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Selected mixtures in 69 binary systems involving Al,O3, Ga,03, Cry03, Fe, 03, Sc, 05, InyOs,
Y,0;, and the rare earth oxides were studied by X-ray diffraction techniques after heat
treatment at various temperatures. A plot of the radii of the A*? cations versus the radii
of B*3 cations shows the regions of stability for the different structure types found forthe
double oxides of the trivalent cations. The following structure types were encountered:
A, B, and C-type rare earth oxide; corundum, beta gallia; kappa alumina; garnet; perovskite;
and several types which could not be definitely related to known structures. The majority
of A®B*30; compounds have the perovskite structure. Several phases, including
(1-2) Fe,03-xALO; o, and (1-z) Fe,053-2Ga,0; 4, appear to have structures similar to kappa

alumina. Solid solution definitely occurs in many of the garnet type compounds which
contain gallia. Based on the data collected in this survey, the subsolidus phase equilibria
relationships of 79 binary systems were drawn.

1. Introduction

In the field of phase equilibria research it is often
beneficial to first survey a series of related systems
before ~ommencing on a detailed analysis of specific
systems. A survey was recently conducted by the
authors [1]! on the various solid state reactions that
occur in mixtures of the trivalent rare earth oxides.
It was found in the work that ionic size was the
primary controlling factor in determining the various
subsolidus phase relationships. This study has since
been extended to include the oxides of the smaller
trivalent cations, In™3 Se™, Fe™ Crt Ga™® and

- Al*®. These cations, together with the lanthanide

series comprise almost the entire group of ions which
are commonly trivalent.

To date, only a limited number of binary oxide
systems involving only trivalent cations have been
completely studied. With the exception of the
previously mentioned paper by Schneider and
Roth [1], most of the research has been concerned
with studies of AT™B™0; and to a lesser extent
A;7B;70,, type compounds. The ATB*0,; and
A;7B;0,, compounds have the perovskite and gar-
net structures respectively. It is noteworth that
the oxides of the trivalent cations, A,;70; may be
considered in a general way as ATBT0,; (ATAT0,)

| type compounds. None of these A,70; oxides, how-

ever, are known to have a perovskite structure.
Goldschmidt and his coworkers [2] were perhaps the
first to investigate A™B™0; compounds in detail.
Many other investigators, including Keith and Roy
[3], Roth [4], and Geller and his coworkers [5, 6, 7]
have substantially contributed to the data available
on this formula-type compound.

The purpose of the present investigation was to
survey the various structure types that occur under
equilibrium conditions for different binary mixtures
of the oxides of the trivalent cations and to establish
the subsolidus phase equilibria relationships for

! Figures in brackets indicatet he literature references at the end of this paper.

various systems. Special emphasis was given to a
classification of the structure types found for equi-
molar mixtures according to the ionic radii of the
constituent cations.

2. Sample Preparation and Test Methods

With the exception of Cr,0; and Fe,0; which were
reagent grade, the materials used in this investigation
had a purity of about 99.9 percent. Specimens were
prepared from either 0.5 or 1.0 gram batches of vari-
ous binary combinations of different oxides. Calcu-
lated amounts of each end member, corrected for
ignition loss, were weighed to the nearest milligram.
Each batch was mixed, formed into a % in.-diam
pellet by pressing at 10,000 1b/in.? and fired at some
relatively low temperature (at least 800 °C) for
varying lengths of time. Most of the specimens
were then ground, remixed, again pressed into
pellets and fired at successively higher temperatures
until equilibrium was obtained.

All specimens containing In,O; or Cr,O; were
ground, mixed, and then sealed in platinum tubes
for the higher temperature heat treatments. The
duration and temperature of each heat treatment
generally varied with the particular system under
consideration. In general, the specimens were slow
cooled at approximately 4 °C/min. However, a few
of the mixtures were quenched from elevated
temperatures.

All heatings were performed in an air atmosphere
using a conventional muffle furnace for the low
temperature heats and a program-controlled tube
furnace or a manually operated quench furnace for
the heat treatment between 1000 and 1650 °C. An
induction furnace, having as the susceptor a small
iridium crucible, was used for heat treatments above
1650 °C. Temperatures were controlled to at least
+10 °C.

Equilibrium was considered to have been attained
when the X-ray patterns of a specimen showed no
change with successive heat treatment of the speci-
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men or when the X-ray powder data was consistent
with the results predicted from a previous set of
experiments. All specimens were examined at room
temperature by X-ray diffraction with a Geiger-
counter diffractometer employing nickel-filtered cop-
per radiation.

3. Results

The data obtained in this investigation are given
in table 1. The table lists six groups of binary
systems, each having either ALO; Ga,O; Cry0,,
Fe,05, S¢,05, or In,O; as one component. Each
of these groups in turn is arranged according to
decreasing cation size of the second component.
Selected literature references are included for com-
positions not studied experimentally in the present
work. No attempt was made to incorporate into
the table any data pertaining solely to mixtures

involving only oxides of the trivalent rare earth

g
Cr3
+3 +3 | 43 _+
Al G JFad o

cations. These data were reported in a recent
publication by Schneider and Roth [1]. The table
was designed primarily to present sufficient data
to estimate the subsolidus phase relationships of
a majority of the listed binary systems.

Figure 1 gives a classification of the various
structure types found for equimolar mixtures of the
oxides of the trivalent cations. The coordinates of
the figure are the radii of the A*® and B*® cations.
For convenience the larger cation in any mixture is
taken as the A*® cation (ordinate) and the smaller
as B*? (abscissa). The radii of the different cations
are indicated on the figure by open triangles.* The
solid triangles on the diagonal line represent the

2 Radii values are according to Ahrens [8] with the exception of Y+, In+3 and
Sc+3 which were taken from Roth and Schneider [9]. The following radii values
were used throughout this report: Lat-1.14 A, Ce+®1.07 A, Pr+-1.06 A, Nd+-
1.04 A, Sm*+-1.00 A, Eu#3-98 A, Gd+:-.97 A, Th*+-.93 A, Dy+3-92 A, Ho*:-91

A, Y*t-~.91 A, Ert-89 A, Tm+-87 A, Yh+-86 A, Luti-.85 A, In+3-.77 A,
Sct3-.68 A, Fet-.64 A, Cr+3-.63 A, Gat-62 A, and Al+3-.51 A,
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Classification of structure types for equimolar mixtures of trivalent cations.

Ficure 1.
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B—Dbeta gallia

K—kappa alumina
U—unknown type similar to kappa alumina
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R—unknown type
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imdividual oxides. Each circle represents an equi-
molar composition containing either one or two
phases which have the indicated structures at room
temperature. In most instances, these same types
also exist stably at elevated temperatures. The one
known exception to this is the listed structure of the
1:1 mixture of Fe,O; and ALO,; which is metastable
at room temperature [10]. The diagram does not
indicate any reversible phase transformations or
decompositions that occur at elevated temperatures.
It should be emphasized that the boundaries out-
lining each field were arbitrarily drawn. They do
not indicate the division of different structure types
for solid solutions which may exist between adjacent
equimolar mixtures.

The occurrence of metastable phases was prevalent
in a number of the double oxides which are near the
boundary lines of figure 1. It was extremely difficult
at times to establish the equilibrium phases. For
this reason certain areas in the diagram are shaded to
indicate that the position of certain portions of the
boundary lines are somewhat in doubt. Several of
these borderline systems are now being investigated
in detail by the authors in order that the equilibrium
phases can be definitely ascertained.

The majority of ATB*0; type compounds formed
from double oxides of the trivalent cations are those
having the perovskite structure. This field of perov-
skite types encompasses the largest single phase area
of the diagram. The other single phase arcas gen-
erally represent solid solutions and not true com-
pounds. The two-phase areas, of course, contain
compounds (3:1,2:1, and 3:5) but not of the ATB*0,
type.

Figure 1 not only designates the structure types for
equimolar mixtures but also, with two exceptions, is
applicable for all molar ratios of binary combinations
of oxides of the listed cations. The two exceptions
are the beta alumina (La,0;-Al,0; and La,O,-Fe,O,
systems) and the spinel (Fe,0;-R,0. systems) strue-
tures. The spinel structure, of course, occurs only
when FeO is present as a third component. The
various structure types are discussed in succeeding
sections.

4. Discussion

4.1. A, B, C, Beta Gallia, and Corundum Structure
Types

The structure type of the stable forms of the oxides
of the trivalent cations (fig. 1, solid triangles) can
be generally grouped in the following manner
according to the ionic radius of the constituent
cations: 1.14 A to 1.04 A-hexagonal A-type rare
earth oxide structure; 1.00 A to 0.97 A-monoclinic
B-type rare earth oxide structure; 0.93 A to 0.68 A-
cubic C-type rare earth oxide structure; 0.64 A to
0.63A-rhombohedral corundum structure; 0.62 A-
monoclinic beta gallia structure; and 0.51 A-rhom-
bohedral corundum structure. In the above listing
the structure types are seemingly out of order with
respect to radii in that the beta gallia type is inter-

mediate between two corundum types. This incon-
sistency emphasizes that other factors besides radii
must be considered in generalizations such as given
above.

Generally the effects of partial covalent bonding in
essentially ionie type materials are neglected. Mooser
and Pearson [11] related the structures of certain
simple compounds to average quantum numbers and
electronegativity values. From their work and
others [11, 12] it is apparent that the covalent char-
acter (directional properties of the bonds) of a com-
pound is directly related to the difference in the
electronegativities of the cation and anion. Gen-
erally the greater the difference, the less the covalent
tvpe bonding. Using the electronegativity values
given by Gordy and Thomas [13] to calculate relative
covalent character, the aforementioned grouping of
structure types can be rearranged according to in-
creasing covalent character: A, B, or C types (Im,0;)*
< C-type (Se,05)<C-type (In,Oy)<beta gallia type
(Ga,0y) < corundum type (AlLOs)<corundum type
(Cr,0y) < corundum type (Fe,0z). This method of
arrangement, although on a very relative scale, does
group like structure types together. It would be
inereasingly more difficult to apply this type of clas-
sification to compounds containing ions of different
valence as well as those containing multiple ions of
the same valence.

A number of the trivalent oxides have metastable
polymorphs which have structures different from the
stable modifications. A B-type structure has been
reported for Nd,O; [14], while Sm,0;, Eu,0;, and
Gd.O; are known to form the C-type [9]. Gallia
(Ga,0,) and Al,O, are similar in many respects in
that they both have polymorphs of the same struc-
ture type. Gamma AlLO; and gamma Ga,0; are
isostructural, as are alpha AlO; and alpha Ga,Oj
[15]. This is also true for epsilon Ga,0; and kappa
ALO, and for beta Ga,O; and theta ALO; [15]. A
metastable polymorph of a pure oxide may appear as
a stable phase in solid solutions. Examples of this
oceur in solid solutions between the oxides of the
trivalent rare earth ions. For instance, the B-type
structure in solid solutions is stable over a far greater
range of average radii values than the pure oxides [1].

