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Selected mixtures in 69 binary systems involving Ab03, Ga20 a, CrZ0 3, Fe20 a, SczOa, In20 3, 
Y20 3, 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 +3 cations versus the radii 
of B+3 cations shows the regions of stability for the different structure types found for Ithe 
double oxides of the trivalent cations. The following structure types were encoun tered: 
A, B, and C-type rare earth oxide; corundum, beta gall ia; kappa alum ina; garnet; perovskite; 
and several types which could not be definite ly re lated to known structures. The majority 
of A+3B+30 3 compounds have the perovskite structure. Several phases, including 
(1-x)Fez0 3·xAh03 ., and (1-x)Fe,03·xGa20 3 ." appear to have structures s imi lar to kappa 
alumina. Solid solut ion dcfin itely occurs in many of t he garnet type compounds which 
contain gailia. Based on the data collected in this survey, the subsolidus phase equi libria 
re lationships 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 r ecently conducted by the 
authors [1]1 on the various solid state reactions that 
occur in mi.;x:tures of the trivalent rare earth oxides. 
It was found in the work that ionic size was the 
primary controlling factor in determining the various 
sub solidus phase relationships. This study has sincc 
been extended to include the oxides of the smaller 
trivalent cations, In+3, Sc+3 , F e+3, C1'+3 , Ga+3, and 
Al+3. 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 oA'ide 
systems involving only tTivalent 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 A +3B+30 3 and to a lesser extent 
A3+3B5+30 12 type compounds. The A +3B+30 3 and 
A3+3B5+30 12 compounds have the perovskite and gar
net structures respectively. It is noteworth that 
the oxides of the trivalent cations, A2+30 3, may be 
considered in a general way as A +3B+30 3 (A +3 A +30 3) 

I type compounds. None of these A/30 3 oxides, how
ever, are lmown to have a perovskite structure. 
Goldschmidt and his coworkers [2] were perhaps the 
first to investigate A +3B+30 3 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 

1 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 eqUl
molar mL'(tures according to the ionic radii of the 
constituent cations. 

2 . Sample Preparation and Test Methods 

With the exception of Cr203 and Fe20 3 which were 
reagent grade, the materials used in this investigation 
had a purity of about 99.9 percent. Specimens weI:e 
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 
io-nition loss were weighed to the nearest milligram. 
Each batch' was mixed, formed into a % in .-diam 
pellet by pressing at 10,000 Ib/in .2 and fired at some 
relatively low temperature (at least 800 DC!) for 
varying lengths of time. Most of the specImens 
were then ground, remixed, again pressed into 
pellets and fU'ed at successively higher temperatures 
until equilibrium was obtained. 

All specimens containing In203 or Cr203, 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 DC/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 DC. 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 DC. 

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 eitber Al20 3, GaZ03, Cr20 3, 
Fe20 3, SC20 3, or 1n20 3 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 
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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 sub solidus phase relationships of 
a majority of th e listed binary systems. 

Figure 1 gives a classification of the various 
s tructure types found for equimolar mixtures of the 
oxides of the trivalent cations. The coordinates of 
the figure are the radii of the A H and B+3 cations. 
For convenience the larger cation in any mixture is 
taken as the A +3 ca tion (ordina te) and the smaller 
as BH (abscissa) . The radii of the different cations 
are indicated on the figure by open triangles.2 The 
solid triangles on the diagonal line represent the 

2 Radii valu es are according to Abrens [8j with the exception of Y+3, In+3 and 
Sc+3 which were taken from Roth and Schneider [9J. 'I'he following radii values 
were u sed throughout this report : La+3..1.14 A, (Je+3..1.07 A, Pr+'-1.06 A, Nd+3.. 
1.04 A, Sm+3..1.00 A, EU+3...98 A, Gd+3... 97 A, 'I'b+3...93 A, D y+'-.92 A, IIo+'-.91 
A, Y+'-"'.91 A , ]' r+3.. .89 A, 'l'm+'-.87 A , Yb+'-.86 A, Lu+3...85 A, In+'-.77 A, 
8c+3...68 A , F e+3...64 A, 01'+3.- .63 A , Ga+'-.62 A, and Al+3-.51 A . 
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FIGU RE 1. Classificat ion of structure types for equi molar mixtures of trivalent cations. 

A- A·type rare earth oxide 
B- B·type rare earth oxide 
O- O·type rare earth oxide 
G-garnet 
I- uuknolvu type 
a- corundum 
p- heta gallia 

L>-radii of cations 
. - pure oxide 
. - compositions st.udied in presen t work 
0--data taken from literatm e 
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K- kappa alumina 
U-nnknown type simil ar to kappa alumina 
P- perovskite 
R- unknowll type 

2:1- unknown type 
3:1- unknown type 



individual oxides . Each circle r epresents an equi
molar composition co nl a ining either one or two 
phase whi ch have Lhe indicalcd s tructures at room 
temperature. In mo t il1s tftn ces, these same types 
also exist s tably at elevated temperatures. The one 
known exception lo lIris is lhe listed s tructure of the 
1: 1 mixture or Fe20 3 and Ab03 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 
no t indica te the division of differen t 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 diffi clllt 
at times to establish the equili brium phases. For 
this reason certain ,1,I"eas in the diagram arc shaded to 
indicate that the position or cCl'lain portions of the 
boundary lines arc somewhat in dOl1bt . Several of 
these borderline systems arc )low being investigated 
in detail by the aUlho rs iuprder that the equ ilibrium 
phases can be derrni lel)- ascer tained. 

The majori ty 01' A +3B+30 3 type compounds forIned 
from doub10 oxides or the trivalent ca tions are those 
having the pcrovskite structure. This fi eld of perov
sleite types encompasses the largest single phase arca 
of the diagrtLm. The other single phase areas gen
erally represen t solid solutions and not true com
pounds. The two-phase areas, of e011rse, co nta in 
compo unds (3 :1 ,2:1, and 3 :5) but not o[ the A +3B+30 3 
type. 

Figure 1 not only designates the structure types for 
equimolar mixtures but also, with two exceptions, is 
applicable [or all molar r a tios of binary combinations 
of oxides of the lis ted cations. The two exccutions 
are the beta alumina (La20 g-A120 3 and LfL20 3=Fe20 3 
systems) and the spinel (Fe203-H20~ systems) slruc
tures. The spinel s tructure, of cou.rse, oeCllrs onl~
when FeO is present as a third compon en t . The 
variolls structure types are di scussed in sUGceeding 
sections. 

4. Discussion 

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

The s tructure type of the stable forms of the oxides 
of the trivalent cations (fig. I, solid triangles) can 
be generally grouped in tbe following manner 
according to the ionic radiu s 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-monoelinic 
B-type rare earth oxid e structure; 0.93 A to 0.68 A
cubic C-type rare earth oxide structure; 0.64 A to 
0.53A-rhombohedral corundum structure; 0.52 A
monoclinic beta galEa structure ; and 0.51 A-rhom
bohedral corundum structure. In the above listing 
the s tru cture types are seemingly out of order with 
respect to radii in that the beta gallia type is in ter-

m ee ilt Le between two corundum types. This incon
sis lency emphi1sizes that other factors besides radii 
must be co nsidered in generalizations such a given 
above. 

Generally Lhe efrects of partial covalent bond ing in 
essentially ionic t)Tpe materials are neglected. 1-100ser 
and P earson [1 1] related the structl1res of certain 
simple compound to average quantum numbers and 
elcctronegati vi t.v valu es. From their worl;;: and 
others [11, 12] itis apparent that the covalent char
acter (directional propOL"Lies of the bonds) of a com
pound is directly related t.o the difference in the 
electronegativities or the Cl1,tion and anion. Gen
erally the greater the difference, the less tbe covalent 
type bonding. l 1sing the electronegativi ty values 
given by Gord.\' and Thoma [13] to calculate relative 
cov1Llent character, the aforemenLioned grouping of 
structure types can b e r earranged according to in
creasing covalent character: A, B , or C types (Ln20 3) 3 
< C-t.vp e (SC20 3) < C-type (In20 3)< beta gallia type 
(Ga20 3) < corunrlum type VIJ20 3)<corunclum type 
(Cr20 3) < corundum type (F e20 3) ' This method o[ 
ftrrangement , ,tlthough on a very relative scale , does 
group like structure types together. It would. be 
increasingly more difficult to apply this tyue of clas
sification to comnounds containing ions of different 
valence as well ,1,S those containing multiple ions of 
t,h o same valencc. 

A number of the trivalent oxides have metastable 
pol morphs which have struetures different from the 
stable modifica tions. A B-type structure has been 
repor ted for .r d20 3 [14], while Sm20 3, EU20 3, and 
Gd_03 arc known to form th e C-type [9]. Galli a 
(Ga20 3) and Ab03 ar e simihLr in many respects in 
that they both have polymorphs or the same struc
ture type. Gamma Al20 3 and gamma Ga20 3 ftre 
isostructural, as are alpha AlZ0 3 and alpha Ga20 3 
[15] . This is also true for ensilon Ga20 3 and kal)oa 
A120 3 and Jor b eta Ga20 3 and theta Al20 3 [15]. A 
metastable polymorph of a pure oxide may appoar as 
a s table phase in solid solutions. E xamples of this 
occur in solid solutions between the oxides of the 
trivalent rare earth ions . For ins tance, the B-type 
structure in solid soln tions is stftble over a far greater 
range of average radii values than the pure oxides [1]. 

4.2. Perovskite Structure Type 

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

Goldschmid t and coworkers [2] derived a toler
ance factor (t) for the perovsk ite s tructure which is 

3 The symbol "Lnll represents the lanthanide series. lant hanum through 
lutecium . 
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given by the following formula: 

where 

t RA+ Ro 
.fi(Rs+ Ro) 

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

As t approaches unity, the tendency for the forma
tion of a perovskite structure becomes greater. The 
lower limit or minimum value of t for a given series 
can only be determined experimentally. For the 
Ln203·Ga203 and Ln20 3-A120 3 series of perovskite 
type compounds, the minimum values of t were 
found to be 0.85 and 0.84 respectively. In com
parison, the lower limit of t for the other perovskite 
type series, La203·Ln20 3 [1], Ln203·In20 3, Ln20 3· 
SC203, Ln203·Fe20 3 and Ln203·Cr20 3, are an ,equal 
to about 0.78. 

Dalziel [16], considering only the Fe203, Ga20 3, 
and Alz03 perovskite series, attempted to explain the 
differences in minimum t values ol'!. the basis of 
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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 Ln+3 cations in 12-fold coordination 
and the volumes of one formula weight of Ln20 3' 
M 20 3 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+3 cation decreases. 
It is difficult to compare the different series with 
regard to which group is more covalent because of 
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FIGURE 2. Relationship between volumes of one formula weight of Ln20 a' M 20 a perovskites and volum.es of cations in 12-fold 
coordination, 

Solid Curve-Determined experimentally 
Dashed Curve-Predicted from lanthanide contraction, [VLa,O,·M,O,-(VL.- VL.) ] 

0 - Stable compound 
L>-Possibly metastable compound 
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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 Alz0 3 and perhaps 
the GazOa series than in the other groups. This 
would account 1'01' the larger minimum tolerance 
factors of the Alz0 3 and Ga20 3 seri es. 

