. 2 (compositions in
wt%).
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no205H 707181

1000%C

FiG. 4. Phase relations of FeO,-ALO;-TiO, sys-
tem in wt% for different oxygen partial pressures p(O;)
at 1300 and 1000°C, respectively: (a) in contact with
Fe; (b) —log p(0,) = 8.5 and ~14.0, respectively; (c)
2.5 and ~6.0; (d) 0.7 for both temperatures.

deviation from Vegard’s rule, if an interme-
diate composition becomes ordered.

VI. Phase Relations in MeO-M,0,-TiO,
Systems

MgO-Al,0,-TiO, (MAT) System

The MAT system contains phases (1-5).
The spinel (phase 2) forms a solid solution
with a miscibility gap at 63 mole% MgAL O,
below ~1370°C (1). The lattice constants
decrease nearly linearly from Mg, TiO, to
MgAl, O, with a small negative deviation at
60—100 mole% MgALO, (I). The pseudo-

brookite solid solution (phase 4) is com-
plete above ~1286°C. There are two misci-
bility gaps at ~50 and 100 mole% Al,TiO;.
At 1170°C, some solid solution with about
65 mole% Al TiO; is still stable but has
decomposed at 1100°C. The larger lattice
constants of the orthorhombic unit cell de-
crease linearly from MgTi,O; to ALTiO;;
the smallest one exhibits a small negative
deviation from Vegard’s rule. At 1400°C,
MgTiO; and Al,O, (phases 3 and 3') form
very limited solid solutions, which do not
coexist. At decreasing temperature the
three phase triangles (2, 3, 4) and (2, 3, 4)
turn in a counterclockwise direction. The
stability of spinel (2) increases with respect
to the normal spinel MgAl,O,, whereas the
stability of the pseudobrookite phase (4)
decreases with increasing Al, TiO; content.
At 1000°C, TiO, is in equilibrium with a
spinel of high MgAl,O, content.

FeO (Fe,0,)-Al,0,-TiO, (FAT) System

In the FAT system, the influence of
Al, O, on the phase relations of the known
system FeO-Fe,0,-TiO, (21) was studied.
In the FeO-Fe,0,-TiO, system, the phases
Fe,TiO,, FeTiO,;, and FeTi, O, with diva-
lent iron form complete solid solutions with
the phases Fe,O,, Fe,0,, and Fe,TiO;,
respectively, containing trivalent iron
(phases 2, 3, and 4 of Fig. 2). The Fe?*/Fe3*
content of the solid solutions is mainly
determined by TiO, content, if the nonstoi-
chiometric solid solutions are neglected,
and can be projected at the FeO-TiO, join
of the pseudoternary isothermal sections
FeO,-Al,0,-TiO, of Fig. 4. The TiO, con-
tent of pseudobrookite phase (4) decreases
from 69.0 wt% in FeTi,O; to 33.4 wt% in
Fe, TiO,, for FeTiO,—Fe,0; solid solution
(phase 3) from 52.7 wt% in FeTiO; to 0% in
Fe,O,, and for spinel (phase 2) from 35.7
wt% in Fe,TiO, to 0% in Fe;O,. At
strongly reducing conditions (b), single
phases were obtained at 68 wt% TiO,
(phase 4), 50 wt% TiO, (3), and 18 wt% (2).
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Therefore, most of the iron of phases (3)
and (4) is in a divalent state. At condition
(a) (in contact with metallic iron), also,
most iron in spinel (2) is reduced to the
divalent state, but phases (3) and (4) al-
ready have a higher TiO, content as calcu-
lated for divalent iron because of some
Ti,Os and Ti,O, with trivalent Ti in solid
solution (23). At reducing conditions

stronger than that of the present investiga-
tinn Ti O = Ti O . T, can farm a com-

Livil 113\15 - le\.l3 A4 INSg WwleRi AVRILL G WAl
plete solid solution with FeTi,O; above
~1350°C (24). At higher TiO, content An-
dersson phases Ti, 05,1 Ti, 0,

(n—2Ti0,, n = 4-8 with ~1 at% Fe?**

« v Ahtniand
were obtained at 1200°C (25, 26).