4.2. Perovskite Structure Type

The various combinations of double oxides that
form 1:1 compounds which have the perovskite
structure are indicated in figure 1. Each of these
compounds has modifications which are distorted
from the ideal cubic structure assuming either
rhombohedral or orthorhombic symmetry at room
temperature. At elevated temperatures other sym-
metries may occur. It has been suggested that the
order of transformation with temperature is probably
orthorhombic to rthombohedral to cubic [7].

Goldschmidt and coworkers [2] derived a toler-
ance factor (t) for the perovskite structure which is

3 The symbol “Ln” represents the lanthanide series, lanthanum through
lutecium.
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given by the following formula:

RitRo
V2(R 5+ Ro)

where

t=tolerance factor
Rs=radius of larger cation
Rgz=radius of smaller cation
Ro=radius of oxygen (1.40 A).

As ¢ approaches unity, the tendency for the forma-
tion of a perovskite structure becomes greater. The
lower limit, or minimum value of ¢ for a given series
can only be determined experimentally. For the
Ln203'Ga.203 and Ll’l203-A1203 series Of peI‘OVSkite
type compounds, the minimum values of ¢ were
found to be 0.85 and 0.84 respectively. In com-
parison, the lower limit of ¢ for the other perovskite
type series, La,0,;1in,0; [1], Ln,03In,05, Lin,0;
Se,03, 1iny03-Fe,0; and [my04-Cr,0,, are all equal
to about 0.78.

Dalziel [16], considering only the Fe,O;, Ga,0s,
and Al,O; perovskite series, attempted to explain the
differences in minimum ¢ values om the basis of

partial covalent character of the non rare earth
cation-oxygen bond. To test the relative covalent
character of the different series, Dalziel presented a
graph similar to that given in figure 2. Expanding
Dalziel’s graph to include all appropriate data in
table 1, figure 2 shows the relationship between the
volumes of the Im*® cations in 12-fold coordination
and the volumes of one formula weight of Ln,O; -
M,0; perovskite type compounds, as both deter-
mined experimentally (solid lines) and as predicted
from the lanthanide contraction (dashed lines). For
a given series, the volumes should decrease in a
regular manner with the lanthanide contraction.
The decrease, however, will be modified somewhat
from that predicted, due to: (1) the deviation from
close packing caused by increased distortion of the
lattice and (2) the influence of covalent character of
the cation-oxygen bonds [16]. The former would
result in larger volumes than those predicted while
the latter would produce an opposite effect.

In general, it can be concluded from figure 2 that
for a given series, the covalent character significantly
increases as the size of the Ln™ cation decreases.
It is difficult to compare the different series with
regard to which group is more covalent because of
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masking effects of the various factors. It does
appear, however, that the effect of partial covalent
bonding is less pronounced in the Al,O; and perhaps
the Ga,O3 series than in the other groups. This
would account for the larger minimum tolerance
factors of the Al,O; and Ga,O; series.

4.3. Garnet Structure Type

The garnet structure occurs at the ideal 3:5 molar
ratio in a number of binary systems involving oxides
of the trivalent cations. Specifically, these include
systems containing either Fe,O;, Ga,Os, or Al,O; as
one end member and a rare earth oxide (or Y,0;) as
the other. The chemical formula of a garnet type
compound can be written as [A;P][B,][C5]0,,
where [AT?], [B™?], and [C"?] indicate cations which
occur in 8-fold, 6-fold, and 4-fold coordination,
respectively [17]. In binary systems the rare earth
rations or Y can be usually thought of as occupy-
ing the [A™®] sites with the smaller cations, Fe™,
Ga™® or Al*® filling the [B**] and [C*?] positions.

Compounds having the garnet structure do not
occur 1n binary systems containing CryOs; This
agrees with the observation [17] that Cr™® prefers
only octahedral type of coordination ([B*?] sites) in
the garnet structure. Apparently the Cr™® cations
will never appreciably occupy tetrahedral sites in
the garnet structure, even when it is the most likely
cation to be tetrahedrally coordinated.

Solid solution of the garnet type compounds which
occurs in binary systems containing Ga,O; has been
generally overlooked because of the simultaneous
report of solid solution between the perovskite and
garnet structures in the Y,0;-Al,0; system [3].
Solid solution definitely occurs in many binary gallia
garnets. Figure 3 shows plots of the radii of the
rare earth cations against both the compositional
range of solid solution of the various garnet com-
pounds (no. 1) and the corresponding change in unit
cell dimensions (no. 2). In these garnet solid solu-
tions, the rare earth cation apparently subsitutes
for Ga*® in the octahedral ([B**]) positions.*

The amount of solid solution as well as the amount
of change in unit cell dimensions increases to a max-
imum at about Tm™® as the size of the constituent
rare earth cation decreases. The reason for this
behavior is unknown. In addition, the values de-
termined for the garnet solid solution in the Y,0;-
Ga.0; system were excessively larger than expected
and do not fit the general curves of figure 3.

It is interesting to observe that solid solution of
the garnet type compound for the gallia series occurs
only in binary systems in which a perovskite-type
compound does not exist as a stable phase. On this
premise it was considered likely and experimentally
verified that solid solution does occur in the smaller
alumina garnets, 3Yby03-5A1,05 and 3Lu,04-5A1,0;.
Although not determined exactly, the extent of
garnet solid solution is fairly small, probably about

4TIt has been suggested by S. Geller in a private communication that the solid
solution may be of the interstitual and/or vacancy types instead of substitutional
and thus result in a defect structure.
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sitional range of solid solution and corresponding parameter
change in several gallia garnets at 1500 °C.

Curve 1—Solid solution range
Curve_2—Change in unit cell dimension
Aap=a9 1:1—a0 3:5
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two mole percent. Substitutional type solid solution
of the Fe,0; garnets probably does not occur. How-
ever, as illustrated by the Y,04Fe,O; system [18],
partial reduction of Fe,O; in these garnets may
produce solid solution to a limited extent.

4.4. Kappa Alumina Structure Type

Considerable confusion exists in the literature
with regard to the various low temperature, metast-
able polymorphs of Al,O; and Ga,0;. These poly-
types are ill-defined primarily because of the inability
to obtain clear, interpretable X-ray diffraction data.
Of particular interest in the present investigation
are the kappa alumina and epsilon gallia polymorphs
and their characteristic structures. Roy et al. [15]
have clearly demonstrated through a series of solid
solution studies that kappa alumina and epsilon
gallia in reality have the same structure. The
alumina polymorph having the kappa alumina
structure has been reported [19] to be orthorhombic
with a=8.49 A, b=12.73 A, and ¢=13.39 A. The
reported d-spacings were not given with sufficient
accuracy to verify the cell dimensions.

Richardson et al. [20] described the phase which
occurs at the equimolar mixture of Fe,O; and Al,O,
as having a structure similar to that of kappa
alumina. The X-ray pattern for the 50Fe,O;:
50A1,0; phase was indexed by Richardson et al. [20]
on the basis of an orthorhombic cell with a=7.03 A,
b=6.33 A, and ¢=7.41 A°> However, the calculated

5 Unit cell dimensions converted from kX units.
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and observed d-spacings do not appear to be in close
enough agreement to justily the reported indexing.
In the present investigation three Fe,0,-Al,0; mix-
tures, 47:53, 50:50, and 53:47 were prepared.  Each
specimen contained the same single phase as that
reported by Richardson et al. [20]. The X-ray
pattern of the 53Fe,0;:47ALO; specimen was suc-
cessfully indexed on the basis of an orthorhombic
cell with a=8.59 A, $=9.23 A, and ¢=4.98 A as
given in table 2. The mdoxmg was accomplished
only after comparison with the X-ray pattern of the
50ke,05:50Ga,05 specimen, a phase deseribed by
Wood [21]. The orthorhombic phases which occur
in the Fe,05-ALO; and Fe,05-Ga,0O3 systems are
apparently isostructural and represent solid solutions
rather than compounds. The similarity in structures
is important because of the reported magnetic and
piezoelectric properties of the (1—uz)Fe,05 - 2Ga Oy
phase. Thesepropertiesin (1—x)Fe,O5 - AL,O; ( will
be reported on in a future publication. Muan and
Somiya [10] reported the complcte phase relations
for the Fe,05-ALO; system and showed that the
orthorhombic phase has both a minimum and maxi-
mum decomposition temperature.

There is not yet suflicient evidence to classify the
orthorhombic phases of the Fe,0;-ALO; and Fe,O;-
Ga,0; systems as having a kappa alumina structure
although there is a definite similarity. The X-ray
patterns given in the literature for the kappa alumina
and epsilon gallia polymorphs could not be indexed
on the same ba51s as that given for 53Fe,0;:47A1,0,
in table 2. The failure to “index these patterns may
be due to the inaccurate X-ray data available rather
than dissimilar structures.

(1= X)Sc 05 XCr,05

Tarre 2. X-ray powder diffraction data for
(1 _.'L‘) FEQOg 2 xAlz()g 88
(53Fey03 : 47A1,0; mixture)
| 1
hklt | a2 I3 \ 7777’177 o
‘ obs cal
S ) I =
‘ A A-2 A2
00 | 6.03 2 0.0253 0.0253
020 4.64 23 | L0464 L0470
111 3.90 18 . 0657 0656
121 ) . - 1008
=) s 38 L1012 { oo
130 2.899 38 L1190 L1193
221 2.658 100 L1415 - 1415
131 1596
o2 || 247 & 1604 Tigi0
012 2.407 18 L1726 1728
102 . e 1746
|} 29 3 . 1747 { gL
040 2. 306 14 L1881 L1881
022 2.193 23 L2080 | .2080
321 2,186 38 12093 | .2093
400 2. 146 13 a7 | L2
122 2,125 21 L2140 | L2216
331 1.9000 2 679 | L2681
042 1. 6920 20 34933491
123 1. 5377 16 4226 | L4229
|

1 Based on orthorhombic cell with a=8.59 A, b=9.23 A, and
c=498 A

2 Interpl(man spacing.

3 Relative intensity.

Figure 4, as well as table 3, presents X-ray powder
data for all the phases encountered in this investiga-
tion which may have structures similar to kappa
alumina. It is apparent, {rom figure 4, that the
patterns for kappa alumina, epsilon gallia, 50Fe,05:
50A1,05 and 50Fe,0;5:50Ga.0; are related. Each of
the X-ray patterns of the other phases, 50In,0;:

(75:25 MI)(TURE)
] Ll
33 34
(1-X)Se, 05X Ga,05
(37.5:62.5 MIXTURE) ]
| | | . L L it 1l

(1I-X)In, Oy XGuZO3 . 33 p4
(5o.so MIXTURE )
| | I | ‘ I |‘ L \ L1l 1 I

33 34
(I-X)Fe,05XGa,05 50 221
(50:50 MIXTURE) 22 002 5280

| LOIZH 040 ]|s22
> 33 34
(I-X)Fe,05 X ALO,
(50:50 MIXTURE) } ' ‘
. I T I

33 34
6-60203 ‘

33 34 ‘
K-AlO5
| I | 1 — ‘ | 1 A ‘ |

33 34

26, DEGREES,FOR Cu Ka RADIATION

Ficure 4.