4.3. Garnet Structure Type 

The garne t s tru cture 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~Oa , Ga203, or AJ20 3 as 
one end member and a rare earth oA'ide (or Y20 3) as 
the other. The chemical formula of a garnet type 
compollnd can be written as [A3+3J[B2+3J[Ca+3]012, 
where [A +3], [B+3], and [C+3] indicate cations which 
occur in 8-fold , 6-fold , and 4-f'01d coordination, 
respectivel.v [17]. In binary systems the rare earth 
cations or y +3 can be usually thought of as occupy
ing the [A+3] sites with the sma11er cations, Fe+3, 
Ga+3, or Al+3 f.tl liJl g the [B+3] and [C+3] positions. 

Compounds having the garnet structure do not 
occur in binary systems containing Cr20 a. This 
agrees with the observation [17] that Cr+3 prefers 
only octahedral type of coordination ([8+3] sites) in 
the garnet structure. Apparently the Cr+3 cations 
will never appreciably occupy tetrahedral sites in 
the garnet structure, even when it is the most likely 
ca tion to be te tmhedrally coord ina ted . 

Solid solution of the garnet type compounds which 
occurs in binary systems containing Ga20 3 has been 
generally overlooked because of the simultaneous 
report of solid solution between the perovskite and 
garnet structures in the Y20 3-Al20 a 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+3 in the octahedral ([8+3]) positions. 4 

Tlle amount of solid solu tion as well as tne amount 
of cnange in unit cell dimensions increases to a max
imum at about Tm+3 as tne size of tbe 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 Y20 a-
Ga203 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, 3Yb20 a·5A120 3 and 3Lu203·5Ab03' 
Although not determined exactly , the extent of 
garnet solid solution is fairly small, probably about 

• rt l1as been suggested by S. Geller in a private communication that the solid 
solution mal" be of the interstitual and/or vacancy ty pes instead of substitutional 
and thus result in a defect s tructure. 
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two mole percent. Substitutional type solid solution 
of the Fe203 garnets probably does not occur. How
ever, as illustrated by the Y203·Fe20 3 system [18], 
partial reduction of Fe20 3 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 Al20 3 and Ga203' 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 a1. [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 c= 13.39 A. The 
reported d-spacings were not given with sufficient 
accuracy to verify the cell dimensions. . 

Richardson et a1. [20] described the phase which 
occurs at the equimolar mixture of Fe203 and Al20 3 
as having a structure similar to that of kappa 
alumina . The X-ray pattern for the 50Fe203: 
50Al20 3 phase was indexed by Richardson et a1. [20] 
on the basis of an orthorhombic cell with a= 7.03 A, 
b= 6.33 A, and c= 7.41 A.S However, the calculated 

, 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 justify the reported indexing. 
In the present investigation three Fez03-Alz0 3 mix
tures, 47 : 53, 50: 50, and 53: 47 were prepared. Each 
specimen contained the same single phase as that 
reported by Richardson et a1. [20]. The X-ray 
pattern of the 53Fez03 : 47 AlzOa specimen was suc
cessfully indexed on the basis of an orthorhombic 
cell with a= 8.59 A, b= 9.23 A, and c= 4.98 A as 
given in table 2. The indexing was accomplished 
only after comparison with the X-ray pattern of the 
50FezOa: 50Ga20 3 specimen, a phase described by 
Wood [21]. The orthorhombic phases which occur 
in the Fe20 a-A120 3 and Fe20 3-Ga20 3 systems are 
apparently isostructural and represent solid solutions 
rather than compounds . The similarity in strudurcs 
is important because of the reported magnetic and 
piezoelectric properties of the (l -x)F e20 3 . xGa203 88 

phase. These properties in (l -x)Fez0 3 . xAl20 3 88 will 
be reported on in a future publication. MUfm and 
Somiya [10] reported the complete phase relations 
for the F e20 3-A1203 system and showed that the 
orthorhombic phasB has both a n1.inimum and maxi
mum. decomposition temperature. 

There is not yet sufficient evidence to classify the 
orthorhombic phases of the Fe203-Alz03 and Fe20 3-
Ga203 system.s 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 basis as that given for 53Fe203:47Alz03 
in table 2. The failure to index these patterns may 
be due to the inaccurate X-ray data available rathcr 
than dissimilar structures. 

(I - X)Sc 2 03' XC'203 55 

(75 : 25 MIXTURE) 

(I-X)SC2 °3' XG o203 55 

(37.5:62,5 MIXTURE) 

(I-X) 1°2 03' X Go203 55 

(50: 50 MIXTURE) 

(I-X) F"203'XGo203 55 

(50 :50 MIXTURE) 

(I-X) F "2°3' X AI203 
(50 :50 MIXTUR E ) 
. I 

I 

TABLE 2. X-ray powdcT diffraction data for 
(l -x) Fe~03 . xAb0 3 88 

(53Fe,0 3 : 47AI,03 mixiure) 

I 

""I ' d 2 13 
dz 

obs cal 
--- ----

A A-2 /1-' 
100 6.03 25 0.0253 0.0253 
020 4.64 23 . 0464 .0470 
111 3.90 18 . 0657 .0656 
121 } 3.144 38 . 1012 { . 1008 
220 . 1012 

130 2.899 38 . 1100 ,1193 
221 2.658 100 .1415 . 1415 
131 } 2.497 29 . 1604 ( . 1596 
002 I . 1610 
012 2.407 18 . 1726 . 1728 

102 } 2.393 34 . 1747 { .1746 
311 .1741 
040 2.306 14 .1881 . 1881 
022 2. 193 23 . 2080 . 2080 
321 2.186 38 . 2093 .2093 

400 2. 146 13 . 2171 . 2171 
122 2. 125 21 . 2214 . 2216 
331 1. 9000 29 . 2679 .2681 
042 1. 6920 20 .3493 .3491 
123 1. 5377 IG , 4226 . 4229 

, Based on orthorhombic cell with a=8.59 A, b=9.23 A, and 
c=4,98 A. 

2 In terplanal' s pacing. 
3 Rela.tive intensity. 

Figure 4, as well as table 3, presents X-ray powder 
data for all the phases encountered in this inves tiga
tion which may have structures similar to kappa 
alumina. It is apparent, from figure 4, that the 
patterns for kappa alumina, epsilon gallia, 50Fe20 3: 
50Al20 3 and 50Fez0 3: 50Ga203 are related. Each of 
the X-ray patterns of the other phases, 50In20 3: 
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FIGURE 4. Diagrammatic X-ray powder di.D·Taction patterns for kappa alumina [25], epsilon gallia [1 5], 50Fez0 3: 50Alz0 3 
50Ji'ez03 :50/]aZ0 3, 50i n203:50/]aZ03, 37.5ScZ0 3:62.5GaZ03 and 75SC203:25Cr,03' 

For tbe kappa alumina pattern , d-values apparently d ue to extraneons phases were deleted, as was done by Roy et a!. r 151. 
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TA B LE 3. X-my powder di.ffmction data .for (l-x) InzOz· 
X G :1.Z 0 3 88, (l-x) 8c20 :r1·C:1.z0 3 88 , and (l-X)SC203·xCrZ0 3 88 

501n,0,,500a,03 
mixt ure 

dl J ' 

A 

9.72 13 
6.83 18 
4.88 9 
4.84 17 
3. 423 11 

3. 183 37 
2.279 57 
2.917 100 
2.851 11 
2.710 100 

2.661 57 
2.590 9 
2.437 80 
2.426 80 
2.363 11 

2.298 15 
2.279 8 
2.177 13 
2.031 13 
1. 9434 8 

1 9155 9 
1.8273 33 
1.8200 34 
1. 7190 100 
1.6709 8 

1. 6345 25 
1. 6148 23 
1. 6055 8 
1.5494 31 
1.5253 11 

1.52 17 J1 
1. 5176 24 
1. 5158 32 
1.4784 26 
1.4756 39 

1.4592 14 
1. 4551 15 
1. 4491 30 
1.4265 42 
1. 3937 14 

1. 3816 9 
I. 3558 14 
13310 8 

I Interplanar spacing. 
2 R elath' e i.ntensiLy. 

:!7 .5S~,0" 62 .. 50 ",03 75So,0 3:25CI"203 
mixture mixture 

-'-

(/1 J' d I I 2 

A A 

4.73 12 4.44 18 
3.404 36 3.559 21 
3.110 39 3.400 59 
3.034 8 3.046 57 
2.889 29 2. 763 100 

2.878 100 2.687 45 
2.852 100 2.653 12 
2.653 88 2.531 15 
2.598 16 2.501 52 
2. 486 11 2.417 9 

2.385 88 1. 9713 13 
2.365 90 1. 9465 49 
2.247 13 1. 9072 80 
2.231 8 1. 7984 11 
2. 144 14 1. 7172 16 

2. 131 24 1. 6573 49 
1. 830 6 1. 6247 15 
1. 7905 52 1. 6861 27 
1. 7836 39 1. 4903 II 
1. 7077 46 1. 4666 15 

1. 6800 100 1. 4395 10 
1.0017 52 1. 4221 10 
1. 5858 10 1. 4127 10 
1. 5793 28 1. 3902 10 

1. 3824 10 

1. 5167 24 1. 3442 10 
1. 3180 11 

1. 4933 10 1. 2514 11 
1.4890 10 
1. 4839 49 
1. 4447 54 

1. 4328 11 

1.4281 24 
1. 4158 42 
1.3966 48 
1. 3640 9 

1.3496 11 

1. 3466 J1 
1.3267 13 
1. 3048 18 

50Ga20 3, ;)7 .5SC203: 62 .5Ga203, and 7 5SC20 3: 25CrZ0 3, 
could not be indexed fl.l though they, too, appear 
similar to the pattern o[ kappa alumina. It would 
seem, strictly by the comparison of X-ray patterns, 
that In20 3-Ga20 3 and SC203-GaZ0 3 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 
758c20 3: 25Cr20 3' 

4 .5 . Other Structure Types 

Keith and Roy [3] reported that an unknown phfl.se 
occurs i.n a melted 50: 50 mixture of Inz0 3 and Alz0 3. 
They designated this p hfl.se as a high form of In20 3: 
A120 3 and listed several of its X-ray reflections. In 
an effort to obtain this phase, the experiment of 
Keith and Roy was rep eated. The melted specimen 
of 50: 50 In20 3-Al20 3 contained two phases, In20 3 
and apparently the same pbase as reported by Keith 
and Roy. Other experiments with the 50111 20 3: 

T ABLE 4. X-ray powdeT diffraction data .for (l-X)SC20 3·xA I20 3 .. 

(5080 20" 50A /,0 3 mixturo) 

1 
!thom. (/ 2 J 3 d20 bS 

hkl I 

-

A A -' 

222 2.842 29 0.1238 
222 2. u87 100 . 1385 
040 2. 359 21 .1797 

Mlin'2 2.265 5 .1940 

223 2. 241 5 . 199 l 
240 2. ]38 7 .2185 
332 2.004 9 .2491 
043 1. 8496 5 .2923 
152 1. 7051 2 l . 3440 

044 1. 6350 28 .3741 
262 1. 4180 12 . 4973 
262 1. 3990 5 .5123 

I Rhombohedral cell . a= 9,45 A. a=87.4°. 
H exagonal cell. a= 13.07 A. c=17.05 A. 
' In terplanar spacing. 
3 R elative intensity. 

1 
(ben I 

A -' 

0.1238 
. 1385 
.1798 
.1948 

. 1984 

.2174 

.2500 

.2920 

. 3436 

.3741 

.4979 

.5130 

50Alz0 3 mixture indicated that the unknown phase 
is probably metastable in the In20 3-A120 3 system 
and occurs only on quenching the melt. 