Fe,TiO, and FeAl,O, form a solid solu-
tion (phase 2) with a miscibility gap be-
tween ~40 and 70 mole% FeAl,O, at the
eutectic temperature of ~1350°C (7). The
lattice constants show a small m,gahve de-
viation from Vegard’s rule (/). The pseudo-
brookite solid solution FeTi,O;—ALTiO;
has a miscibility gap at ~60 mole% below
~1340°C. A solid solution with about 80
moie% Al TiO; remains siable ai 1210°C,
but has decomposed at 1180°C to the phase
assemblage (3', 4, 5). At an increase of Fe?*
content, the solid solution becomes com-
plete at 1300°C. An increase of stability
with Fe3+ content is aiso indicated for the
1000°C isothermal sections by the increased
AL TiO; content in solid solution and can be
explained by the higher stability of Fe, TiO,
compared to that of FeTi,O;. The smaller
orthorhombic lattice constants of Fe,TiO;

and FeTi,O; decrease nearly linearly to
Al TiO.. The largest constant exhibits a

ALTIO,. The largest constant exhibits
positive deviation from Vegard’s rule in
both solid solutions. FeTiO; and Al,O,
form a very limited solid solution. It in-
creases with increasing Fe,O; content. The

phases (3) and (3') coexist at all reducing

conditions at 1000°C and at the conditions
(c) and (d) at 1300°C. The AL TiO; content
of phase (4) coexisting with (3) and (3')
decreases with Fe?* content.

FQTIIAL ~1
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For high Fe?* content, phase (4) is de-
composed at 1000°C and (3) and (3') reach
equilibrium with TiO, (5). At 1300°C (dia-
gram (a)), the phase assembiages (2, 4) and
(2', 4) instead of (3, 3') are preferred. The
three phase triangles (2, 3, 4) and (2', 3', 4)
change slightly at decreasing temperatures,
as in the MAT system, and disappear as the
pseudobrookite phase (4) becomes unsta-
ble. Then they are replaced by the three-
nhage triangles (2. 2 1\ and (2’ 3, 3’)7 as

eSS WIRURISS &5 QL =

shown in the 1000°C 1sothermal section {a).

2 7 N o3
NiO-Al,0,~TiO, (NAT) System

M
NiAlL O, (phase 2) has only a very limited

aenluitian with tha 11 ahla Ni Ti()

alid
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The pseudobrookite phase (4) exhibits
three miscibility gaps. Some solid solution
with ~25 mole% Al, TiO, remains at 1300°C
and has decomposed at 1250°C. The solid
solution at about 85 mole% Al TiO; decom-
poses about 50°C lower than pure AL TiO;.
NiTiO, (3) forms a very limited solid solu-
tion with AL O, (3').

The spinel (phase 2) forms a complete
solid solution even at 1000°C. The lattice
parameters exhibit a small negative devia-
tion from Vegard’s rule. As in the MAT
system, TiO, (5) and MgCr, O, (2) coexist at
1000°C instead of MgTiO, (3) and Cr,O;
The

SViaviv.e sl

(‘l \ which are nnlv elu:vhﬂv soluble

three-phase trlangle @, 3 4) changes as in
the MAT system. At 1300°C MgTi,O,-
Cr, TiOs (4) has two miscibility gaps with a
remaining phase (4') of V,0; structure type

ot alaat TR
at about 78 mole% Ci‘leOs Also, the An-

dersson phases Cr,Ti;0;,; (6) and Cr,Ti,O,
(7) are stabilized to lower temperatures by
some solid solutions with unstable
MeTigo17 and MeTi307 (Me = Mg, Fe, Ni).
Phase (6) c,uanges to the mgu-;emperauire
modification (1/9) at increased Mg content
(or Ni, Fe content in NCT and FCT sys-
tems). These phase transitions are not
shown in Fig. 3. At 1400°C, phases (4) and
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(7) are more extended and coexist; at
1500°C, also, phase (4') coexists with (4).

FeO—-Cr,05-TiO, (FCT) System

The isothermal sections of the FCT sys-
tem as shown in Fig. 3 are derived for
strongly reducing conditions, where most
Fe is in the divalent and most Ti in the
tetravalent state. The FCT system behaves
similarly to the FAT system at low Cr, O,
content and similarly to the MCT system at
high Cr, O, content. Spinel (phase 2) forms
a complete solid solution. The solid solu-
tions of FeTiO; (3)-Cr,O; (3') and of
FeTi, O, (4) toward Cr,TiO; are very lim-
ited at 1300°C. With decreasing tempera-
tures the spinel composition of (2, 3, 4)
phase assemblage changes to higher
FeCr,O, content. At 1100°C, TiO, (5)
coexists with a spinel (2) of high FeCr,O,
content. A solid solution of Ti;O; with
trivalent Ti stabilizes phase (4) to lower
temperatures and decreases the tempera-
ture for the appearance of the phase assem-
blage (2, 3, 5) to 1038°C (27).