Diagrammatic X-ray powder diffraction patterns for kappa alumina [25], epsilon gallia [15],
50F e,03:50Ga,03, 501n,05:50G 503, 37.58¢,03:62.5Ga,05 and 758¢,05:2

50Fe,05:50A1,04
5 Cry0;.

For the kappa alumina pattern, d-values apparently due to extraneous phases were deleted, as was done by Roy et al. [15].
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Tarre 3. X-ray powder diffraction data for (1-x)In,0,-
2Gas0y 45 (1-2)Seo030Gay05 oy, and (1-2)Sea03:2Cra035 s

50In203:50Ga203 37.58¢203:62.5Ga203 7580203:25C1'203

|

mixture mixture mixture
dl | 2 dl | 12 dtl 12
A A A

9.72 13 4.73 12 4.44 18
6.83 18 3.404 36 3. 559 21
4.88 9 3.110 39 3.400 59
4.84 17 3.034 8 3. 046 57
3.423 11 2. 889 29 2.763 100
3.183 37 2. 878 100 2. 687 45
2.279 57 2. 852 100 2.653 12
2.917 100 2.653 88 2. 531 15
2. 851 11 2. 598 16 2.501 52
2.710 100 2. 486 11 2. 417 9
2. 661 57 2. 385 88 | 1.€ 13
2. 590 9 2.365 90 | 1.9 49
2.437 80 2.247 13 1. 9072 80
2. 426 80 2.231 8 1. 7984 11
2.363 11 2.144 14 1.7172 16
2.298 15 2.131 24 1. 49
2.279 8 1. 830 6 1 15
2.177 13 1. 7905 52 1. 68 27
2.031 [ 13 1. 7836 39 1. 4903 11
1. 9434 8 1. 7077 46 1. 4666 15
1 9155 9 1. 6800 100 1. 4395 10
1. 8273 33 1. 6017 52 1. 4221 10
1. 8200 34 1. 5858 10 1. 4127 10
1.7190 100 1.5793 28 1. 3902 10
1. 6709 8 1.3824 10
1. 6345 25 1. 5167 24 1. 3442 10
1.6148 23 1. 3180 11
1. 6055 8 1. 4933 10 1.2514 11
1. 5494 31 1. 4890 10
1. 5253 11 1. 4839 49 |

1. 4447 54 ‘
1. 5217 11
1.5176 24 1. 4328 11
1. 5158 32
1. 4784 26 1. 4281 24
1. 4756 39 1. 4158 42

1. 3966 48
1. 4592 14 1. 3640 9
1.4551 15
1. 4491 30 1. 3496 11
1. 4265 42
1. 3937 14 1. 3466 11

1. 3267 13
1. 3816 9 1. 3048 18
1. 3558 14
1.3310 8 |

1 Interplanar spacing.
2 Relative intensity.

50Ga,0;, 37.55¢,05:62.5Ga,05, and 755¢,05:25C1,0s;,
could not be indexed although they, too, appear
similar to the pattern of kappa alumina. It would
seem, strictly by the comparison of X-ray patterns,
that In,05-Ga,0; and Sc,0,-Ga,0; phases are iso-
structural with each other, but not necessarily with

kappa alumina. The phase most dissimilar with
kappa alumina in this entire group is that of

755¢,04:25Cr,0,.
4.5. Other Structure Types

Keith and Roy [3] reported that an unknown phase
occurs in a melted 50:50 mixture of In,O,; and ALO,.
They designated this phase as a high form of In,O;:
Al Oz and listed several of its X-ray reflections. In
an effort to obtain this phase, the experiment of
Keith and Roy was repeated. The melted specimen
of 50:50 In,0;-Al,0; contained two phases, In,O,
and apparently the same phase as reported by Keith
and Roy. Other experiments with the 50In,0;:

TasrLe 4. X-ray powder diffraction data for (1-x)Sc,05-2A1,0; (o

(50S¢,03: 50A7,03 mixture)

Rhom. d? | I3 1 l)()h.\' “ »l—,(':ll
hkl1 | | @ d?
. | | | —
| | |

A | a- A-
2.842 29 0.1238 0.1238
2 100 .1385 .1385
2 21 1797 L1798
2. 265 5 { . 1940 . 1948
293 2.241 5 .1991 L1984
240 2.138 b L2185 L2174
332 2,004 9 | 291 ~2500
043 1. 8496 5 | .2023 2020
152 1.7051 21 3440 3436
041 1. 6350 28 | L3t .3741
262 1. 4180 12 | 4973 4979
262 1. 5 5123 | .5130

3990 |

1 Rhombohedral cell, a=9.45 A, a=87.4°.
Hexagonal cell, a=13.07 A, ¢=17.05 A.

2 Interplanar spacing.

3 Relative intensity.

50A1,0; mixture indicated that the unknown phase
is probably metastable in the In,0s-ALO; system
and occurs only on quenching the melt.

In the Sc,04;-ALO; system a stable phase occurs
which, according to X-ray powder data, appears to
be isostructural with the metastable phase of the
1n,045-A1,0;5 system. This phase occurs over a
region of Se,035-AlLO; compositions and represents a
solid solution and not a true compound. The X-ray
pattern of the 505¢,0;:50A1,0, mixture is given in
table 4. The pattern was indexed on the basis of a
rhombohedral cell by comparison with the pattern
of 2PbO-Nb,Os, a rhombohedral distortion of the
pyrochlore structure. The X-ray pattern for the
S¢,05-AL0O; phase was diffuse regardless of heat treat-
ment of the specimen, and therefore the agreement
between observed and calculated values, given in
table 4, is only fair for the less intense reflections.
Single crystal data is needed to ascertain the correct
structure type. Superstructure peaks, necessary to
differentiate a body centered C-type structure or :
face centered pyrochlore structure from the fluorite
or Sh,Os-tyvpe structures, could not be found in the
X-ray pattern. The fluorite structure would require
that all the oxygen vacancies be disordered. For
the Sc,045-Al,O; phase to have a C-type or a ShyO;-
type structure a complete ordering of the vacant
oxygen sites would be required while the pyrochlore
structure would necessitate only partial ordering.

A number of different phases encountered in this
investigation have not been identified or even related
with a specific known structure type. These phases,
apparently all compounds, exist in various systems
at either the 3:1, 2:1 or 1:1 molar compositions.

The 3:1 compounds occur exclusively in galliate
systems; specifically, Ga,O; with either Sm,0;, Ku,0;,
Gd,0;, Dy,05, Ho,05, Y0, or Er,O;. These com-
pounds, all apparently isostructural, have not been
previously reported. The X-ray data of 3Gd:O;
Gas0,, which is given in table 5, is typical of all the pat-
terns of these isostructural 3:1 compounds. The only
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difference between the various patterns is the appro-
priate shift in the d-spacings of the X-ray reflections
due to cation size differences. It is noteworthy that
the 3:1 compound does not occur in systems in
W}hich a perovskite type compound forms as a stable
phase.

A series of apparently isostructural 2:1 compounds
exist in both aluminate and galliate systems. The
first 2:1 compound of this type studied extensively
was the 2Y,0;-Al,0; phase [22]. In binary aluminate
systems, Gd™3 Dy* Ho* Ert® Tm™* and Yb*? can
be substituted for Y™, Tn galliate systems, however,
only the oxides of the larger cations La™® Nd*? Sm*3
and Eu™ form 2:1 compounds with Ga,0;. Evidently
this structure type is dependent on radius ratios and
will only occur within specific ranges of cation radii
values. An example of this occurs in the Yb,O;-
Al,O; and Luy03-AlO; systems. The 2:1 compound
forms in the Yb,03;-AlL,O; system but not in the
Lu,04-Al,04 system, even though the radius of Lu™® is
only 0.01 A smaller than that of Yb*™. However, the
X-ray pattern of the 3:5 mixture in the Tu,03-Al,0;4
system showed, in addition to the garnet peaks, a few
minor reflections which may represent a 2:1 phase.
At present, it would appear that the occurrence of a
2:1 compound in the Lu,03-AlO3 system is strictly
a metastable phenomenon.

Table 6 compares the X-ray pattern for 2Y,0;-
Al,O; obtained in this investigation with that reported
by Warshaw and Roy [22]. They described this 2:1
phase as being distorted cubic with a primitive lat-
tice. Because of certain line splitting in the X-ray
pattern, they infer that the material may sctually
have rhombohedral symmetry. The two patterns
given in table 6 are very similar and obviously
represent the same phase; neither pattern could be
indexed in the present work. It i1s evident, from

TABLE 6.

TasLE 5. X-ray powder diffraction data for 3 Gdy03 Ga,O
dt I2 dt Iz
4.53 20 2.005 30
4.11 13 1.9918 15
3.204 14
3.054 100 1.9027 15
3.025 57 1.8349 32
1.8097 14
2.990 27 1. 7672 17
2.908 22 1.7184 17
2,824 29
2,630 17 1. 6808 17
2,301 15 1. 6450 24
1. 5788 24
2,241 17 1. 5456 17
2.199 13 1. 5276 25
2,032 39

1 Interplanar spacing.
2 Relative intensity.

the present X-ray data, that 2Y,0;-AlLO; has low
symmetry and cannot be designated as cubic
or rthombohedral.

The only A®B*30; type compounds found in the
present investigation which do not have the perov-
skite structure are those which occur in the Eu,O;-
In;0;, Gdy05-1n,0;5, and Dy,05-In,0; systems (desig-
nated as I in fig. 1). These 1:1 compounds will be
reported on more extensively in a following publica-
tion [23]. The Eu,0;- Iny03, Gdy0; - InyO3, and Dy,0,-
In;0; compounds appear to be isostructural, having
pseudohexagonal symmetry. The Dy,0;- In,0; com-
pound apparently decomposes between 1600 °C and
1650 °C to a mixture of B- and C-rare earth oxide
structure types.