In the SC20 3-A120 3 system a stable phase occurs 
which, according to X-ray powd cr data, appears to 
be isostructural with thc metastable phase of the 
In20 3-Al20 3 system. This phase occurs over a 
region of SC20 3-A120 3 compositions and represents a 
solid solution and not a true compound . The X-ray 
pattern or the 50Sc20 3: 50A120 3 mixture is given in 
table 4 . The pattern was ind exed on the basis of a 
rhombohedral cell by comparison with the pattern 
or 2PbO·Nb20 5 , a rhombohedral distortion of the 
pyrochlore structure. The X-ray pattern for the 
SC20 3-A120 3 phase was difl'use regardless of heat treat
m.ent of the specimen , and therefore the agreement 
between observed and calculated values, given in 
table 4 , is only fair [or the less intense reflections. 
Sin gle crystal data is needed to ascertain the correct 
structure type. Sup erstructure peaks, necessar y to 
differentiate a body centered C-type stru cture or a 
face centered pyrochlore structure from the fluorite 
or Sb20 3-type structures, could no t be found in the 
X-ray pattern . The fluorite structure would require 
that all the oxygen vacancies be disordered. For 
the SC203-Alz0 3 phase to have a C-type or a Sb20 3-
type structure a complete ord ering of the vacant 
oxygen sites would be required while the pyrochlore 
structure would necessitate only partial ordering. 

A number of d ifferent phases encountered in this 
investigation lw.ve not been identified 01' even related 
with a specific known structure t ~Tpe . These phases, 
apparently fLll compounds, exist in vcl.rious systems 
at either the 3 : 1, 2 : 1 or 1: 1 molar compositions. 

The 3 : 1 compounds occur exclusively in gallia,t e 
systems; specifically, Ga20 3 with either Sm 20 3, EU20 3, 
Gd20 3, DY20 3, H020 3, Y Z0 3 , 01' Er20~ . These com
pounds, all apparentl~T isostructuml, have not been 
previously reported. The X-ray data of 3Gdz0 3· 
Ga20 3, w'hich is g iven in tn,ble 5, is typical of all the pat
(ems of these isostl'uctura13 : 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 
which a perovskite type compound forms as a stable 
phase. 

A series of apparently isostructural2: 1 compounds 
exist in both aluminate and galliate systems. The 
first 2: 1 compound of this type studied extensively 
was the 2Y20 3·A120 3 phase [22] . In binary aluminate 
systems, Gd+3, Dy+3, Ho+3, Er+3, Tm+3, and Yb+3 can 
be substituted for y +J. In galliate systems, however , 
only the oxides of the larger cations La+3, Nd+3, Sm+3, 
and Eu+3 form 2 : 1 compounds with Ga20 3. Evidently 
this structure type is dependent on radius ratios and 
will only occur within specific ranges of cation l"adii 
values. An example of this occurs in the Yb20a
Alz03 and LU20 3-At03 systems. The 2: 1 compound 
forms in the Yb20 3-Alz03 system but not in the 
LU20 3-A}z03 system, even though the radiu s of Lu+3 is 
only 0.01 A smaller than that of Yb+3. However, the 
X-ray pattern of the 3: 5 mixture in the LU203-A120 3 
system showed, in addition to the garnet peaks, a few 
minor reflections which may represent a 2: 1 phase. 
At present , it would appeal' that the occurrence of a 
2 : 1 compound in the LU20 3-Alz03 system is strictly 
a metastable phenomenon. 

Table 6 compares the X -ray pattern for 2Y20 3· 
Al20 3 obtained in this investigation with that reported 
by Warshaw and Roy [22] . They described this 2: 1 
pbase 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 9ctually 
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 is evident, from 

TABLE 5. X -ray powder diffraction data f or 3 Gd20 3·Ga20 

d 1 [ 2 

4.53 20 
4.11 13 
3.204 14 
3.054 100 
3.025 57 

2. 990 27 
2.908 22 
2.824 29 
2. 630 17 
2.301 15 

2.241 17 
2.199 13 
2.032 39 

1 Intcrplanar spacing. 
2 Relati ve intensity. 

d 1 [ ' 

2.005 30 
I. 9918 15 

I. 9027 15 
1.8349 32 
I. 8097 14 
1. 7672 17 
I. 7184 17 

1.6808 17 
I. 6450 24 
1. 5788 24 
1. 5456 17 
I. 5276 25 

the present X-ray data, that 2Yz0 3·A120 3 has low 
symmetry and cannot be designated as cubic 
or rhombohedral. 

The only A +3B+30 3 type compounds found in the 
present investigation which do not have the p erov
skite structure are those which occur in the EU203-
In20 3, Gdz0 3-In20 s, and Dy20 3-In20 3 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 Eu20 3· In20 3, Gd20 3· In20 3, and DY20 3' 
In20 3 compounds appeal' to be isostructural, h aving 
pseudohexagonal symmetry. The DY20 3· In20 3 com
pound apparently decomposes between 1600 DC and 
1650 DC to a mi:x:ture of B- and C-rare earth oxide 
stru cture types. 

4.6. Subsolidus Phase Equilibria Relationships 

Figure 5 gives the sub solidus phase equilibria ·r ela
tionships for various binary combinations of oxides 
of the trivalent cations. The figure is divided into 

T ABLE 6. X-ray powder diffraction data f or 2 Y,OrA1,0 3 

vr arsha w and 
Roy [22J 

hkl 

d 2 l' 

-----------

lIO 7. 46 10 
200 5.28 3 
210 4. 71 22 

220 3.71 7 
310 3.33 33 
30] 3. OJ 100 
320 2. 91 94 

400 2. 62 17 
410/322 , 2.56 10 
410/322 , 2.53 10 

330/411 2.46 9 
421 ' 2.29 7 
421 ' 2. 27 7 

500/430 2. 07 22 
510/431 2. 06 12 

1 Based on cubic cell witb a = 10.10 A [22]. 
2 Interplanar spacing. 
3 Relati ve in tensity. 

P resent work 

hkl l 

d ' [ 3 

7. 4l 63 
5.26 !6 
4. 69 100 
4.54 J6 
3.705 19 440 
3.326 100 522/441 1 

3. 011 100+ 522/441 ' 
2. 908 100 530/433 
2. 884 47 600/442 
2.615 48 6 10 ' 
2.559 64 610 ' 
2.538 29 6ll /532 
2.523 61 
2.486 21 
2. 470 39 
2. 454 37 622 
2. 291 43 
2.274 28 630/542 
2. 129 12 631 
2.090 13 
2.063 87 543/710/550 
2.046 41 

720/64l 

, "t:iplitting may represent a possible rhombohedral distortion of the cubic lattice" [22] . 
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Roy [22] 

d 2 [ 3 d 2 I [ 3 

--------
1. 9811 16 
1.9449 J5 
1. 9163 12 
1. 9027 ]6 

1. 843 18 1. 8426 80 
1. 828 20 1. 8298 85 
1. 816 19 I. 8164 81 
1. 793 7 I. 7921 32 
1.732 10 I. 7317 32 
1. 722 13 1. 7235 61 
1. 716 13 
I. 711 8 

1. 6279 27 
1. 6236 20 
1. 6126 23 

1. 575 9 I. 5759 41 
1. 5661 45 

1. 561 12 1. 5621 60 
1. 551 7 1. 5504 44 

1. 5065 32 
1. 484 4 1. 4847 27 

1. 4809 24 
1.4541 15 

1.436 4 1. 4379 23 
1. 3850 15 



six groups of diagrams, each having either Ab03, 
Ga20 3, Cr20~ , F e20 3, SC20 3, or In20 3 as one compo
nent . Previously publish ed diagrams pertinent to 
a given series ar e not reproduced here but are in
cluded as literature references in the legend of the 
figure. 

All the diagntms were dmwn primarily from the 
data contained in table l. Data points are indi
cated by circles on th e diagmms. In some instances 
en t ire diagrams, or portions thereo r, 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
lish ed 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 r elative amounts 
of each ph~tse present in a specimen containing t wo 
phases. Possible variations of solid solubility with 
temperature have been ignored in this work. In 
general , the diagmms must be considered as approxi
mate and minor sllifts in solid solut ion boundary 
limits may be expected. 

The sub solidus phase diagram for th e Y20 3-Al20 3 
syst em has been included in figure 5a al though 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 
is shown to have a region of stability at elevated 
temperatures. At lower temperatures, t he compound 
apparently decomposes to a mL"Xture of 2Y20 3· A120 3 
and 3Y20 3· 5Al20 3. The present work does not con
tradict the publish ed data, but mer ely extends to 
temperature ranges not previously reported. A com
plete r einvestigation of this system is now being un
dertaken . Because th e stability of the 1: 1 compound 
in t he Y20 3-Al20 3 system is still unknown, the sta
bility of the perovskite phase in the related systems 
of H020 r Al20 3 and Er20 3-Al20 3 is also in doubt. 

P erhaps one of the more interesting systems in
vestigated is that of DY20 3-1n20 3, figure 5f. The 
phase diagram of this system indicates a solid solu
tion area o[ B-type rare earth oxide. Since Dy20 3 
and 1n20 3 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 DY20 3-1n20 3 system is about 0.87 A. This value 
is appreciably smaller than the radius of Gd+3 
(0.97 A) which is the smallest rare earth ion to form 
a pure B-type oxide. Goldschmidt et al. [24] re
ported t hat DY203 formed a B-type structure at ele
vated temperatures but his work has not yet been 
confumed [9]. The format ion of t he solid solution 
area of B-type in the Dy20 3-1n20 3 syst em might 
actually indicate t hat Dy20 3 does transform from C
to B-type in the pure state. Specimens of DY20 3 
heated above the melting point of platinum shattered 
in a manner indicative of a possible reversible phase 
transformation. 

5. Summary 

A survey wa made of the subsolidus reactions 
that occur in various binary systems involving 
oxides of the trivalent cations. Incorporated into 
tbe study were Al20 3, Ga20 3, Cr20 3, Fe20 3, Se20 3, 
1n20 3, Y20 3, 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 constit uent cations, a 
classification was made of the struct ure types of the 
various phases found for equimolar mixtures. The 
classification co nsists of a plot of t he radii of A +3 
cations versus the radii of B+3 cations and shows 
specific regions of stability for the different structure 
typ es. The graph is divided into regions of one and 
two phase a.reas and r epresents, in addition to several 
unknown types, the following structures: A-, B-, and 
C-type rare earth oxide; corundum; beta gallia; 
kapptt alumina; garnet; and perovskite. The clas
sification essentially summarizes the stru cture types 
found in all possible binary mixtures of oxides of the 
trivalent cations studied. 

' 'Vith one exception, all the A +3 B+30 3 type com
pounds which occur have the perovskite structure. 
The minimum tolerance factors of the alumina and 
galli a series of perovskite compounds are signifi
can t ly larger than the C1"20 3, F e20 3, SC20 3, and 
In20 3 series. The appreciable difference in minimum 
tolerance factor apparently can be related to the 
effect of part ial covalent bonding. 

Appreciable solid solution of t he garnet type 
compounds occurs in binary systems containing 
Ga20 3. The range of solid solu tion generally in
creases to a maximum at about Tm+3 as t he radii of 
the rare earth cation decreases. Solid solution of the 
garnet compound docs not occur in binary systems 
containing a stable perovskite phase . 

Based on the similarity of X-ray patterns, the 
sLructure of kappa alumina appears to be related to 
the structures of (1-x)Fe20 3 . xAl20 3 ss and (I - x) 
FeZ0 3· xGa20 3 ss . There is also a similarity between 
these pbases and other solid solution phases which 
occur in the 1n20 a-Ga20 3, SC20 a-Ga20 3, and 8C20 3-
Cr203 systems. 