NiO-Cr,0,-TiO, (NCT) System

In the NCT system NiTiO; and Cr, O,
form a complete solid solution (phase 3),
and NiCr,O, (2) forms a limited solid solu-
tion with unstable Ni, TiO,. Hydrothermal
runs suggest that phase (3) exhibits a misci-
bility gap below ~1000°C. At 1300°C, a
phase (4) of V,0; structure type occurs at
about 57 mole% Cr,TiO; and the Anders-
son phases (6 and 7) show some solid
solutions which are more extended than
those in the MCT system. Phase (4) decom-
poses below ~1120°C.

VII. Comparison of Phase Relations

The phase diagrams MeO-M,0,-TiO,
can be characterized by the extent of solid
solutions of phase (2, spinel), (3, ilmenite-
a-Al,0;), and (4, pseudobrookite or V,0;

structure). The miscibility gap of Al Os-
containing spinels (2) are approximately
symmetric (/) as for regular disordered
solid solutions with a slight shift to the
more stable Al spinels. Cr,O;-containing
spinels exhibit miscibility gaps at tempera-
tures far below 1000°C as can be estimated
from the system MeAl,0,-MeCr,O,-
Me,TiO, (Me = Fe, Mg) (I). The strong
temperature-dependent variation of the
conjugation lines of phases coexisting with
(2) suggest that there are no ordered phases
with increased stability at intermediate
compositions. At the lower temperatures,
the conjugation lines approach composition
(2d), which is the most stable spinel in
those systems.

Extended solid solutions of phase (3) can
be obtained in FeO-Fe,0,-TiO, (FFT) (21)
and NCT systems and dissolve seemingly
regularly below ~1000°C. In the NCT sys-
tem, the three-phase triangles of coexisting
phases do not approach one particular com-
position, as would have been expected, if
this becomes ordered and thereby more
stable. At 1000-~1500°C, the system MgO-
Fe,0,-TiO, (MFT) (28) exhibits also some
extended solid solution of phase (3) with a
miscibility gap of coexisting phases (2, 4)
similar to that in the MAT system at 1400°C
(Fig. 3).

Phase (4) exhibits two miscibility gaps
with the solid solution of 75 + 10 mole%
M, TiO; in MeTi,O; (4d) extending to lower
temperatures. In the NAT system also the
solid solution at the approximate composi-
tion (4b) extends to lower temperatures.
This suggests that M,TiO; with pseudo-
brookite or V,0; structure has slightly in-
creased stability, if one Me atom (in the
NAT system also three Me atoms) is within
the tetramolecular unit cells.

Some major differences in phase relation
can be explained qualitatively by crystal
field effects. This can be demonstrated by
the different solid-state reactions of transi-
tion and non-transition metals in phases (2,
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spinel) and (4, pseudobrookite) (Table III).
In phases (2) and (4), only the parts of the
metal atoms enclosed in square brackets
are at octahedral interstices. Crystal field
stabilization energy A H s with the approx-
imate values Hyg, = 4, Hyy = 22, and H,, =
42 kcal/mole (5, 6) can be gained in solid-
state reactions, if the numbers of Me = Fe,
Nior M = Cr atoms at octahedral sites are
increased. These reactions can be a struc-
tural change of a single phase (reactions a,
¢, and g), a decomposition of a phase
(reactions b, d-f, h-k, and q), or a composi-
tional change of coexisting phases (reaction
1-p). The different spinel solid solutions of
two inverse spinels Me[MeTilO,-M[Me-
MO, or of inverse and normal spinel
Me[MeTi]O4—Me[M,]0, are both consid-
ered for reactions h-0. Phrase (¢) with V,0,
structure is important for reactions (g) and
(q) at very high temperatures. Only reac-
tions strongly dependent on temperature
are considered for crystal field effects. At
decreasing temperatures the entropy be-
comes less important and the reactions are
mainly governed by the reaction enthalpy.
In that case the crystal field stabilization
energy AH g can influence a reaction, if it
is large compared with other contributions
to the reaction enthalpy such as different
Coulomb interactions and different polar-
ization energies. In some cases, as indi-
cated by brackets, the crystal field is not
strong enough to overrule other factors.
The normal spinel MgAlLO,, e.g., obvi-
ously is stabilized by a larger enthalpy
value, so that the small H, does not change
the spinel character and the stronger Hy;
cannot reach a complete inversion. Aiso,
reaction (n) with AH s = 0 gives some
indication for other factors influencing
solid-state reactions in those systems. The
reaction of coexisting phases is more
shifted to the right side for Cr,O, than
Al,Oy-containing systems. In Al O,-con-
taining systems the end members of phases
(2) and (3) are more stabilized with respect

to intermediate compositions, which can
also be concluded from the reduced solid
solutions.