4.6. Subsolidus Phase Equilibria Relationships

Figure 5 gives the subsolidus phase equilibria rela-
tionships for various binary combinations of oxides
of the trivalent cations. The figure is divided into

X-ray powder diffraction data for 2Y,03-Al,0;

Warshaw and Present work
Roy [22]
hkl i ‘

d? | I3 d | I3

110 7. 46 10 7.41 63

200 5.28 3 5. 26 16

210 4.71 22 4.69 100

| 4. 54 16

220 3.71 7 3.705 19

310 3.33 33 3.326 100
301 3.01 100 3.011 100+

320 2.91 94 2.908 100

2.884 47

400 2.62 17 2.615 48

410/322 ¢ 2. 56 10 2. 559 64

410/322 ¢ 2. 53 10 2. 538 29

2. 523 61

2.486 21

2.470 39

330/411 2. 46 9 2.454 37

421 ¢ 2.29 7 2.291 43

4214 2.27 7 2.274 28

2.129 12

500/430 2.07 22 2. 090 13

510/431 2.06 12 2.063 87

2. 046 41

‘Warshaw and Present work

Roy [22]
hkl 1 [
|
d? I3 d? | I3
A | SO S | RS | S S

19811 | 16
1. 9449 15
1. 9163 12
1. 9027 16
440 18 1. 8426 80
522/4414 20 1. 8298 85
522/441 ¢ 19 1. 8164 81
530/433 7 1. 7921 32
600/442 10 1.7317 32
610 ¢ 13 1.7235 61

610 4 13

611/532 8
1. 6279 27
1. 6236 20
1. 6126 23
622 1.575 9 1. 5759 41
1. 5661 45
630/542 1. 561 12 1. 5621 60
631 1. 551 7 1. 5504 44
1. 5065 32
543/710/550 | 1.484 4 1. 4847 27
1. 4809 24
1. 4541 15
720/641 1.436 & 1. 4379 23
1. 3850 15

! Based on cubic cell with a=10.40 A [22].
2 Interplanar spacing.
3 Relative intensity.

4 “Splitting may represent a possible rhombohedral distortion of the cubic lattice [22].
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six groups of diagrams, each having either ALO;,
Ga.0;, Cr,05, Fe,05, Sc,05, or InyO; as one compo-
nent. Previously published diagrams pertinent to
a given series are not reproduced here but are in-
cluded as literature references in the legend of the
figure.

All the diagrams were drawn primarily from the
data contained in table 1. Data points are indi-
cated by circles on the diagrams. In some instances
entire diagrams, or portions thereof, were estimated
from the phase relations of similar known systems.
The boundaries of the garnet solid solutions were de-
termined by the parametric method while the solid
solution areas of A-, B-, or C-type phases were estab-
lished by a variation of this method as previously
described [1]. The boundaries of most of the other
type solid solution areas were approximated from
X-ray patterns on the basis of the relative amounts
of each phase present in a specimen containing two
phases. Possible variations of solid solubility with
temperature have been ignored in this work. In
general, the diagrams must be considered as approxi-
mate and minor shifts in solid solution boundary
limits may be expected.

The subsolidus phase diagram for the Y,0;-Al,0;
system has been included in figure 5a although the
diagram has been previously published by Warshaw
and Roy [22]. The present diagram differs from the
previous one in that a 1:1 perovskite type compound
1s shown to have a region of stability at elevated
temperatures. At lower temperatures, the compound
apparently decomposes to a mixture of 2Y,0;- ALO;
and 3Y,0;-5A1,05. The present work does not con-
tradict the published data, but merely extends to
temperature ranges not previously reported. A com-
plete reinvestigation of this system is now being un-
dertaken. Because the stability of the 1:1 compound
in the Y,05;-AL0O; system is still unknown, the sta-
bility of the perovskite phase in the related systems
of Ho,04-ALO; and Er,0s:-Al0O, is also in doubt.

Perhaps one of the more interesting systems in-
vestigated is that of Dy,05-In,Os, figure 5f. The
phase diagram of this system indicates a solid solu-
tion area of B-type rare earth oxide. Since Dy,0;
and In,O3 both have the C-type structure, it is un-
usual for a B-type structure to occur. The largest
average cation radius of the B-type solid solution in
the Dy,05-In,0; system is about 0.87 A. This value
is appreciably smaller than the radius of Gd**
(0.97 A) which is the smallest rare earth ion to form
a pure B-type oxide. Goldschmidt et al. [24] re-
ported that Dy,0; formed a B-type structure at ele-
vated temperatures but his work has not yet been
confirmed [9]. The formation of the solid solution
area, of B-type in the Dy,0;-In,0; system might
actually indicate that Dy,O; does transform from C-
to B-type in the pure state. Specimens of Dy,0,
heated above the melting point of platinum shattered
in a manner indicative of a possible reversible phase
transformation.

5. Summary

A survey was made of the subsolidus reactions
that occur in various binary systems involving
oxides of the trivalent cations. Incorporated into
the study were Al,O;, Ga,03 Cr,0; Fe,Os Sc,0,,
In;,03, Y503, and most of the trivalent rare earth
oxides. Mixtures in 69 different binary systems
were investigated. Specimens were heated at vari-
ous temperatures until equilibrium was attained
and then examined at room temperature by X-ray
powder diffraction techniques.

According to the radii of constituent cations, a
classification was made of the structure types of the
various phases found for equimolar mixtures. The
classification consists of a plot of the radii of A*
cations versus the radii of B™ cations and shows
specific regions of stability for the different structure
types. The graph is divided into regions of one and
two phase areas and represents, in addition to several
unknown types, the following structures: A- B-, and
C-type rare earth oxide; corundum; beta gallia;
kappa alumina; garnet; and perovskite. The clas-
sification essentially summarizes the structure types
found in all possible binary mixtures of oxides of the
trivalent cations studied.

With one exception, all the AT™B*™0; type com-
pounds which occur have the perovskite structure.
The minimum tolerance factors of the alumina and
gallia series of perovskite compounds are signifi-
cantly larger than the Cr,O;, Fe,O; Sc,0; and
In,O; series.  The appreciable difference in minimum
tolerance factor apparently can be related to the
effect of partial covalent bonding.

Appreciable solid solution of the garnet type
compounds occurs in binary systems containing
Gay,O;. The range of solid solution generally in-
creases to a maximum at about Tm™ as the radii of
the rare earth cation decreases. Solid solution of the
garnet compound does not occur in binary systems
containing a stable perovskite phase.

Based on the similarity of X-ray patterns, the
structure of kappa alumina appears to be related to
the structures of (1—z)Fe,0, - zALO; o and (1—x)
Fe 05 2Ga05 . There is also a similarity between
these phases and other solid solution phases which
occur in the In,03-Gas0;, Se:0;-Gay05, and Se,0;-
Cr,04 systems.

2:1 compound occurs in a number of those
systems containing either AlLO; or Ga,O; as one
component. A 3:1 compound occurs exclusively in
systems containing Ga,0,;. The structures of the
2:1 and 3:1 compounds were not related to any
known structure type. A rhombohedral phase which
occurs stably in the Sc,0;-Al,05; system and met-
astably in the In,0;-Al,0; system may have either
a fluorite, Sb,Os, pyrochlore, or C-type structure.

The subsolidus phase assemblages for 79 binary
systems were predicted from the data compiled in
this investigation.
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TasLe 1.—Binary oxide miztures of the trivalent cations

Al+? and larger cations

Heat t Unit cell dimensions
Composi- treatment Phases identified by
System tion X-ray diffraction Structure type Symmetry Remarks References 2
Temp. | Time a b c
Mole %, °Cc hr A A A
La03-Al:03 50:50  feocoom e Laz03-A1:03 [PeroyskitoBusnuummu Rhombohedral __._____ D Rhombohedral to cubic transforma- | Geller and
tion occurs at 435425 °C [7]. Bala [7].
8.3:91.7 1800 1 Lay03-11A1:0; Beta alumina__________ Hexagonal - - __________ 53550 1| ST P e e Roth and
Hasko [31].
Ce203-A1203 50:50 1600 1 Cez03-A1203 Perovskite. ... Rhombohedral _ .. 33766 | EEREEE S—— Unit cell dimensions based on face- | Roth [4].
centered pseudo cell.
Pr;03-Al:03 50750 NN | SRS PR Pr;03-A1:03 [Peroyskife ReCaunEnieas Rhombohedral __._____ 5230 70 | MESESUN| SRR | GO 33 N S S Geller and
Bala [7].
Nd;03-A1:03 G ORI 13 5() I €5 S O | BN S S | I S DRI
A-type + perovskite__| Hexagonal+
rhombohedral.
50:50 Peroyskite =ESsnamens Rhombohedral ... _____ 5 80 | | B0 A 2 teller and
Bala [7].
37.5:62.5 1350 ([ e |
1500 6 . S
1650 6 IReroySkijoNsummne | R o1 hOD e (16, S| " S S not detected; equilibrium
phases probably Nd:03 Al:03+4
Al03.
Smy03-A1:03 66.7:33.3 1350 [ J SRR SO SIS I R BT BEETSIL FRRIHITA PRSI et
1500 6
1650 6 pe+perovskite.__.[ Monoclinic+ = |-ccooooo|mmmmmom oo
orthorhombic.
50:50  |occemmeo e Smy03-AlsO3_ - . Perovskite _._________ Orthorhombic.________ 5. 285 Results confirmed in present work for | Geller and
specimen heat treated at 1650 °C. Bala [7].
Orthorhombic to rhombohedral trans- | Geller [6].
formation occurs at 800 °C [6].
37.5:62.5 1350 5 O | U0 SSUR  SVRSSIOSS | SRS | SIS | ISR | BSOS S SR
1650 6 Smy03-Al,03 Perovskite_. ___________ Orthorhombie. .| | | Al:O3 mnot detected; equilibrium
phases probably SmyO3-Al,03+
Al;03.
Euz03-Al:03 1507750 S| SRR S Eu03-A1:03 Perovskite. . _.________ Orthorhombie - ____ 5.271 5.292 | 7.458 Results confirmed in present work for | Geller and
specimen heat treated at 1650 °C. Bala [7].
Gd203-A1203 66.7:33.3 |-ooooo | 2Gd203-A1203 Unknown ... UNKNOWNISS eSS | SE SN | s S | Saepies The 2:1 phase also forms in the follow- | Warshaw and
ing systems: Dy;03-A1:03, Hoy03~ Roy [32].
AlO3, Y203-Al:03, Er;03-Al03,
Tm203-Al;03 and Yby03-Al:03 [32].
50:50 oo oo Gd03-A1203 Perovskite. ... ___ Orthorhombic . 5.247 | 5.304 | 7.417 Results confirmed in present work for | Geller and
specimen heat treated at 1650 °C. Bala [7].
37.5:62.5 1350 (6 S e | SRS | WSO S RSP | S | SISO | SRS e
1650 6 Gd203-A1:034+A1:03 Perovskite+ O EHOF R oI D1 = | | | e S PR E ST R
corundum. rhombohedral.
Dy203-A1,03 50:50 1350 6 S (OGO UGS | SO UUOI DNV SSOU NS | USRS UUr U S SO EO RN | Sy e | SR | NSO | S DU | RSP O oty S S E E OE
1650 6 Dy:03-A1:03+ Perovskite+garnet .._| Orthorhombic+ || |.______ Nonequilibrivm_______________________
3Dy203-5A1:03 cubic.
1850 17 | Dy203-Al1:03 Perovskite_ ___________ Orthorhombie___._____ 5.21 7.38 L B
S720: 6205 R BRSNS U 3Dy203-5A1:03 Garnet._ - ______ GrhicTE SN | S | e e Garnet phase (3:5) also forms in the | Warshaw and
following  systems: Thy03-Al:03, Roy [32].
Ho0:05-A1203, Y203-A1:03, Er;03-
Al;03, Tm203-A1:03, Yb203-A1:03
and Lu03-Al1:03 [32].
Ho0:03-Al1:03 50:50 1350 (i} |leomercmomcrooo s omoroen, RSOSSN | O e SR
1650 6 2H0:03-A1:03+ n—+ Unknown-+ Nonequilibrium.__..
Ho0203-A1,03+ perovskite+garnet. orthorhombic+
3H02035A1,03 ~+cubic.
1850 17— 1 IS R (0 WA R [ S doE e e e Nonequilibrium; 2Ho0:03-A1:0; and
3Ho0203-5A1:0; decreased in amounts
relative to previous heat.
1910 .5 | Ho03-A1;03 Perovskite_ _.._._______ Orthorhombie. ... __ 5.18 7.36 533 S | S | R