A 2: 1 compound occurs in a number of those 
systems containing either A120 3 or Ga20 a as one 
component . A 3: 1 compound occurs exclusively in 
systems containing Ga203. 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 8c20 a-AbOa system and met
astably in the In20 a-Al20 3 system may have either 
a fluorite , Sb20 3, pyrochlore, or C-type structure. 

The sub solidus phase assemblages for 79 binary 
systems were predicted from the data compiled in 
this investigation. 
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~ 
Con 
,;.. 

System 

La2 0 3-AJ,03 

Ce2 0 3-A]z03 

Pr, 0 3-AJ,03 

N d, 0 3-Ah03 

Sm,03- AJ,03 

EU20 3-AJ,0 3 

GCh0 3-Ab03 

Dy, 0 3-A]'03 

H 0203-AJ,03 

Composi
tion 

AlDie % 
50:50 

8.3:91.7 

50:50 

50:50 

66. 7:33.3 

50 :50 

37.5:62.5 

66. 7:33.3 

50:50 

37.5:62.5 

50 :50 

66. 7:33.3 

50:50 

37.5:62.5 

50:50 

37. 5:62.5 

50:50 

Ileat 1 
treatment 

T emp. 1 Time 

Phases iden ti fied by 
X -ray diffraction 

TABLE I.- Binary oxide mixtures of the trivalent cations 

AI+3 and larger catio ns 

Unit cell dimensions 

S tr L1 cture t y pe Symmetry 

a b 

Remarks References 2 

a 
1--1 1--1--1--1-------------

°C 
--------

] 800 

1600 

--------

1350 
1500 
1550 

1350 
1500 
1650 

1350 
1500 
1650 

hT 
--- -----

--------

6 
6 
6 

6 
6 
6 

L a,0 3· AJ,0 3 P erovskito_ Rhombohcd ral ~ _____ _ _ 

L a,0 3·11Ab03 Beta alumi na _________ -I lIexagonal 

Ce203· AJ,0 3 Pcrovski tc ___________ -I Hho mbohedral ______ _ 

Prz03· Ah 0 3 P erovskile _____ ___ ____ 1 Rhom boh edral ~ ______ _ 

A 
5.357 

A A 

5.556 1 ________ 1 22~ 030 

3.766 

5.307 

deg 
60. 1 

90.2 

60.33 

- ~cf20;+-~-ci;O;:Ai;O-'--l- AXYI;e-~pc;.;vskite ~~I- Ii~~~~~gg~t1~~-1:------I:~::~:::I:::~~:::I:::~::::I:::::~:: 
N el, 0 3. AL03 PelOvsklte ____________ RhombohedraL ______ 5. _86 ________ ________ 60. 42 

Rhombohedral t o enbie transform a
tion occurs at 435±25 °C [7J . 

Unit cell di mensions based on facc
centered pseudo coll. 

-N d~o;.:'\i2-0;- ------ ---1 -Pel:';vskite ~~::: ~:::::: 1- jiho~b';l~ed~'ai:: :::::: I~ : ::: ::: I::::: :~: I:::::::: I:::::::: 1- AI-20; --,,-';10 --cfeicctecl;---ecjui-l; i)i·iui,' -
phases probably N el ,O,· AJ,O,+ 

A1203. 

orthorhombic. 
Sm,0 3+Sm,03· AI , 0 3 I B-ty pe+perovs kite~ __ ~ I Monoclinic+ 

________ , ________ , Sm 20 3· Ah03 ____ _____ P ero vskite ____________ Ortborbombic ________ _ 5.285 5.290 7.473 , _______ _ Results confirmed in present work for 
speci men heat treated at 1650 ° C. 

1350 
1650 Slll20 3· AJ,03 

EU20 3· Ah03 

2G d , 0 3·Ah03 

________ , _______ _ , Gd203· Ah03 

13.50 
1650 

1350 
1650 

Gd20 3· AJ,03+AJ,0 3 

1850 1 . 17 

DY203· AJ,03+ 
3DY20,·5AJ,03 

DY20 3· Ah03 
3Dy, 0 3·.,AJ,03 

1350 
1650 

1850 

1910 

2R020 3· Ah 0 3+ 
Ro, 0 3· Ah03+ 
3Ho20 3·5Alz03 . 17 I _____ do ________________ _ 

.5 1 JTo, O,· AI, O, 

Orthorhombic to rhombohedral trans
formation occurs at 800 ° 0 [6J. 

Peroyskitc ____________ 1 Orthorhombie ~ ________ I--------I--------I------ -- I----- ___ I Ah O, not detected; equilibrium 
phases probably Sm , 0 3· AJ,03+ 
AJ,03. 

Perovskite ___ . ________ 1 Orthorhombic _______ _ 5.271 5.292 7.458 1---- ____ 1 R esults confirmed in presen t work for 
specimeu hea t treated at 1650 °C. 

U nknown _____________ 1 Unknown ~ _______ _____ , ___ --- -- ,---- ----, ------- -. --- --- - - The 2:1 phase also forms in th e follow
ing systems: DY20 a-Ah0 3, H020 a
Ah03, Y , 0 3-Ah 0 3, Er203-AJ,0 3, 
'I'rnz03-AIz03 a nel Yb,03-A],03 [32J. 

Perovskite ___________ -1 Orthorhombic _______ J 5.247 

Pero vs kite+ 
corundum . 

OrthorhOmbic+ 
1'11001 bohed mI. 

5. 304 7.417 , _______ _ Results confirmed in present work for 
specim en h eat t reated at 1650 °C. 