In reaction (a), the stable normal spinel
MgAl, O, changes to the inverse spinel, if
AH .z = —H,, + H,, < 0 (with the excep-
tion of FeAlL,O,). The decomposition reac-
tion (b) seems to be less favorable than the
structural change. Spinels (2a) are less sta-
ble and prefer decomposition by reaction
(d) for Ni,TiO, and probably also for
Fe,TiO, at temperatures lower than that of
the present investigation. Pseudobrookite
{4) can decompose to the phase assemblage
(3, 5) in reactions (e) and (f) for the end
members (4a, 4e) or to (2, 5) at the interme-
diate composition (4¢) in reactions (h) and
(i). The transition metal compounds with
Me = Fe, Ni and M = Cr are less stable
than the compounds MgTi,O;, ALTiO;,
and Fe,TiO; and their solid solutions. In
Cr,0;-containing systems, the formation
(g) of a phase (4) of V,;0; structure type
instead of decomposition (f) is preferred at
high temperatures. The Andersson phases
Cr,Ti,_;0,,_, can be obtained similarly to
(f) and (g) by addition of (»—3) moles TiO,.

Reactions (h-k) and (q) are different re-
actions along the line 5-4c-3c-2d (Fig. 2).
In the MAT system, the phase assemblage
(2d, 4c) is preferred at high temperatures
and (2d, 5) at lower temperatures, where
phase (4) becomes unstable. In the FAT
and NCT systems, and probably at very
low temperatures also in the FCT system,
the solid solution (3¢) or the coexisting
phases (3a, 3e) are stabilized by the crystal
field effects of reaction (j). The change of
coexisting phases from (2, 4) to (3, 3') is
very sensitive and could also be accom-
plished by an increased Fe3* content in the
FAT system at 1300°C (Fig. 4). At very high
temperatures, pseudobrookite (4c) can
transform to a phase of V,0; structure type
or it can react with TiO, to the quarternary
Andersson phases (6), (7), and (8), e.g.
(reaction (q)). Quarternary phases if com-
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pared to the ternary phases are stabilized
by Hy, or Hy, in addition. Therefore, the
solid solutions of (6) and (7) are more
extended, particularly in the NCT sys-
tem, and the quarternary phases, includ-
ing that of the FAT system (15), extended to
lower temperatures before decomposition.

In the MAT system with coexisting
spinel (2) and pseudobrookite (4) the com-
position of spinel, e.g., in the three-phase
triangles (2, 3, 4) and (2, 3', 4) changes to
higher M content, the pseudobrookite com-
position to lower M content at decreasing
temperatures (reactions (1), (m)). This can
be related to the reverse stabilities of
phases (2) and (4). The stability of phase (2)
increases with M content. It decreases in
phase (4), if M = Al or Cr. Crystal field
effects of M = Cr should increase and Me =
Fe in the FAT system decrease the reac-
tion.

Similarly, reactions (n), (o), and (p) be-
tween coexisting phases (2, 3) or (3, 4) are
stabilized at the left side by the counter
clockwise change of conjugation lines at
decreasing temperatures. Reaction (p) is
shifted to the right side by H,,, in the FAT
and NAT and probably also in the FFT and
NFT systems.

Three types of low-temperature phase
diagrams can be predicted from crystal field
effects, if they are the main contribution
influencing different systems and for the
case of no ordered quarternary compounds
(Fig. 5). Phase diagrams of this investiga-
tion at the lower temperatures are already
close to the predicted phase diagrams for
the MAT, MCT, FAT, NAT, and NCT
systems. The 1100°C isothermal section of
the FCT system looks similar to the NAT
system, but could change, if AHcps = —4
kcal/mole can shift reaction (j) to the right
side. The low-temperature phase relation of
Fe, O,-containing systems MFT, FFT, and
NFT are more difficult to investigate by
experiment because of the stability of
Fe,TiO,. They are, however, of great im-
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Ti0a(5)

10,5} T0uls)

Me0 11 (27 M0a3)

MAT, MCT, MFT 2

Me 011} 2 M>03 (31

FFT? NAT NFT?

Me Q1) 2 My04(31

FAT FCT?,NCT

FiG. 5. Low-temperature phase diagrams for the
case of no ordered quarternary compounds and for
crystal field effects as the main contribution to phase
relations different from that of the MAT system.

portance for discussion of geochemical re-
actions, which occurred at low tempera-
tures and long duration times, some also at
hydrothermal conditions.
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