Y03-Al203 3a

Er:03-Al:0;

GG€

Tm,03-Al:03

Yb:03-A1:03

Lu:03-Al:03

66.7:33.3
50:50

37.5:62.5

75:25

37.5:62.5

37.5:62.5

50:50

37.5:62.5

50:50

1850
1705

1645

1650
1730
1350
1650

1350
1650

1350

1870
1845

1350
1650
1350
1650
1770
1850
1350
1600
1650

1350
1650

1800

‘ See footnotes at end of table,

oo

oo = N

Lo, oo (===

voo,

f=zi=r

.25

—
[ -3

(= %=}

2Y70;3-Al:03
Y203-A1:03

Y20342Y203-A1:03
+3Y203-5A1:03+
Y1203-Al:03

Y:203-Al:03

Y:03-Al203+
2Y303-Al203+
3Y203 5A1,03

Er:03+2Er:03-
A)y03+Er;03-Al203
+3Er203 5A1,03.

2Tmy03-Al03+
Tmz03-Al,03+
3TIII203 5A1:03.

2Tm, 203
+Tm203 Alea
+3Tm03-5A1:03.

3 es.

C-type-tunknown+
garnet+perovskite.

Perovskite_ ___________
Perovskite+
unknown+-garnet.

C—type+unknown+
perovskite4-garnet.

Unknown+-perovskite
+garnet.

Unknown
+perovskite
—+garnet.

Yb2034+2Y b203- C-type+unknown-+
Al1:034-3Y b203- garnet.
5A1203 ss.
__________________________ do .
_____ (o], RS [P ()

Cubic+unknown+
cubic+orthorhom-
bie.

Orthorhombic. -

Orthorhombic+un-
known+-cubie.

Unknown+
orthorhombic
—+cubic.

Unknown

+orthorhombic

-+cubic.

Cubic

Cuhiq+unkr10wn+

cubic.

Cubic+unknown
—+orthorhombic
-+cubie.

Perovskite apparently decomposing;
nonequilibrium.

Garnet and 2:1 phases increased in
amount relative to previous heat;
nonequilibrium.

onequilibrium; listed dimension for
garnet phase in mixture.

Nonequilibrium; no apparent change
in relative amounts from previous
heat.

No 2:1 and
garnet phases reduced in amount
relative to 1650 °C heat.

‘\onequlllbrlum isted dimension for
garnet phase in mixture.

Nonequilibrium; listed dimensions for
perovskite and garnet phases in mix-
ture.

Nonequilibrium; no apparent change
in relative amounts from previous
heats.

ed; then annealed.
Nonequilibrium; perm skite consider-
ably reduced in amount compared to
1850 °C specimen.

Nonequilibrium; listed dimension for
garnet phase in mixture.

Nonequilibrium C-type phase reduced
in amount relative to previous heat.
Nonequilibrium; C-type phase reduced
in amount relative to previous heat.

Listed dimension for garnet phase in
mixture.

Geller and
Bala [7].

Yoder and
Keith 33].




TABLE 1.—Binary oxide mixtures of the trivalent cations—Continued

Al*3 and larger cations—Continued

Heat 1 Unit cell dimensions
Composi- treatment Phases identified by
System tion X-ray diffraction Structure type Symmetry R Remarks References 2
Temp. | Time a b (] o
Mole 9 S hr
37.5:62.7 1350 G |
1600 O | SR
1650 6 3Lu203-5A1:03. . _____
In;03-Al: 03 50:50 800 20) S | S
1350 6
1500 | 46 ImOs ss+A1203~
1650 | 42 |.___.do-.____ | ___do-o | ___.do_______________ i
SO0 TEE20 TR | SRS S R S| -
1350 6 oo R
1700 0.0 | InyO3 se+unknown..__| C- type+unknown..,_ Cubic+unknown_ .. __| _______| _______ | _______| _______ Specimen melted, unidentified pha.se
appears to be isostructural with
rhombohedral phase of Sc203-Al,03
system. This phase similar to un-
known phase previously reported by
Keith and Roy [3].
Se203-A1303 66.7:33.3 1350 Oy OSSO0 | USSR P | SVSDSUUOUN | USRI | NOUOUUYS | SO | HO S
1650 6 Sc03 %-.L(l —r)Sc203: | C-type+unknown.____| Cubic4+rhombohedral | ______ | ____ | | | ..
2A1203 gs.
50:50 1350 B I [ e B A
1650 9.5 Structure type appears to be rhombo-
hedral distortion of fluorite type; see
text.
1790 QS (S| SEENEE ] O S| S (] () SIS | SO (] ¢ SOOI USRS | S| RO | O | SRS | SO USSP Y
1960 08 Specimen melted.
& Fe,05-ALOg 53:47 800 | 20 |oooooo e
(2] 1000 0.5 S | S | S Y WS | SO | SN | AR | SUSRS | M | R
1375 | 49 | (1—2)Fe203.2A1:034 | Kappa alumina_______| Orthorhombie - ______| _______| _______| _______| | .
50:50 800 ) et | SO U SO O O O | S | RS o Sl | e | SR | S S
1000 8 e e ey S | S S | EREE s | ST O | SIS DS [ S | S S n S SR
1350 | 46 Kappa alumina_______ _
1450 | Kappa alumina_______ Orthorhombic._.______| 7.03 | 6.33 | 7.411 |________ This cell apparently not correct; Richardson,
text. Ball and
Rigby [20].
47:53 800 20
1000 | 65
1350 | 46
Cr03-Al2 03¢ 50:50 1000 6
1600 6
Ga03-Al;034d 50:50 1350 6
1650 6 | GaOges-o___________| Betagallia_.__________ Monoclinic_
30:70 1350 6
1650 6 Beta gallia+ Cor- Monoclinic+rhombo- || - | T
undum. edral.
Gat*? and larger cations
La05-Gaz03 66.7:33.3 1350 e e e e e e e e
1500 | 42 2L2203-GaxO3________ _ Unknown.____________ Unknown. ||| May be small amount of perovskite
type compound present.
(5050 J SR (SR Laz03-Gag03_._.______ Perovskite_________.___ Orthorhombic.________ 5.496 | 5.524 | 7.787 |..._____ Orthorhombic to rhombohedral trans-
formation occurs at 875 °C [6]. Geller [6].
8.2:91.8 1000 | 20
1350 6 Laz03-Ga:03+Gax03 Perovskite+beta gallia 0rtihorhomb1c+mono-
clinic
Pr:03-Gaz03 50:50 |- |oaooo_ Pry03-GagO3___________ Perovskite____________ Orthorhombic_..______ Geller [6].
Nd:03:-Ga:03 75:25 1350 6 I | S IS U S | S S | S
1500 6 Nd2034+2Nd203-Gax03 | A-type+unknown____| Hexagonal+unknown
66.7:33.3 1350 6 | S S | S SO0 S | I et
1500 6 Nd»03+2Nd;03- A-Type+unknown+ | Hexagonal+un:
gaz(o):H—Ndan- perovskite. ]i()nown-}—orthorhom-
a203. ic.