PCfOvski tc+garnct ___ I Orthorhombic+ ___ ____ 1 __ ______ 1 _______ , _ ___ _ _ __ , N oncquilibriunL _____ __ ______________ _ 
cubic. 

~~~~,~~k~:~~ ~:::::::::: g ~tl;;~r~'~~ ~i~::::::::: 1 __ ~~ ~~ __ 1 __ ~ ~ ~~ _ ~ __ 5~ 31 __ :::::::::' - - - - - -- - -- -- - - - - - -- - -- - - - - - - - -- - - - - - - - --Garnet phase (3:5) also form s i n the 
following syste ms: Tbz0 3-Alz0 3, 
R 0203-AJ,03, Y 20 3-Alz03, Er, 0 3-
Al z0 3, 'l' m z0 3-A],03, Yb20 3-A],0 3 
and LUZ0 3-Alz0 3 [32J. 

Unknown + 
perovskite+garnct. 

Noncquilihrium . ________ _______ ______ _ Unknown+ 
orthorhombic+ 
+cubic. 

_____ do ____ ____ _________ I ________ I _____ __ _ I ________ I ________ 1 Nonequili bri um ; 2Ro, 0 3·Alz03 a nd 

P erovskite ____________ 1 Orthorhombic ___ _____ _ 5.18 7.36 5.33 

3H o203· 5A1203 decreased in amou ilLS 
rclati ve to previous heat. 

Geller a nd 
Bala [7J. 

Roth and 
Rasko [31J. 

Roth [4J . 

Geller a n d 
Bala [7]. 

Geller and 
B ala [7J. 

Geller and 
Bala [7J . 

GeHer [6J. 

Geller a nd 
Ba la [7J. 

\Narshawancl 
R oy [32J. 

GeHer and 
Bala [7J. 

\Varshaw and 
Roy [32J. 



Go) 
(f1 
(f1 

Y ,Oa-AJ,O, ,. 66.7:33.3 

50:50 ___ ~~~ _1 __ : ~ ____ 1-~~b~;t~b~-'-----------1-~~~~~~;~~~:::: :::::: 1-g~~i~~~~i~:_:: :: :::: I: :i:i~~: I:: i: ii~: I:: ;~ i;6: I:::::::: 

37.5:62.51 

Ef20a-Ah O, 75:25 

50:50 

37.5:62.5 

Tm,O,-AhO, 50:50 

37.5:62.5 

Yb,O,-AhO, 50:50 

37.5:62.5 

Lu,O,- Ah O, 50:50 

1350 
1500 

1850 
li05 

1645 

1650 

1730 

1350 
1500 
1650 
1350 
1650 

1800 

1350 
1650 
1850 

1350 
1650 
1900 
1350 
1650 
1910 
1840 
1350 
1600 
1650 

1350 
1650 

1850 

1350 
1650 
1870 
1845 

1350 
1600 
1650 

1350 
1650 

litO 

1850 

6 
6 

.5 

.5 

6 
6 
6 

.5 

. 75 
6 
6 
.08 
. 75 

6 
6 

12 

6 
6 

6 

. 7 

6 
.08 
.25 

6 
6 

12 

0.33 

.33 

1350 1 6 
1600 6 
1650 J2 

1350 
1650 

-Y ;0;+2Y ;o;~Xi;o-,- -- - -C~typ;;+unkno~,;ii + -- -cliiiic+il-iikn-Q',,;j}+---I:::::::: I:::::::: I:::::::: I:::::::: 1-N o;,-eq lii Ii i)-ri u-m-.~:: ::::::::::::::::::: 
+3 Y,O,·5AJ,O,+ garnet+ pel'ovskite . cubic+ortbol'bom-
Y,O,·Ah O, bic. 

~:g:: ~l :g:+ ~~~~~:~~lr~+ ---------- g~~~~~~~~ ~l~+un: ---I:: :::::: I:::::::: I:::::::: I:::::::: 1- Pc,:;,;skite -~;;p;~ently --clecorn po,; ~g-;-
2Y,O,· AJ,O,+ unknown+garnet. known+cubic. n onequi librium . 
3Y,O, ·5AJ,03 ____ _ do _____ __________ _ _ 

3Y,O,·5AJ,O, Garnet. ____ __________ -I Cubic _____ _______ _____ 1 12. 01 

Garnet and 2:1 phases increased ill 
amount rclati \70 to prcy ious heat; 
nonequilibriu m. 

Er, O,+2Er,O,· C-type+nnknown+ Cubic+unknown 11. 983 _________________________ '\Tonequilibl'iurn; listed dimension for 
: ~~,:~~~~~:l?~ ~.~~,:~~:: : ~~~~~~~~~~~~~,~:: :: :~~~~~~:~~~~,~~~~:: :::::::: :::::::: : ::::::: :::::::: 1 ___ ------- --- - -- ------------ ------------

AhOa+ Er20 a· AhOa pero\'s kite+garnet. +orthorhom bic garnet phase in mixture. 
+ 3El'20 3·5AJ,0 3. +cubic. 

____ . do ____ ___ _____________ __ do ____ __ _______________ .do ____ ________ _____ _______ ~ ________________________ l',toncquilibri um ; no apparent cha nge 
in relatiye amounts from preyious 
heat. 

_____ do ... ______________ 1 _____ clo ____ _____ _______ _ I __ ___ do ____ _______ ______ 1 ________ 1 ________ 1 ________ 1 __ ____ __ 1 iXoncquilibrium ; C- type, 2: 1 and 
garnet phasps red uced in amount 
rclati \'e to 1650 °c heat . 

- E;z-O; .-Ai;o~ ---------- -1- i;~'~~\:;kit:~ ~ ~ = = = = = == = = = 1- O,~t-llo~iiom-bi~-_ ~== = = = = = 1 = = = = = = = = 1 = == = = = = = 1 = = == = = = = 1 = = = = = = = = 1-S}JCCirrlen n-1clted -. == = = = = = = = = = = == = = = = = __ 

'. E';,-6;.-Ai;0; -----------1- Pe,;o;'~k; te~::::::::::: 1- O;tho;'h;i~ l;ic-.~::::::: 1- -5~ i 6 --1- -7 ~ 33 --1- -5~ 32 --I:::::::: 1-Spcci-~e~~ -~clicd; -t-I~c ,; -~;;;]-ealc(i ~ ~ ----

EI',03· AJ,03+ 
3E1'20,·5AJ,03 

P ero"skite+garnet ___ I Ortborbombic+cubic .l l1. 983 1 ________ 1 ________ 1 ________ 1 :\'oncq uilibrium; listcd dimension for 

2Tm, O,· AJ,O,+ 
Tm,0 3·AJ,O,+ 
3Tm,O,·5AJ,O, . _____ do ___ . ___ __ __ _____ _ 

2'rm zOJ·AhOa 
+ '1'm,O,· AJ,O, 
+3Trn ,O,·5AI,0 3. 

3Tm,O,·5Ah O, 

U nknown+ perovskite I Unknown+ 
+garnet. orthorhombic 

U nkno\\'n 
+perovskite 
+garnet. 

+cubic. ___ __ do ... 

Unknown 
+orthol'hom bic 
+cubic. 

garneL ______ ______ ___ 1 Cu bic 

5. 15 
11. 96 

11. 96 

7.29 5.33 

ga rnet phase in m ixture. 

.'\o ncquiLibri um ; listed dimensions for 
pero\'skitc and ga rnet phases in mix
t ure. 

.'\"1" oneQ uili brium; no apparent change 
in l"C'latiyc amounts from preyious 
heats. 

Specime n melted; then annealed. 
SoncQuilibrium ; peroyskite considr l'

ably red uced in amount com pared '.0 
1850 °c specimen. 

-Y~;I?if~-f~h~b:.------I- c~Y.~~t;lnk;,o-';.n+---I-c~~;h~F"k;]o-';n+ ---I- J i~9iii-I:::::-:I::::::::I-:::::::1 ~~~~~H~K~~:~;;-~~~f~~i;nc;,-sio;,--ro l. -
;:>AhOa@Bo . _____ do _______ __ ____ ________ clo. _. ___________________ clo . __________________________________ . _________ :-Iollequilibriurn C-typepbasered uced 

_____ do ... 

3Yb,O,·5AhO, _______ J Gar net ______________ J C ubic _____________ J J1. 93 1, ________ , ______ _ 

LU,0 3+3Lu,0 3' C-type+garnet . ___ . __ 1 Cubic+cubic __ . _____ _ 11. 927 , ________ , _______ . 
5Ah0 3@B ' 

in amoun t relative to previous heat. 
Nonequilibl'ium; C-type pbase reduced 

in amount relative to previous heat. 

Listed dimension for garnet phase in 
mixture. 

1800 

See footnotes at end of table. 

0. 17 I ____ _ do ___ . _______ -- ___ _ 

Geller and 
Bala [7). 

Yoder and 
Keith 33J. 



Co) 
CI' 
en 

System 

In, 0 3-AJ,03 

Sc, 0 3-Ah03 

F e,0 3-Ah033b 

Or,O,-Ah03" 

Ga,03-Ah034d 

La,03-Ga,03 

p,,03-Ga,03 

Nd, 0 3-Ga,0 3 

Ileat I 
oomposi- I treatment tion ______ 

Mole % I 
37.5: 62. 7 

50:50 

66.7:33.3 

50:50 

rremp. 
---

°0 
1350 
1600 
1650 

800 
1350 
1500 
1650 
800 

1350 
liOO 

1350 
1650 

1350 
1650 

Time 
---

hr 
6 
6 
6 

20 
6 

• 6 4 2 
20 
6 
0.0 

6 
9.5 

TABLE l.- Binal'Y oxide mixtul'es of the tl'ivalent cations-Continued 

Phases identified by 
X-ray diffractio n Structure type 

Altl and larger catio ns - Co ntinued 

Symmetry 