LSE

' 1575 6 2Nd205-GazOs.._._____ Unknown.___
50:50  focoooo | Nd:03-Gaz0;- - Perovskite. Geller [6].
40:60 1000 0 T B e | | | e | So T e SRR e
1350 | 46 Nd203-Gag O3+ Perovskite-4gar:

3Nd203:5Gaz0;

37.5:62.5 1000 6
1350 6
1500 | 46
Smz03-Gax03 75:25 1350 6 | SN | DS PSRN | S SR [ ARSI | IS | SN | e O S S | S PV e
1500 6 38mz0;-Gaz 03+ Unknown-+unknown
2Sm;y0;-Gaz 03
1575 6 38m203-GagO3._. ... Unknown.____.._______
50:50 1350 L e e 2 . 4
1500 6 28m203- Gax 03+ Unknown+garnet .| Unknown+-cubic. ____ 5 Listed dimension for garnet phase i
38m203-5Gax03 « mixture.
40:60 1000 P e e e e e e e e e e
350 e | S | O e | B | | e e R

—
1
8

-

2Smy03-Gas O3+ Listed dimension for garnet phase in

3Sm03-5Ga203 s mixture.
37.5:62.5 1000 =
1350
1500 | ¢4
Eu:03;-Gaz03 75:25 3 s 1+7 1 TR R - O e O L e N I B PP L S e I Sy
1500 3Eu:03-Gax 03+ Unknown+unknown | Unknown+unknown |________|_ _______| ______ | | ...
2Eu,03-Gaz03
1575 3Eu203-Ga03
50:50 1350 =
1500 2Eu:03-Ga 03+ Unknown +garnet ___| Unknown+Cubic. ___| 12.431 |________| _______|...____ Listed dimension for garnet phase in
3Eu203-5Ga303 4 mixture.
40:60 1000 nass
1350
1500 | ¢
37.5:62.5 1000
1350
1500 | ¢
Gd:03-Gaz03 75:25 1350 | 6 |
1500 3Gd203-Gaz03
1600 3G d203-Gag03
50:50 L N B e
1500 .3Gd;03-Ga03+ 3 Listed dimension for garnet phase in
3Gd203-5Ga203 e mixture.
40:60 1000
1350

—
8
=)

-

3Gd203-5Ga303 s
37.5:62.5 1000

Dy203-GayO3 75:25 1350 | 6 oo e
3Dy203-Gaz03 Unknown.___.._______.
Dy203+3Dy:203- Cubiclunknown S SRS SRR TRE AR RN S SRR Nonequilibrium; the 3:1 phase appar-

Gax03 a en(tily is decomposing.

66.7:33.3 1350 | 6 |

3Dy203-Gaz0s+
3Dy203-5Ga20s

'5155-26;65;6{41 _______ Unknown+garnet_____ Unknown+cubic.__.__ 12417 ||| Listed dimension for garnet phase in
3Dy203-5Ga203 s mixture

50:50 1350

40:60 1000

—
3
=3

-

37.5:62.5 1000

% g
- -
PO OO0 OO0 OD OODHROD O OO0 OO0 OOOHROD SOONS OOOKROOD OO OO0 OOS Bo

Ho0:03-Ga03 75:25 1350

66.7:33.3 1350

50:50 1350
3H0203-Gas03+ . 408 |- o[l Listed dimension for garnet phase in
3H0203:5Ga203 «s mixture.

40:60 1000

“Cubic

—
3
S

-

3H0:03-5Ga203 s
See footnotes at end of table,
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TaBLE 1.—Binary oxide mixtures of the trivalent cations—Continued

Ga*3 and larger cations—Continued

System

Composi-
tion

Heat !
treatment

Temp. | Time

Phases identified by
X-ray diffraction

Structure type

Symmetry

Unit cell dimensions

Remarks

References?

Y203-Gaz03

Er;03-Gaz03

Tm;03-Gaz03

Mole %,
37.5:62.5

75:25

66.7:33.3

:50

40:60

37.5:62.5

90:

80:20

:25

~1
=

50:50

40:60

37.5:62.5

50:50

°C

1000
1350
1500

>

—
13
=3
(=4
-
HOOOD OROHRIND OO DSOS O OSSN

1350
1500

1600

1500
1620

1350
1500
1750
1625

oo

.08
.25

1350
1500

1600 6

f=2i=r

—
@
&
=}
=3

Y,03+3Y03-GasOs+
3Y(1203-5G3203 58
‘‘‘‘‘ 0

3Y03-Gas0s+
3\:1203‘5(}3,203 ss

Er:034-3Er:03-
5Ga303 55

Er:03+4Er:0:-Gaz03
+3Er;03-5Ga203
Er:0343Er:03-Gaz03

Er;03+4-3Er;03-

5Gaz03 ss
2303+
3Er203-5Ga203 s
do

Er:03+3Er203-
5Ga203 ss

Tmz034-3Tms03-

5Ga303 ¢

“C-typefunknown
“C-typetunknown
_______ L4 S

C-type+unknown-+
garnet
C-type4+unknown____

- 'Uni(vriownql»cubi

Cubic+unknown-+
cubic
Cubict+unknown._____

Listed dimension for garnet phase i
mixture.

Nonequilibrium

Nonequilibrium; C-type phase con-
siderably reduced in amount rela-
tive to previous heat.

Nonequilibrium; C-type phase in-
creased in amount relative to pre-
vious heat.

Listed dimension for garnet phase in
mixture.

Listed dimension for garnet phase in
mixture.



Yb203-Gaz0s 50:50 1350 I v e eV SO | RS S OO S | SRS URCRe PR O R | SR | SRS | IS | | R
1500 6 Y b2034+3Y bs03- C-type+tgarnet . Cubic+tcubic. . __ 1283448 | SR R | Listed dimension for garnet phase in
-' 5Ga203 s mixture.
40:60 1000 6
1350 6
1500 | 44
37.5:62.5 1000 6
1350 6
1500 | 46
Lu:05-Ga:03 50:50 1350 6 ;
1500 6 Lu2034-3Lu203- | C-type+garnet_______| Cubict+cubic.___ | 12.320 || | _______ Listed dimension for garnet phase in
5G2a303 e mixture.
40:60 1000 6
1350 6
1500 | 44
37.5:62.5 1000 6
1350 6
1500 | 46
In203-Gax033¢ 50:50 800 20
1400 | 46
1450 | 46
Se203-Gas03 66.7:33.3 1350 R e (D VR
1500 6 8¢203 ss+(1—12)Sc203- | C-type+unknown ___| Cubict+unknown ____
2Ga203 &5
50:50 1350 6 e
1500 6 I
1650 6 Cubic+
2Ga203 55
37.5:62.5 1350 Ut e S | SO U OE . S S N OOV | Oy | S s | A | N
1500 | 0 | O | | A0 | USRI |
1650 6 | (1—2)Sc203.2Ga203 ¢ | Unknown...__________| Unknown_____ | | | | . Unknown phase similar to kappa alu-
mina type phases. It also appears
to be isostructural with (1—z)InsOs-
7Ga203 ss
33.3:66.7 1350 e T e e o P, | O S s SV | SO e |
1500 6 S e S S | I e R | R S
1650 6 (1—2)Sc203-2Ga203ss | Unknown.____________ Unknown..___________| _______
3 Fe:03-Gax03 ~50:50 || (1 (—1)12&)?203~IG3203 ss | Unknown_____________ Orthorhombic_____ 8.75 9.40 e e Wood [21].
T~
= 50:50 800 7 ] [ D s i | O o | [
1000 | 65 O | TR T U N S | N
1300 6 (1—2)Fe203-2Gaz03 s Or ombic 8.73 9.38 5.08 |-______ Same phase as reported by Wood [2]__
1500 6 Fe30y4 ss+Gaz203 55 Cubic+monoelinie. - || || __l__
Cr203-Gax03 50:50 800 6
1000 6
1600 6 Rhombohedral4+- |- __
monoclinic.
33.3:66.7 800 20 | e
1350 L O H ! I
1500 6 Rhombohedral+-  |________
lia. monoclinic.
20:80 800 | 20
1350 6
1500 6
Cr*3 and larger cations
Lay03-Cr203 50:50 || ___ La303-Cr203 Perovskite.___________ Orthorhombic..______ 5.477 | 5514 | TS || Geller [6].
Pr203-Cr:03 50:50 || _______ Prz03-Crz03 Perovskite. ..~ Orthorhombic_ .. __ L T I 7 I L S Geller [6].
Nd203-Cr03 50 =50 NN [EERSNES [ ST Nd:03:-Cr:03 Perovskite_ ___________ Orthorhombic_________ 5.412 | 5.494 | 7.695 |_______ | . Geller [6].
Sm3203-Cr203 66.7:33.3 800 | 20
1350 6
1500 6 Sm203+Sm03-Cra03 Monoclinic+ortho-
rhombic.
50<h0R e e e Smy03-Crz03 Orthorhombic._________ 5.372 | 5.502 | 7.650 |________ Results confirmed in present work | Geller [6].
for specimen heat treated at 1600 °C,
37.5:62.5 - L e S (e e P e R
1350 5 B S S S s U | R W | R S
1500 6 Sm303-Cr203+Cr203 Orthorhombic+rhom-
bohedral
Euz03-Cr203 50:50 1000 5 | s g | O O | | e |
1600 6 Euz0:-Cr03 Perovskite.._.________ Orthorhombic__.._____ 5.33 7.61 e e

See footnotes at end of table.
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TABLE 1.—Binary oxide miztures of the trivalent cations—Continued
Cr+3 and larger cations—Continued

Heat ! Unit cell dimensions
Composi- treatment Phases identified by
System tion X-ray diffraction Structure type Symmetry Remarks References ?
Temp. | Time a b c @
Mole 9, °C hr
Gd203-Cr203 66.7:33.3 800X IF20 S S SR | S S T | S
1350 6 . R
1500 6 Gd;034Gd203-Cra0 B-type+perovskite_ __ M(ilnoc]}ijpic-{—orthm
rhombic
50 250 NN [ EVNESS | SR — Gd203-Cr203 Perovskite-_—_________ Orthorhombic_________ 5.312 | 5.514 | 7.611 |________ Results confirmed in present work for | Geller [6].
specimen heat treated at 1600 °C.
37.5:62.5 800 | 20
1350 6
1500 6 Orthorhombic+rhom- |_______ | ______| ______
dum bohedral
Dy303-C1203 50:50 1000 5 S
1600 6 Dy203-Cr203
Y:203-Cr203 050 |ofeencaes Y:203:Cr203 Geller [6].
Er;03-Cr203 50:50 1000 o e e e e e e e
1600 6 | Er203:Cr203 | Perovskite.___________| Orthorhombic_________| 5.22 | 7.51 | &5.51 | ______ | ..
Yb203-Cr203 66.7:33.3 800 [ 20
1350 6
1500 6
50:50 1000 6
1600 6 Orthorhombic._
37.5:62.5 800 | 20 |||
1350 G | s S O YOO OO SIS | SO O
1500 6 Orthorhombic+rhom-
dum bohedral
Luz03-Cr203 50:50 1000 | g S | S Sy | SO 1y | Vo | e e S
1600 6 Lu203:-Cr203 Perovskite____________ Orthorhombic__.______ 5.17 7.46 5.49 || .
Inz203-Crz03 50:50 1000 Oy S| 0O S0 | U | P | PSR | S | S
1600 | 46 In203 es+Cr203 &5 C-type+corundum.____| Cubic+rhombohedral | _______|_______ | _______| | _______
Sc303-Cra203 80:20 800 | 20
1350 6
1500 6 Sc203 aet(1—2)Sc203-
zCr203 e
75:25 800 6
1350 6
1500 6 | (1—2)Sc2032Cr2034 | Unknown.__._________| Unknown_____________| _______| _______| _______|________ Unknown phase similar to kappa alu-
mina type phase.
66.7:33.3 800 20 | S S
1600 6 (1—2)8¢203:2Cr203 s
Cr203 vs
Sc;03—Crz03 50:50 1000 20 | | A e SV RO I SNCS | EOCEYNURIDG | eSO | SSSNUSSVIEY | WSSOSO S VOO N S S S S
1600 6 (1—12)Sc203-7Cr203 a Unknown+rhombo- |___ | | ||
+Cr203 4 hedral.
Fey03—Cr:03 3 50:50 000 | 6 oo | .
1350 6 (1-2) Fe203-2Cr203 o8 Corundum____________ Rhombohedral ________| _______| | | |
Fet? and larger cations
Las03;—Fe,03 i 50:50 1500 1 Laz03-Fe 03 Perovskite. ... __ Orthorhombic_________ 5.545 | 7.851 | 5.562 | | Roth [4].
Pry0;—Fe0; 50:50 || Pr;0;:-Fe;03 Perovskite..__________ Orthorhombie.._______ 5.495 | 5.578 | 7.810 || .. Geller and
Wood [5].
Nd;03—Fe;03 50:50 || Ndz03-Fe:03 Perovskite.___________ Orthorhombic.________ 5.441 | 5.573 | 7.753 | | Geller and
Wood [5].
Sm;0;—Fe;03 50:50 |- |o__ Sm;03-Fe;03 Perovskite . __________ Orthorhombic.________ 5.394 | 5.592 | T.TIL || Geller and
Wood [5].
3745 : 0285} | S| - 3Sm;03-5Fe203 GarnetIREmasPRE IR GubicIo STEIsRTERTe 12524 5| SRERTSEN STIERTEN SRS Garnet phase does not form stably in | Bertaut eluid
binary mixtures containing Fe;O3 Forrat [34].
and trivalent cations larger than
Sm+3 [34].
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203—Fe 03 5050 NN | S| ——— Euz0;3-Fe;03 Perovskite--—___C_C_CC Orthorhombic.......__ 5.371 | 5.611 | 7.686 e e S e Geller and

‘Wood [5].
87215 02X 51| DU | NS 3Eu303-5Fe;03 (G AINCTENEEI CubiciTIERTEa (123518 | S| SR | SRS | S S SRR SIS S Bertaut and
Forrat [34].
Gd03—Fea033h 50:50 | |oeeees Gdy03-Fe O3 Perovskite . __________ Orthorhombie.________ 5.346 | 5.616 | 7.668 |________ Results confirmed in present work for | Geller and
specimen heat treated at 1300 °C. Wood [5].
37.5:62.5 oo |oceeee 3Gd;03-5Fe;03 GarnetIZEIRIIIEAREET Cub]c eIy 1 b 1 O L L R Bertaut and
Forrat [34].
Dy:03:—Fex03 66.7:33.3 800 | 20
1000 | 20
1350 6
50:50 800 | 20
1000 | 65
1300 6 Dy3i03-Fe:03+-
3Dy203-5Fe203
1500 6 Dy;03-Fez03 . 5.30 8 5
37.5:62.5 |- oo |ocooo_o 3Dy203-5Fe203 G lecoecacoronecas CubiC.ooo . A Bertaut and
Forrat [34].
Ho0:03— Fe0: 50:50 1% g
1350 6 Ho0,03-Fe:03+ Perovskite+garnet..__| Orthorhombic+cubie. |- - | o | _|ceo__ INonequilHbrinm =S —
3H0:03-5Fe:0;
1500 6 Ho0203-Fe03 Perovskite . __________ Orthorhombic._.._____ 5.30 7.58 525 N e | O Rt ) s
S725: 025 F| RN | S 3H0:03-5Fe;03 Garnet............____ CubicuaE R TR SR | SEUIIS | S, | S S | Bertaut and
Forrat [34].
Y203—Fe;03 3i 50:50 1500 1 Y203-Fe;03 Perovskite. ._._______. Orthorhombie...______ Roth [4].
37.5:62: 6R|SETINTE [IToaTes 3Y20;-5F €203 G axT el A CubIcENSEE Bertaut and

Forrat [34].
Er;0;—Fe;03 50:50

37.5:62.5 _| Bertaut and

Forrat [34].
Tm;03—Fex03 37.5:62.5 Bertaut and
Forrat [34].

Yb203—Fe:03 66.7:33.3 800 | 20
1000 | 20
1350 6
50:50 800 20
1000 | 65
1300 6 | SRR | RS
1500 6 Yh203-Fex03 Perovskite_ _
37:152 62 GR | BENEETEE | FEn 3Yh203-5Fe;03 (Garneti=niiirTiinats Bertaut and
Forrat [34].
Luz03-Fez03 50:50 800 | 20
1000 65
1300 6
1500 6
37.5:62.5 | | Bertaut and
Forrat [34].
In;03-Fes03 50:50 R[00 | 20
1000 65
1350 6
1500 | 46
8¢303—Fez033 50:50 800 | 20
1000 65
1350 6
1500 6
37.5:62.5 800 20
1000 | 20
1350 6 S¢203 setFe203 oo C-type+-corundum Cubic+rhombohedral |- _____ | | || ..
Sc*3 and larger cations
Laz03—8¢203 5050 | SESUR S——— Laz03-Sc203 Perovskitel o nenne Orthorhombie..__.____ 52678 FIMESSTSTH | W82 (08 1| e | S S S Rt G Geller [6].
Pry03—58¢20; 50:50 || Pry03-S¢203 Perovskite..__________ Orthorhombie.._______ s o | 2 1 e Eo e e Geller [6].
Ndz;03—8¢203 ' (SRR, S Nd203-S¢203 Perovskite. .._.....___ Orthorhombie....____. R N, S S Geller [6].

See footnotes at end of table.,
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TaBLE 1.—Binary oxide miztures of the trivalent cations—Continued

Sct? and larger cations—Continued

Heat ! Unit cell dimensions
Composi- treatment Phases identified by
System tion X-ray diffraction Structure type Symmetry Remarks References?
Temp. | Time a b © a
Mole 9, °Cc hr A A deg
Smy03—~Sc03 50:50 1350 (O T | S L | S Sy ) | S OSSO, | R | TSSO, | MO U | S U S O
1650 9.5 | Sm203-Sc203 Perovskite. . __________ Orthorhombic.__._____ 7.95 5. 76 || o
Euz03—Sc:03 50:50 1350 O | SO | VS S O OO | BRSSO | RO | SRS | US| IS | N U SO e
1650 9.5 Eu0;-Sc¢203 Perovskite -2 ZIf=trs Orthorhombie.._._.___ 5551 7.94 L P e S
Gd203—Sc203 66.7:33.3 1350 6
1500 6
1650 6 Gd203 s+ Gd203: B-type+perovskite __| Monoclinic4ortho-
203 rhombie
5050 I E e R Gd205-8¢203 [PerovskiteMummERunEaES Orthorhombic...._____ 5.487 | 5.756 | 7.925 [._______ Results confirmed in present work for | Geller [6].
specimen heat treated at 1650 °C.
37.5:62.5 1350 6
1500 6
1650 6
Dy:03—Sc203 66.7:33.3 1350 6
1500 6
50:50 1350 6
1650 9.5
Ho0203—S¢:03 50:50 1350 6
1650 9.5 " _—
1875 0.3 | Ho203 ¢e+Ho0203- NGt -type+perovskite+ Cubictorthorhombic | 5.42 7.87 Al Nonequilibrium listed dimensions for
SCoOz-l-SCan s C-type —+cubic perovskite phase in mixture.
1900 1 |- d ________________ d Nonequilibriovm - .. _______
1950 e (O O O A [ SR [ RO | RS | SE s | e do -
2000 0.3 (1—1‘)H0203 280203 5 | C- type+perov<k1te, =l Nonequilibrium; amount of perov-
+Ho0203-Sez03 skite phase small. Equilibrium
probably single phase C-type solid
solution,
Y203—Sc203 50:50 1350 6 B
1650 9.5 | Y203 4+Y203-8¢:03+ | C-type+perovskite | Cubic+orthorhombie | _ . .| _______
€203 ss
1890 0.3 | (1—2)Y20328¢203es | C-type- oo -___| Cubic. | | ______
Er:03—Sc203 50:50 1350 T | L L N
1650 9.5 | Era03 ss+Sc203 ss Cubic+cubic. - Nonequilibrium
1850 0.7 | (1—2)Er203-25¢203 g5 Gy Do eI @D iR | SO | TR | SN | NG S DS ST
Yha03—Se03 50:50 1350 5 B | | T |
1650 9.5 | Y203 es+Sc203 as Cubic+-cubic Nonequilibrium. _
1850 0.3 | (1=2)YDb20328¢203es | C-type-...___________ Gl D] N——— SEESRINT RTINS | R | R SO S D
Lu:03—Sc203 50:50 1350 6 S | SV RS OU U | S U S | SIS | WV | WU | P | R | U,
1650 9.5 | (1—2)Lu2032S¢203e | C-type...___________ (111 NSNS | G0 | S| |
In203—Sc203 50:50 800 2 | | O | O | | OO | S |
1350 | 46 (1—2)In203-28¢203 ss C-type....__..______ Cubic || e
In*? and larger cations
Laz03—1Inz03 50:50 1350 0.5 | Lay03-Inx03 Perovskites—=-t-Zrto2 Orthorhombic_._______ 5.723 | 8.207 | 5.914 || oo Roth [4].
Nd:03—1In203 95:5 800 20
1350 e S St | SO
1500 | %2 Monoclinic_
85:15 800 D e
1350 6 -
1500 | 42 (1—2) Nd203-2In203 g “B- type+perovskite | Monoclinic+ortho-
+Nd203-1In:03 rhombic.
75:25 E L
1350 6 T T S e o
1500 | 42 (1—2)Nd203.2In203 s Monoclinic+ortho-
+Nd203-In203 rhombic.
66.7:33.3 3 00 2 0 B | N | | O | s | S | S s S