a 

Unit cell di men sions 

b c a 
------------------1--1--1--1--1 

A A A dey 

Hernarks 

-:3 Ll; ;O~:5A-I;O-3- -::: :::: 1- Garn;'t::::::::::::: -:: 1- CU iii" -:::::::::::::::: 1- i I: 9 12 -I:::::::: I:::::::: I:::::::: 1-M-';y -be-;olne i i-pii,,;'; ;'-res;;ilt_-____ _ _ 

_ ~~]~ ?Jo'~:t:_~~~~::::::::: 1_ ~-_t:J'oe~~~~'~~~~~_"~_-~: _1_ ~~~fl~~~~~~~'_~~~~~~~! _I:::::::: I:::::::: I:::::::: I:::::::: 

-1;';0; ;:+-uni,no~;I; :::: 1-C-type+~-nk n('-,~ii_-~:: 1- cuiiic+;;nk. ;i,,-,;ii ~:::: I:::::::: I: ::::::: I::::: ::: I: ::::::: 1-S-I)eci-ill;;'; -nielt;;,l: ~-ni-deo tiiie,] piiase-
appears to be isostructural with 
rhornbohed!'al phase of Sc,03-A]'03 
system. This phase s imilar to un
known phase previously reported by 
K eith and Hoy [3J . 

-8,,;0; ;:+-6 -..:.;;) j:ic,o ~'- -I C--ty pe+u;ik 11';';';'_-::: I' Cut;ic+rI1('-rr;boll~'lr;;I -I:::::::: I: _:::::: I:::: _::: I:::::::: 
xAhOa 8~. 

(l -x)SC20 aoxAh0 31111 ! Un know n -, -Rii,;illboiied~al -::::::: 1- -9:45 --I :::::::: 1-::::::: 1- -87: 4 --1-S t;~ctw:e -type -';I)pe';:;s-t,; be-;·iiomb(i: 
hedral d istortion of fluorite type; see 
text. 

Hefercnces , 

mg 1 0: g~ 1 : : :: :~~ ::: : ::::: ::::::: 1 :: :::~~ : __ :: _:::::: ::::: 1 ::: :: ~~ :::: ::: :::::::::: 1 ::: ::::: I:: :::::: 1 :::::::: 1::::_:: :1-SpeciID;)ri -melted:: :::::::::::::::::::: 
53:47 

50:50 

47 :53 

50:50 

50:50 

30 : iO 

66. 7:33.3 

50:50 

8.2:91.8 

50:50 

75 :25 

66. 7:33.3 

800 20 
1000 65 
1375 • 9 
800 20 

1000 65 
1350 4 6 
1450 

800 I 20 ]000 65 
1350 4 6 

1000 
1600 

1350 
1650 
1350 
1650 

6 
6 
6 
6 

1350 1 6 
1500 4 2 

1000 1 20 
1350 6 

1350 
1500 
1350 
1500 

6 
6 
6 
6 

(I -x) F e, 0 3·xAh03.. .1 Kappa alumina _______ I Orthorhombic _________ , ________ , ___ _____ , ________ , __ __ __ __ 

u =m~:g::~~l:g::: ·: I {~~~~~ ~:~:::lg~ ::::::: I g;.~g~;.g~:::~l~:::::::: :1""7 :03--I--ii:33--I--7:411 -1::: :::: I- T'iiis-cell-;'Ppare;;tiy-;,oi-co,:;eci;-see-I- Ricii;;r(iso;'i:--
text. Ba ll and 

Higby [20J . 

(1-x)Fe,0 3·xAh03 ,, - _I K appa alumina _______ 1 Orthorhombic_ .. _____ .! 8. 59 9.23 4.98 

-(i::xl (Jr;0;·xAl;6;;;:: 1- Co,:~;'du tii:::::::::::: I- Riiorn-bol~e (]rai -::::::: I:::::::: I:::::::: I:::::::: I:::::::: 

Ga, 0 3 Beta gallia ______ ______ I Monoclinic ___ _________ , ___ __ __ _ , ________ , ________ , _______ _ 

Ga'0 3 .. + Ah03,, ______ 1 Beta gallia+Oor-
unclum . 

Monoclinic+ rhombo
h cdral. 

Ga+3 and larger cations 

2La' 0 3. Ga' 0 3 ____ ____ __ 1 unknown ___ _______ __ _ 1 unknown __ _______ ____ I ________ I ________ I _ _ ___ ___ I ____ __ __ 1 Ma.y be small amount of perovskite 
. type compound present. 

La' 0 3· Ga'0 3 __________ Perovskite ________ ____ Orthorhombic___ ____ __ 5.496 5. 524 7. 787 ________ Orthorhombic to rhombohedral trans-
formation occurs at 875 ° 0 [6J. 

-1'';:;6;'-0;;,0;+(1,,;6; --1-Perovskiie+beta -gall;;; I- O~tl;oriio-m.-bic+.-m.o-I;o: I: :: ::::: 1 ::: :::: : I: ::::::: I::: ::::: 
clinic. 

Pr' 0 3· Ga' 0 3 _______ __ _ .! Perovskite ____________ 1 Orthorhomhic .. ______ _ 5.465 5. 495 7. 729 , __ __ ___ _ 

-N d;0;+2-Nd,O~'-0 "20; 1-A--type+ull k no-,~ 1'-:::: 1-iiexago-';al+-unknO\Vn: I:::::::: I:::::::: I:::::::: I: ::::::: 1-S pecirnell pa,:tially -Iuelted:: ~::::::::: 
Nc!,03+2Nd,0 3' 

Ga,0 3+Nd, O,· 
Ga,0 3. 

A-Type+unknown+ 
perovskite. 

JIexagonal+ un
known+ ortborhorn
bic. 

N oneq uilibrium ____ ___ ___________ __ __ _ 

Geller [6J. 

Geller [6J. 



C-' 
U1 ...... 

Sm, O,-Ga,O, 

Eu,O,-Ga,O, 

Gd,O,-Ga,O, 

Dy,O,-Ga,O, 

Ho,Or Ga,O, 

50:50 
40:60 

37. 5:62.5 

75:25 

50:50 

40:60 

37.5:62.5 

75:25 

50: 50 

40:60 

37.5:62.5 

75 :25 

50 :50 

40:60 

37.5:62. 5 

75:25 

66.7:33.3 

50:50 

40:60 

37.5:62. 5 

75:25 

66.7:33.3 

50:50 

40 :60 

- 1575 G 

1000 6 
1350 • 6 

1000 6 
1350 6 
1500 ' 6 

1350 6 
1500 6 

1575 
1350 
1500 

1000 20 
1350 6 
1500 '4 

]000 6 
1350 6 
1500 • 6 
1350 6 
1500 6 

1575 6 
1350 6 
1500 6 

1000 6 
1350 6 
1500 '4 
1000 6 
1350 6 
1500 

• 6 
1350 6 
1500 6 
1600 6 
1350 6 
1500 6 

1000 6 
1350 6 
1500 ' 4 
1000 6 
1350 6 
1500 '6 

1350 
1500 
1600 

1650 
1350 
1500 

1350 
1500 

1000 6 
1350 6 
] 500 '4 
1000 6 
1350 6 
1500 • 6 

1350 6 
1500 6 
1600 6 
1650 6 
1350 6 
1500 6 

1350 
1500 

1000 I 6 1350 6 
1500 • 4 

See footnotes at end of table. 

2Nd,O-,:-0>i20' ___ ___ ___ / u nknown _____________ / unknown _____ ________ / __ ~~=_I--------I--------I - ------ - _ _ _ --
- ~:;~::~~~~~~:: :::::: - ;~:;;;~~~~~~;~~~:::: - ~~~~~~~~:-~:~+~:~6i~: -i~~~~~ - ::~:~~: :: ~:~~~: ::::::::I: i:i~i~~:~i:~~:~ii~:~:f~:r:~~~.~ii~I~~;~:i~ :1 Geller [6]. 

3Nd,O,·5Ga,O, mixture. 

31\ d,O, ·5Ga,O, GameL ______________ 1 Cubic _________________ 1 12.505 . ________ . ________ . _______ . 

-!:~~~~~~~~:::::J~~~!~~~~:~~~l:~\~~J~~~~!~~~~~~~\~:~r:::::r:::::r:::::r::::::I- NOne-qu;iibr;u~~:::::::::::::::::::::: 
2Sm,O,·Ga,O,+ 

38m,O, ·5GB, O, .. 

28m,O,· Ga,O,+ 
3Sm,O,·5Ga,O, .. 

Unknown+garnet __ I Unknown+cubic _____ 1 12. 448 1 ________ 1 _______ .1 ____ ____ 1 Listed dimension for garnet plmse in 
mixture. 

Unknown+garneL __ I Unknown+cubic ____ 1 12.448 1 ___ ____ _ 1 ________ 1 ________ 1 Listed dimension for garnet pbase in 
mixture. 

3Sm' 0 3·5Ga'03 _______ .! Garnet . ______________ .! Cubic. ________________ 1 12. 434 , ________ , ________ , ___ ____ _ 

3Eu,O,· Ga, O,+ Unknown+unknown Unknown+ unknown . ________ . _____ ___ . ________ . _______ _ 
2E u,0 3· Ga,O, 

-~~~~~i~i~ii:~.:::: -~~~-~~;~~:~~~;~~i:::: - ~~~-~~;;~~~~~i~::: ::l: ii:~ii :l::::::::l::::::::l::::::::I- Li~~~~~~~~e-riSi;;ll -fO-r-gar-net -piiase-iii-
-3Eu;O-;:5C'la;6; -:.:::::: 1-O;;;'nei-:::::::: ::::::: 1-Cubic:::::::::: ::::::: l-i2~ 422-1:::::::: I:::::::: I:::::::: 
3Eu,O,·5Ga' O' _______ -I GameL _______ ____ __ .! Cubic _____________ ____ 1 12. 403 , __ ______ . ________ , _______ _ 

3Gd,O,·Ga,O, 
3Gd,O,· Ga,O, 

3Gd,O,·Ga,O,+ 
. 3Gd,O,·5Ga,O, .. 

3Gd,O,·5Ga,O, .. 

3Gd,O,·5Ga,0 3 

3Dy,O,· Ga,O , 
D y,O,+3Dy,0 3' 

Ga,O, _____ do ________________ _ 

3Dy,O,· Ga,O,+ 
3D y,O,·5Ga,O, 

3D y,O,· Ga,O,+ 
3Dy,O,·5Ga,O, .. 

3Dy,O,·5Ga,O, .. 

3D y,O,·5Ga,O, 