1350 6 |
1500 | 42 (1—2)Nd203-2In303 ¢« | B-type+perovskite. . | Monoclinic4ortho-
—+Nd203-In203 rhombic.
50:50 1350 0.5 | Nd2031In203 Perovskite____________ Orthorhombic. . ______ ] b b Roth [4].
33.3:66.7 800 20
1350 6
1500 42
Smy03—1In;03 66.7:33.3 800 2?
135 i . B
1500 | 42 Sme03 s+ Sm203- Monoclinic+ortho- | _______| | | | .
In;03 rhombic.
50:50 1350 0.5 | Sm03-In203 Perovskite. ... Orthorhombie k s : S S S Roth [4].
33.3:66.7 800 [ 20
1350 6
1500 | 42
Eu203—1In;033k 50:50 800 | 20
1350 6
1650 | 42 Schneider [23].
Gd203—Inz03 66.7:33.3 800 | 20
1350 6
1600 | 42 Monoclinic+un-
Iny0; known.
50:50 800 20 | e e e
1350 6 R
1600 | 41 Isostructural with Euz03.In;03. Schneider [23].
1650 | 42
33.3:66.7 800 20
1350 6
1600 | 2 Gd203-In203 <
+1In302 o
Dy:03—1In;03 95:5 800 | 20 |
1350 6 |
1600 | 42 Dy:03 e+(1—2) | C-type+B-type_______| Cubic+monoelinic____ || | |\ T
Dy203:2In205 e
85:5 800 20) S | S
1350 6 |
s 1600 | 42 Dy203 +(1—2) | C-type+B-type.._____| Cubie+monoclinic____|_ _____ | | _______| ______| T
b3 Dy2032In203 w
b4 75:25 ) BN I O | S | SO | NP NN | I N |
1350 L N USSR SRR PRSI NIRRT DUREEER ERRRNER SRR ERERNE SRR
1600 | 42
66.7:33.3 800 20 | e
1350 6 .
1600 | 42 (1—2)Dy203-2In203 « Vo n0 T T T e | Mo | R | B DR L S R
+Dy203-In1203 o« known.
50:50 800 20
1350 6 o L s
1600 | 41 Dy203-1n,04 Unknown __ . ~ Schneider [23]
1650 | 43 (1—=2)Dy2032In:03 &« | B-type+C-ty ini A | ST SR
+1In303 s
33.3:66.7 800 20
1350 6
1600 | 42 v203-In20; o
In203 o
Ho:05—1In;03 50:50 800 | 20
1350 6
1600 | 41
Er;03;—1Inz03 50:50 800 | 20
1350 6
1600 | 41
Tm;03;—1In203 50:50 800 | 20
1350 6
1600 | 41
Yby03—1Iny03 50:50 K00 20
1350 6
1600 | 41
Lu203—1Inz03 50:50 800 e
1350 [ O B e -
1600 | 41 (1—2) Luz03-2In203 «

! All specimens in present work slow cooled except where noted. Each heat treatment includes all previously listed lower temperature heatings given for the same composition.
2 When no references are given, data was obtained in present investigation.
3 The phase diagram for this system has been reported: (a) [22], (b) [10], (¢) [26], (d) [27], (e) [28], () [10], (g) [29], (h) [22], () [18], () [30], (k) [23].

i 4 Specimen heated in sealed Pt tubes and quenched.
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Ficure 5. Predicted subsolidus binary phase diagrams for systems involving oxides of the trivalent cations

A—A-type rare earth oxide structure
B—B-type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound
1:11—beta alumina type structure
P—perovskite type compound

@ —compositions studied in present work

(O—data taken from literature
X—data taken from literature for which no temperature of heat treatment is

given

R—unknown type structure, rhombohedral symmetry

(a) Binary oxide systems containing Al+3 and larger cations.

1. Y203-Al0s [22]
2. Fe:03-A1:0;3 [10]
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S—spinel type structure

a—corundum type structure

B—beta gallia type structure

K—kappa alumina type structure

u—unknown type structure similar to kappa alumina
ss—solid solution

The following systems pertinent to this series have been previously published,

3. Cr:03-Al:0; [26]
4. Ga03-AL0; [27]
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(O—data taken from literature )
X—data taken from literature for which no temperature of heat treatment is

given
A—A-type rare earth oxide structure
B—B-type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound
1:11—beta alumina type structure
P—perovskite type compound
R—unknown type structure, rhombohedral symmetry

(a) Binary oxide systems containing Al+? and larger cations.

1. Y,03-Al03[22]
2. Fex03-A10; [10]

(b) Binary oxide systems containing Ga+? and larger cations.

solid solution taken from Remeika [35].
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The In:03-Ga:0; system has been previously published [28].

Predicted subsolidus binary phase diagram for systems involving orides of the trivalent cations—Continued

S—spinel type structure

a—corundum type structure

B—beta gallia type structure

K—kappa alumina type structure

u—unknown type structure similar to kappa alumina
ss—solid solution

The following systems pertinent to this series have been previously published.

3. Cry03-ALOs [26]
4. Gay03-Al203 [27]

Boundary limits of kappa alumina
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Ficure 5. Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued

@—compositions studied in present work

(O—data taken from literature

X—data taken from literature for which no temperature of heat treatment is
given

A—A-type rare earth oxide structure
B—B-type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound
1:11—beta alumina type structure
P—perovskite type compound

R—unknown type structure, rhombohedral symmetry

(b) Binary oxide systems containing Ga+3 and larger cations.

solid solution taken from Remeika [35].
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S—spinel type structure
a—corundum type structure
B—beta gallia type structure
K—kappa alumina type structure

u—unknown type structure similar to kappa alumina

ss—solid solution

The In;03-GazOs system has been previously published [28].

Boundary limits of kappa alumina
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Ficure 5.

@—compositions studied in present work
(O—data taken from literature

X—data taken from literature for which no temperature of heat treatment is

given
A—A-type rare earth oxide structure
B—B-type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound
1:11—beta alumina type structure
P—perovskite type compound ss—solid solution
R—unknown type structure, rhombohedral symmetry
(b) Binary oxide systems containing Ga+3 and larger cations.
solid solution taken from Remeika [35].

(¢) Binary oxide systems containing Cr+3 and larger cations.
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S—spinel type structure

a—corundum type structure
B—Dbeta gallia type structure
K—kappa alumina ty
u—unknown type structure similar to kappa alumina

pe structure

The Inz203-Gaz03 system has been previously published [28].

The Fe203-Cr203 system has been previously published [10].

Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued

Boundary limits of kappa alumina
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FIGURE 5. Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued

@—compositions studied in present work
(O—data taken from literature
X—data taken from literature for which no temperature of heat treatment is

given
A—A-type rare earth oxide structure
B—B-type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound
1:11—beta alumina type structure
P—perovskite type compound
R—unknown type structure, rhombohedral symmetry

S—spinel type structure

a—corundum type structure

B—beta gallia type structure

K—kappa alumina type structure

u—unknown type structure similar to kappa alumina
ss—solid solution

(c) Binary oxide systems containing Cr+3 and larger cations. The Fez05-Cr,05 system has been previously published [10],

368
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@ —compositions studied in present work
(O—data taken from literature

Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued

X—data taken from literature for which no temperature of heat treatment is

given

R—unknown type structure, rhombohedral symmetry

(¢) Binary oxide systems containing Cr+3 and larger cations.
(d) Binary oxide systems containing Fe*? and larger cations.

following systems pertinent to this series have been previously published:

1. LaOsFe:03 [29]
2. Gd:05-Fe03 [22]

369

S—spinel type structure

a—corundum type structure

B—beta gallia type structure

K-—kappa alumina type structure

u—unknown type structure similar to kappa alumina
ss—solid solution

The Fe;03-Cr;03 system has been previously published [10].
The transformation temperature of corundum to spinel type is taken as 1390 °C. [10].

3. Y:03-Fe:03 [18]
4, Sc03-Fe 03 [30

The
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Ficure 5. Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued

@ —compositions studied in present work
(O—data taken from literature
X—data taken from literature for which no temperature of heat treatment is
given
A— A-type rare earth oxide structure
type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound
1:11—beta alumina type structure
P—perovskite type compound
R—unknown type structure, rhombohedral symmetry

S—spinel type structure

a—corundum type structure

B—Dbeta gallia type structure

K—kappa alumina type structure

u—unknown type structure similar to kappa alumina
ss—solid solution

(d) Binary oxide systems containing Fe*3 and larger cations. The transformation temperature of corundum to spinel type is taken as 1390 °C. [10].
following systems pertinent to this series have been previously published:

1. Lay03-Fe 03 [29]

3. Y203-Feq03 [18]
2. Gd203-Fe:0; [22]

4. Sc203-Fe 03 [30]

{e) Binary oxide systems containing Sc*? and larger cations.
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Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued

@—compositions studied in present work

(O—data taken from literature

X—data taken from literature for which no temperature of heat treatment is

given

dral symmetry

(e) Binary oxide systems containing Sc+? and larger cations.

592653—61

S—spinel type structure

a—corundum type structure

B—Dbeta gallia type structure

K—kappa alumina type structure

u—unknown type structure similar to kappa alumina
ss—solid solution

371



e cont
2000 — —
L =
— O —
L 4
— O -
I — —
500[ Ces ]
1000 ) I S T TN T TN TN S | ]
szo3 Sc203
2000 == =
L . _
1500 f— . —
& S ss -
0— ot —
w = —
1= =
E 1000 [N N R TR TN N S S
g SLpes S
&
S 2000— —
w = -
'_ - o~
1500 |— Css =
L . -
1000 I T T T N T T R
In203 SCZO3
2000 — f —
- ]
I500i= ==
= A+P P+ G :
oool 1 1 1 | N
(0] 20 40 60 80 100
5 In O
L0203 12l "2 3

FIGURE 5.

@ —compositions studied in present work
(O—data taken from literature
X—data taken from literature for which no temperature of heat treatment is

given
A—A-type rare earth oxide structure
B—B-type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound
1:11—beta alumina type structure
P—perovskite type compound
R—unknown type structure, rhombohedral symmetry

(e) Binary oxide systems containing Sc*? and larger cations.
(f) Binary oxide systems containing In*? and larger cations.
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S—spinel type structure

a—corundum type structure
B—beta gallia type structure
K—kappa alumina type structure
u—unknown type structure similar to kappa alumina
ss—solid solution

The Euz03-In:03 system to be published [23].

Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued
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Fraure 5. Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations—Continued
@®-—compositions studied in present work
(O—data taken [rom literature
X—data taken from literature for which no temperature o theat treatment is
given
S—spinel type structure
a—corundum type structure
B—beta gallia type structure
kappa alumina type structure

A—A-type rare earth oxide structure
B—B-type rare earth oxide structure
C—C-type rare earth oxide structure
G—garnet type compound K
11—beta alumina type structure u—unknown type structure similar to kappa alumina
P—perovskite type compound ss—solid solution

R—unknown type structure, rhombohedral symmetry

(f) Binary oxide systems containing In+ and larger cations. The Eu;03-In:03 system to be published [23].
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