~~~~~:~:::::::::::::I ~~~~~~~~~-~~~~:~:::::I::::::::I::::::::I::::::::I:::::::: 
Unknown +garneL ___ 1 Unknown+cubic ___ __ _ 1 12.426 1 ___ _____ 1 ___ ___ __ 1 ________ 1 Listed dimension for garnet pbase in 

mixtw'e. 

GameL _______________ I Cubic _________________ I 12.116 . ________ , ________ , _______ _ 

GarneL _______________ 1 Cubic ________________ .! 12.377 , ________ , ________ , ____ ___ _ 

g~~~~+~nk;,0-\m~~::1 g~;i~+~;lo-'m~~:::':::~::::l::::~~~~l:~:~~~~~l:~:~:~::1-~~~l¥~I~~~~~~~:i~~~~t: ~l~~~:~~~~:~_ 
Unknown +garneL ____ 1 Unknown+cubic ______ , ______ __ . ________ . ________ , __ _____ _ 

Unknown+gam eL ___ 1 Unknown+eubie ______ 1 12.417 1--------1--- -----1--------1 Listed dimension for garnet pbase in 
mixture 

Garnet _______________ .! Cubic _________________ 1 12. 349 , ________ . ________ , _______ _ 

Garnet _______________ .! Cubi"-- ______________ .! 12.308 . ________ , ________ , _______ _ 

~~~~~g~~~~;~'~~~~~;:I:~-:t!{t~~;:':::::I: ~~;~~~~?:~~o:~~~:::::I::::::::I::::::::I::::::::I::::::::I:~~~1r~j;;;~~:~::::::::::::::::::::::: 
3Ho,O,· Ga,O,+ 

3H o,O,·5Ga,O, .. 

3Ho,O,·Ga,O,+ 
3Ho,O,·5Ga,O, .. 

3Ho,O,·5Ga,O, .. 

Unknown+garneL ____ 1 Unknown+eubie ___ __ _ . ___ _____ , ________ . ________ , _______ _ 

Unknown+garneL ___ 1 Unknown+cubic ______ 1 12.408 1--------1--------1 -- ------1 Listed dimension for garnet pbase in 
mixture. 

Gam eL _____________ .! Cubic ___ ___________ __ .1 12.324 . ________ , _____ ___ , ___ ____ _ 



c.:> 
C/'I 
()O 

System 
Composi

tion 

IIeat 1 
treatment 

Temp. 1 Time 

T A BLE I. - Binary oxide mixtures oj the trivalent cations-Continued 

P hases identi fi cd by 
X -ray di {fraction 

Ga+3 and larger cations-Continued 

S trueture type Symmetry 

Unit cell dimensions 

a b 

Remarks 

-------1--1- -1 1--1--1--1 

y ,O,-Oa,O, 

EI',O,-Oa,O, 

Tm,O,-Oa,O, 

lIIole % 
37.5;62.5 

75 :25 

66. 7; 33.3 

50;50 

40:60 

37.5:62. !) 

90: 10 

80:20 

75:25 

50:50 

40;60 

37.5:62.5 

50;50 

°C I hI' 1000 6 
1350 G 
1500 ' 6 

1350 
1500 

1600 
1650 
1350 
1500 

1350 
1500 

1600 
1000 
1350 
1500 
1000 
1350 
1500 

1350 
1500 
1350 
1500 
1620 

1350 
1500 
1750 
1625 

] 350 
1500 

1600 

1650 

1350 
11;00 
1745 
1700 

1350 
1500 

1645 

1350 
1.500 
1745 
1635 

1000 
1:,50 
1500 
1000 
13.50 
1000 

1350 
1500 

6 
6 
(l 
6 

6 
6 

6 
6 
6 

44 
6 
6 

46 

6 
6 
G 
6 
1.3 

G 
G 
.08 
. 25 

Ii 

. 08 

. 5 

• 5 

6 
. 08 
. 25 

G 
(i 

'4 
(l 

6 
4 6 

G 
6 

A A A lieq 

3ii~;o-,:5O' ,;;o~ --------1- 0' ;t;iiet::::: ::::::::::: 1-eli b-ic::::::::::::::::: 1- i 2~ 282 -I:::::::: I:::::::: I:::::::: 
- - - - - -- - - - -- -- - - - - - - - - - - I - -- - - - -- -- --- -- - - --- - - - - I - - - -- - - - -- - - - - - - - - - - - - - - I - - - - - - - -I - - - - - - - -I - - - - - - - - I - - - - - - - - I - N oncquili briu ill ________ ______ ________ _ 

: ~~j~~~~;~;:ft~: I: ~~f~~~r;~~~~:'~~~::: I : ~:~~~r~~~;~;l;:I;~~:::: I:::::::: I:::::::: I::::::: -I:::::::: 1 :::: ~1~::::: :::::::::::::::::::::::::::: 
3Y,0 3·0a,0 3+ 

3Yz0 3, 5GaZ03 @8 

3Y,0 3· 0a,O,+ 
3Y,O,·503' O, " _____ do _____________ ___ _ 

3Y203·50a,O, " 

3Y,O"50a,O, 

Unk nown+garneL ____ 1 Unknown+cu bic ______ . ________ . ________ . _ .. ______ . ______ _ 

Unknown +gal'1let __ ___ 1 Unkno wn+cllbie ______ 1 12. 441 

Oal'lleL __ ____ ________ 1 Cllbie _______________ _ .1 12.318 

OarneL ___ ____________ 1 Cubie ________________ .1 12.2i5 

E 1'20 ,+3Er,0 3· 0a,O, 1 C-type+ unknown ___ _ I Cubic+ unknowlL ____ . __ __ ____ ._ 

. ~1~2_~I~~_~~~'~~~'~~~?_3 __ I_~-_t:~~dt_~~~~~O_\~~_-_~== 1 _ ~~~!~to~~~~~l~_\~'~~~= ___ I __ ___ ___ I ________ I ___ __ _ 

Erz03+3Erz0 3' 
5Ga20 3!!s 

EI',O,+E1'20,· Oa,O, 
+ 3EI',O,·50a,O, 

E,.,O,+3Er,O,· Oa2 0 , 

C-type+garneL __ ____ I Cu bic+cu bie __________ . _______ _ . ______ __ ._ 

C-type+unknown+ Cu bie+unknown+ 
garnet Cll bic 

C- tYPc+ullknoWlL __ Cubic+unknown _____ . ______ __ 

Listed dimension for garnet phase in 
mixture. 

Specimen melted; then annealed _____ _ 

N onequ ilibriu m ____________________ __ _ 

No neq uilibrium; C-type phase con
siderably reduced in amou nt rela
tive to previous heat. 

Noncquil ibrinm ; C-type phase in
creased in amount relative to pre
,-,- 10U8 heat. 

1<:1',-6;+3]:-1'-,6;.--------1-O--type+garneC:::::: 1-oli bic+cu-bi-c_::::::::: I::::::::' ------
5Ga20 389 

______ 1 ________ 1 Specimen melted; then anncalcd ___ __ _ 

31':1',03·0 a,O,+ 
3Erz03·5Gaz 0 3 ~8 ____ _ do ________________ _ 

E rz03+3En03' 
50a2 0 388 

3Erz03· 5Ga2031'a 

3E 1'20 3·5Ga20 3 

~['m 203+3Tm 203' 
50 320 3" 

Un knolm+garneL ____ 1 Unknown+eubie _____ .1 12.400 . ____ _ 

C-type+garnet ________ 1 CLl b ie+ eubic ____ _ 

OaJ.'neL _____________ .1 Cu bic ____________ ____ .1 12.300 

OarneL ______________ .1 Cuhi c __ _ ____ . 12.254 

C-typc+gal'lleL ______ 1 Cubie+ ell bi e _________ .1 l2.3G9 

Listed dimension fat' garnet phase in 
m ixture . 

Specimen melted ; then annealccL ____ _ 

Listed dimension for garnet phasc in 
mixture. 

References 2 



(.0) 
en 
to 

Yb,O,-G a,O, 

Lu,Oa-Ga,O, 

Inz0 3-Gsz0 33 l' 

Se,O,-Ga,O, 

Fc,Oa-Ga,O , 

C"O,-Ga,O, 

La,0 3-CnO, 

Pr,O,-CnO, 

NehO,-CnO, 

Sm,Oa-Cr,O, 

Eu,O,- CnO, 

50:50 

40:60 

3i.5:62.51 

50:50 

40:60 

37.5:02.5 1 

50:50 

66. i :33. 3 1 

50:50 

37.5:62.5 1 

33.3:06.7 1 

~50 :5O 

50:50 

50:50 

33.3:66.7 

20:80 

50:50 

50:50 

50:50 

66.7:33.3 

50:50 

37.5:62.5 

50:50 

1350 
1500 

1000 
1350 
1500 '4 
1000 (i 
1350 6 
1500 46 

1350 6 
1500 6 

1000 0 
1350 0 
1500 44 
1000 0 
1350 6 
1500 46 

800 20 
1400 46 
1450 • G 

1350 
1500 

1350 6 
1500 6 
1650 6 

1350 6 
1500 6 
1650 6 

1350 6 
1500 6 
1650 6 

800 1 20 1000 65 
1300 6 
1500 6 

800 
1000 
1600 

800 
!:l50 
1500 

SOO 
1350 
1500 

20 
6 
6 

20 
6 
6 

800 1 20 
1350 6 
1500 6 

800 1 20 
1350 6 
1500 6 

1000 
1600 

See footnotes at end of table, 

-Yb;O;+3-'Tb~O;.-- -- -- -,- O-typ;;+ga;'~et-~~:::: :,-0,1 b-iC+C~-bi-e-_~~::::::: ,- i i 344 -,::::::::,::::::::,:::::::: ,-Listed.-di~e;';;ioi; -fo~'- g;';·i~eL -phase- i~ -
50U2 0 311$ mixture. 

-;3;'; b;O,~5G ~;O~ -,~, ------1-0 a~;lri:::::::: :::::::: 1-0,1 iiie::::::::::::::::: 1- i 2~ 232 -I::::::: -I :::::::: I:::::::: 

-3Yb;O,~ 50 a;O-, ----- -1- (J ar;iet::::::::::::::: :1-eli b-ie:::::::::::::::: -1- i 2~ 200 -I:::::::: I:::::::: I::::::: ~ 

- L~i:?~;t~~li ;o-,~ -------,-O-type +iiarilct::::::: ,- oli blc+cu-bi-c_-_::::::: -,- i2~ 320 -I:::::::: I:::::::: I:::::::: 1-Li~~K~(:'i~~cilsioil -roi - gai·ileL -pllase-l'l-

3Luz0 3·5Gs20 a .l!S GarneL __ ____________ J Cu bie ___________ .. ___ J 12.23 1 

-3J;u;0-,: 5cfa;o;--------1- Oa,:,"(,I,:::::::::::::::: 1- Oub-ic:::::::::::::::: _1- 12~ 183 -I:::::::: I:::::::: I:::::::: 

-(1 :.::;) i,";0-3~;:G-;;;0~ -,~ --I-v '1k-r;o;'~l:::::::::::: -1-v '"k-';o;'~l::::::::::::: I :::::::: I:::::::: I::: ::::: 1_: :::::: I-sii'iiilai·-to -kal)pa aiu-'~-i;la 1,;'-1''; -phases: 
8e,0 3 .. +(1-x)8e,0, · 1 C-type+ unknOIl·n ____ 1 Cubic+UlllOlOIl·l1 _____ , ________ , ________ , ______ _ 

XGUZO l lls 

-SC~03- :.-+-(1--=':;;) 8-,,;0;.--1- C:t-yi)e+u-Ilk;'-,,;,,-r; :::: 1- C,1 i,lc+u-r;k;'-"';·;';::::: I:::::::: I:::::::: I:::::::: I:::::::: 
xGaz0 31!s 

(l -x)Sc,O,·xGa, 0 3 " UnknOWTL __ _________ -I unknOWJL ______ ______ 1 ________ 1 _ ______ _ , _ _ _____ _ 

-(i :.::;) Sc;O-,~xG-a;O~ -,~ --1-v itkllo;'~l: ::::: ::::::: 1-viik-Ilo;,;ii::::::::::::: I:::::::: I:::::::: I:::::::: I:::::::: 
(1-x)Fc,0 3·xGa,0 3 " 
(x~.5) 

UnknO\\~L ____________ I Orthorhomhic _______ _ S. i5 9.40 5.07 

Unknown phase similar to kappa alu
milla type phases. It also appears 
to be isoslruetural with (1-x) ln,0 3' 
xOSZ0 3S8 

·(i:,::;)~'e,O;.XOii;03-~'--
.Fea0 4 88+ GazOa ell 

Kappa alumina _______ ! Orthorhombic_______ S.73 1 9.38 1 5.08 1 ________ 1 Same phase as reporled by Wood [2J __ 
Spinel+bcta galJ ia ____ Cnbic+monoclinic __ -1 _______________________________ _ 

Or20 3 8S+GazOa ~8 

erz03 SB+GazOa 88 

OaZ0 3!s 

L a, 0 3· CnO, 

Pr,O,·CrzO, 

Nd,03,Cl'20 3 

Sm,O,+8m,O,· C .. , 0 3 

8m,O" Cn03 

8m,O" Cn03+Cr,O, 

Corundnm+bcla gn l- Rhombohedral+ 
lia. monoclinic. 

Corulldum+heta gal
lia. 

Rhombohedral+ 
monoclinic . 

- jjela -gal-Ii';:::::::::::: 1-s,Ionoclii;i-c_: _____ :: ___ I:::::::: I:::::::: I:::::::: I:::::::: 
Cr +3 a nd larger ('a tions 

Perovskite __ ___ _ Orthorhombic ___ _ 

Perovskile ___ . __ _ Orthorhombic ___ _ 

Perovskite _____ _ Orthorhombic __ _ 

B-type+perovskilc __ I J\[onoclinic+ortho
rhombic. 

Perovskite_ _ __ _____ ___ Ortborhombic ________ _ 

Perovskite+corWl
dum 

Orlhorhomhie+rhom
bohedral 

5.477 

5.444 

5.412 

5.514 

5.484 

5.494 

7.755 

7.710 

7.695 

5.372 1 5.502 1 7.650 I _______ J Resnlts confirmed in present work 
for specimen heat treated at 1600 °c. 

-EU;0-3:0r,-6; ----------1- Perovsklte:::::::::::: 1-Ortboriio~ bic~:: :::::: 1--5~ 33 --1- -7 ~ iii --1--5 ~ 5ii --, --------

Wood [2 IJ. 

Geller [6J. 

Geller [6J. 

Geller [6J. 

Geller [6J. 



r 

System 
Oomposi

tion 

Heat! 
treatment 

Temp. 1 Time 

TABLE I. - Binary oxide mixtures of the trivalent cations-Continued 
Cr+3 and larger cations-Continued 

Phases identified by 
X-ray diffraction Structure type Symmetry 

Unit cell dimensions 

a b 

Remarks References 2 

-------1--1--1 1--1--1--1--1--------------

Co) 

Od,O,- CnO, 

D y,O,-C(,O, 

Y20,-CnO, 

EnO,-Cr,O, 

Yb,O,-O"O, 

Q) Lu,O,-Crzo, 
C 

Iu,O,- CnO, 

Sc,O,-OnO, 

Sc,O,-Cr,O, 

Fe,Oa-Or,O,3/ 

La,O,-Fe,O, a. 

Pr,O,- Fe,O, 

Nd,O,-Fe,Oa 

Sm,O,-Fc,O, 

M ole % 
66.7:33.3 

50:50 

37.5:62.5 

50:50 

50:50 

50:50 

66.7:33.3 

50:50 

37.5:62.5 

50:50 

50:50 

80:20 

75:25 

66. 7:33.3 

50:50 

50 :50 

50:50 

50:50 

50 :50 

50:50 

37. 5:62.5 

00 I hr SOD 20 
1350 6 
1500 6 

SOO 1 20 1350 6 
1500 6 

1000 
1600 

o d,O,+ 0(\'0,· OnO, 

Od,O,· CnO, 

Od,O,· OnO,+OnO, 

Dy,O,· C"O, 

B-typc+pero vski te ___ I Monoclinic+ortho-
rhom bic 

Pcrovsk itc _ _ ___ _______ Orthorhombic ________ _ 

Perovskite+corun
dum 

Orthorhombic+ rhom
bohedra! 

A A A deq 

5. 312 1 5.514 7.611 I _______ .! Results confirmed in presen t work [or 
specimen heat treated at 1600 0 0 . 

7. 50 5.51 

________ , ________ , Y,O,· O"O, 

Perovskite ____________ 1 orthorhombic _________ 1 5. 26 

Perovskite ____________ Orthorhombic_________ 5. 247 5.518 1 7. 540 , _______ _ 

1000 
1600 

800 20 
1350 6 
1500 6 
1000 r, 
1600 6 
800 20 

1350 6 
1500 6 

1000 6 
1600 6 

1000 6 
1600 • 6 

800 20 
1350 6 
1500 6 

800 6 
1350 6 
1500 6 

SOO 20 
1600 6 

1000 20 
1600 6 

1000 6 
1350 6 

1500 

EnO,·OnO, Perovskite ___________ .! Orthorhombic ________ .! 5.22 7.51 .5.51 

Yb,O,+ Yb,O,· CnO, 1 O-ty pe+perovski te ___ I Cubic+orthorhombic _ , ________ , ________ , ________ , ________ ,_ 

Yb,O,·O"O, 

Yb,O,·O"O,+OrzO, 

Lu,O" CnO, 

In20 a ~1!.+Cn03 !II. 

8c,0, .. +(1-x)8c,0,· 
xCn03 ~! 

P erovskite ____________ 1 Orthorhombic ________ .! 5.18 

Perovskite+corun
dum 

Orthorhombic+rhom
bohedral 

Perovskite ___________ .! Orthorhombic ________ .! 5. 17 

7.51 5.49 

7.46 5.49 

C-type+corundum ____ I Cu bic+rhombohedmL, ________ , ________ , ________ , _______ _ 

O-type+ unknow!L ____ 1 Oubic+unknown _____ , ________ , ________ , ________ , _______ _ 

(l-x)Sc,O,·xOnO, .. Unknown ____________ .! Unknown _____________ I ________ I ________ I _______ .! _______ .! Unknown phase similar to kappa alu-

(l -x)8c,O,·xO"O, .. 
+CrzOa ~e 

Unknown+coruu
durn 

Unknown+rhombo
hedral 

-( i~~~,~?;:;or'o;-.~--I-ij~~if_;;n+cor~-r;: ----I-ij?,~j~a~:n+rb" rr'bo: --I::::::::I::::::::I::::::::I:::::::: 

(/ -x) F ezOa,xCrzOa M 

L a,O,·Fe,O, 

Pr,O,.Fe,O, 

Nd,O,·Fe,O, 

8m,O,·F e,O, 

3Sm,0,·5Fe,O, 

Oorundum ____________ 1 RhombohedraL ______ , ________ , ________ , ________ , _______ _ 

Fe+3 and Jarger cations 

Perovskite Orthorhombic ________ _ 

Perovsklte ____________ I Orthorhombic ________ _ 

Perovskite_ Orthorhombic ________ _ 

5.545 

5.495 

5.441 

Perovskite ____________ 1 orthorhombic _________ 1 5.394 

OarneL ______________ Oubic _________________ 12. 524 

7.851 

5.578 

5.573 

5.562 

7.810 

7.753 

5. 592 1 7. 711 

mina type phase. 

Oarnet phase does not form stably in 
binary mixtures containing Fe,O, 
and trivalent cations larger than 
Sm+' [34]. 

Oeller [6]. 

Oeller [6]. 

Roth [4] . 

Oeller and 
Wood [5]. 

Oeller and 
Wood [5] . 

Oeller and 
Wood [5]. 

Ber·taut and 
Forrat [34] . 



Co) 
en 

,0,- Fe,O, 

Od,O,-Fe,O,'. I 

Dy,O,-Fe,O, 

Ho,Oa-Fe,O, 

y,O,-Fe,O, 'i 

Er,O,-Fe,O, 

Tm,O,-Fe,O, 

Yb,O,-Fe,O, 

Lu,O,-Fe,O, 

In,Oa-Fe,O. 

Sc,O,-Fe,O, 'J 

La,O,-SCIO, 

Pr,O,- Sc,O. 

Nd,O.-Sc,O. 

1 

50:50 -------- --------

37.5:62.5 -----.-- ------- .. 

50 :50 -- ------ ----- - --
37. 5:62. 5 __ ______________ 

66. 7:33. 3 1 800 20 
1000 20 
1350 6 

50 :50 800 20 
1000 65 
1300 6 

1500 6 
37.5:62.51 -------- -.----.-

50:50 800 20 
1000 65 
1350 6 

1500 37. 5:62.5 L ___ ____ , ________ 

50:50 
37.5: 62.5 

1500 

800 I 20 1000 65 
1300 6 
1500 6 

50:50 

37. 5:62.5 

37. 5:62. 5 

66.7:33.3 1 800 
1000 
1350 

50 :50 800 
1000 
1300 
1500 

37. 5:62.5 1--------

50:50 800 
1000 
1300 
1500 

37.5: 62.5 1 __ ___ ___ 

50:50 

50:50 

37. 5:62.5 1 

50:50 

50:50 

50:50 

800 
1000 
1350 
1500 

800 
1000 
1350 
1500 
800 

1000 
1350 

20 
20 
6 

20 
65 
6 
6 

- . ------

20 
65 
6 
6 

- - ------

20 
65 
6 

• 6 
20 
65 

6 
6 

20 
20 
6 

See footnotes at end of table. 

Eu,O,·Fe,O, 

3Eu,O,·5Fe,O, 

p erovskite ____________ 1 orthorhomblc ________ _ 1 5. 371 

Garnet_____ ___ __ _____ _ Cubic_________________ 12.518 

5. 611 I 7. 686 

Od,O,·Fe,O, Perovskite ____________ \ Orthorhombic _________ \ 5.346 5. 616 1 7. 668 1 _______ -' Resul ts confirmed in present work for 
specimen heat treated at 1300 °0 . 

30d,O,·5Fe2O. GarneL _______________ Oubic __ _______________ 12.479 

-Dy~o;+-D-i;O;~Fe;O; -1- C-iYiie+peroVs-kit-e_~~: 1- Cul:;icf.ortho-ibomiiic: I::::: ::: 1 ::::: ::: 1::::: ::: 1:::: :::: 

-D~e~~f.'~~~:------I- P&OVSk~te+g,;:riiet::::I- orthorilorr'-biC+-CUiiic : I ::::: ::: I ::::::::I::::::::I::::::::I- NOi-iiiqullibrliiiIl_::::::::::::::: ::::::: 
DY20 •. Fe,0. Perovsklte_ ___________ OrthorhomblC_________ 5. 30 7.62 5. 59 _______ _ 
3Dy,O,·5Fe,O, GarneL _______________ Oubic ___ __ ____________ 12. 414 ______ _________________ _ 

-Ho;O,:Fe;O;+ -- ------I-p eioVSkite+gariiet ::::I-orthorbombic-+-cuiiic:I::::::::I::::::::I::::::::I::::::::I-Nor:iequiiib-rlurrl_:::::::::::::::::::::: 
3Ho,O.·5 Fe,O, 

Ho,O,.Fe,O, 
3Ho,O,·5Fe,O. 

y ,O,.Fe,O, 
3y,O,·5Fe,O, 

Perovskite ________ ___ _ 1 Orthorhombic ____ _____ 1 5.30 
OarneL __________ _____ Oublc. _____________ ___ 12. 380 

Perovskite ____________ 1 Orthorbombic _________ 1 5. 279 
Garnet ___________ ___ __ Oubic _________________ 12. 376 

7.58 5.59 

7.609 1 5. 590 , _______ _ 

- ¥£i?d·:~~~:·~-:--------I- ~fr~~~~~~~~::::::::::I- g~t~~~~~~~~i~:~:::::::I- ~n~;-[~~~~::I ::~~~~::::::::::: 

3Tm,0.·5Fe,O. 

Yb,O.+ Yb,O,· Fe,O. 

Yb,O.· Fe,O, 
3Yb,O,·5Fe,O, 

Garnet ________________ 1 Oubic _________________ 1 12. 325 

O-type+perovskite ___ .1 Oubic+orthorhombic. 

Perovskite ___________ _ 1 Orthorhombic _________ 1 5.22 1 7.56 1 5.58 
GarncL _______________ Oub ic __ _______________ 12.291 ______ __ ________ , _______ _ 

. ~~~~~ .. ~e~~~ _________ -I. ~_~r_~,::,_~i~~:::::::::::: \- ~~t_~O;~~~~i:~:::::::: 1 __ ~ ~~~ __ 1_ -: ~ ~~ __ 1 __ ~~ ~~ __ 1- -------
3Lu,O,·5Fe,O, OarneL _______________ OubIC _________________ 12. 277 ______________________ _ _ 

_ ~~~~Jo.~~~~~~_'_ ~. ______ I_ ~-_t:do~::~~~~~~~~ __ :::I_ ~_~~~~:_r~'~_~~~~~~~~!:I::::::::I::::::::I::::::::I:::::::: 

SC20a u+ Fe20 a m8 
SC20a BI 

g:~~~~~~~~~~~~~~:::1 g~~\~~~~~_~_~~~~~~~_l:I::::::::I::::::::I::::::::I::::::::1 Nonequilibrium ______________________ _ 

-Sc~O;::-t-"Fe;();;: -----1- C'-Cipe+coru-ridum- ---1- C"u iiic+r!1<;m bolle<lra'i: I:::::::: I:::::::: I:::::::: I:::: :::: 

La,O,·Sc,O, 

Pr,O,·Sc,O. 

Nd,O,·Sc,O, 

Sc+3 and larger cations 

Perovskite ________ ____ 1 Orthorhombic ________ _ 

Perovsklte_ _ _ _ ________ Orthorhomblc ________ _ 

Perovskite_ _ ____ ______ Orthorhomblc ________ _ 

5.678 

5. 615 

5.574 

5.787 

5.776 

5.771 

8.098 

8.027 

7. 998 

Geller and 
Wood [5] . 

Bertaut and 
Fon-at [34]. 

Geller and 
Wood [5] . 

Bertaut and 
Forrat [34]. 

Bertaut and 
Forrat [34]. 

Bertaut and 
Forrat [34]. 

Roth [4]. 
Bertaut and 

Forrat [34] . 

Bertaut and 
Forrat [34] . 

Bertaut and 
Forrat [34] . 

Bertaut and 
Forrat [34] . 

Bertaut and 
Forrat [34]. 

Oeller [6] . 

Oeller [6] . 

Geller [6] . 



Oomposi-
System tion 

Sm,03-ScZ03 
Mole % 

50:50 

Eu,0 3-Bc,03 50: 50 

Gd,O,-Sc,0 3 66.7:33.3 

W:50 

37.5 :62.5 

D y,O, -Sc,O, 66.7:33.3 

50:50 

Ero,O,-SczO, 50:50 

Co) 
en 
t-.) 

y,O,-Sc,O, 50:50 

Er,O,-Bc20 , 50:50 

Yb,0 3-Sc,03 50:50 

Lu ,O,-Sc,O, 50:50 

m,O,-8c,O, 50:50 

La,03- Tn,03 50:50 

Nc1, 0 3-In,0 3 95:5 

85:15 

75:25 

66.7:33.3 I 

n eat 1 
treatmont 

rr cmp. I 'l"'imc 

°C 
1350 
1650 

1350 
W50 

1350 
1500 
1650 

hr 
6 
9.5 

6 
9.5 

6 
6 
6 

TABLE I.- Binary oxide mixtures of the trivalent cations- Contin ued 

Phases identified by 
X-ray diffraction 

Sc+3 and larger cations-Continued 

Structme type Symmetry 

Unit cell dimonsions 

a b ex 

Remarks R eferen ces Z 

1-----------------1--1--1--1--1-------------

A A A 1 dey 

8m,O,·8c,O, P erovskitc ____________ 1 Orthorhom bic ________ _ 5. 53 7. 95 5.76 

E UZ0 3·SCZ03 Porovskite ___________ -' Orthorhombic ________ -I 5.5 1 7.94 I 5. 76 

Gd,O , ,,+Gc1,O,. 
Sc,O, rhombic 

_____ ___ , ___ _____ , GdZ03·SC,03 

B-typo+porovs kiLe ___ I Monoclinic+ortho-

Porovsk iLo _ _ __________ Orthorhombic ______ __ _ 5. 487 5.756 7.925 , ______ _ _ Results confi rmed in present work for 
specimen heat treated at 1650 °0. 

Gollor [61. 

1350 G 
1500 6 
1650 6 

1350 6 
1500 6 
1350 6 
1650 9.5 

1350 6 
1650 9.5 
1875 0.3 

1900 1 
1950 1 
2000 0.3 

1350 6 
1650 9.5 

1890 0.3 

1350 6 
1650 9.5 
1850 0.7 

1350 6 
1650 9.5 
1850 0.3 

1350 6 
1650 9_5 

800 20 
1350 46 

1350 0.5 

800 20 
1350 6 
1500 42 
800 20 

1350 6 
1500 42 

800 20 
1350 6 
1500 42 

800 20 

: ~~:~Ls_c~~~~:~~~~~ ~~: I: ~~l:~~t_k;~~~C:-LY:I~~:~ ~ I: ~':~1~-!~O:~~~i~~~~I~~~ : 1 ~ ~:::::: I:: ~::~:: I::: ~:::: I::: ~: ~:: 
-Dy~03- ;,+-.oY,-6;:8c;6;1- O--tYl;;;+pel'ovs-ki-tc--~: 1-Ou b-ic:ortiiol·i;o-In-bic~: I:::::::: I:::::::: I:::::::: I:::::::: 
D Y203·Se20 a r erovskite ___________ -' Orthorhornbic __ ____ __ -I 5.43 7. 89 5. 71 

HO,0 3 .. + ilo,03· O-type+pcrovskite+ Oubic+orthorhombic 5. 42 7.87 5.71 NoncQui libriu rn listed dimensions for 
8C,03+8c,0 3 " O-type +cubic pcrovskitc phaso in mixtnrc. 

_____ do _____________________ do ____ _____________ ____ do ___ _______ _______________ _____________________ NOlleq ui!ibriu IlL _______ _____ ____ ____ _ 
_____ clo _____________________ do _____________________ do __________________________________ __ _________________ do _____________________ __________ _ 
(1-x)H o,O,·xSo,03" O-typo+ perovskite ___ Oubic+orthorhombio _____________ __ _________________ NoncQuilibriu m; amount of perov-

+ ilO,03· SC,0 3 skite pbase small. Equilibrium 
probably Single phase O-type solid 
solntion. 

-~~~;~:::~~!:~:+l~t{~~~?~·~:~s:~~t:e::J~~~~~i~~~~'~~~~~ ':'~~~~ f~~~~~I~~~~~~[~~]~~~~~~~~I- NO~leqU;liblium-----~::::::::::::::::::: 

ErZ0 3 8!+SC203 8! 
(l-x)Er,O,·xSc,O, '" 8:~~g~~~-:::~~: :: :::: 1 8~gl~~~~!~i_C __ ~::::::: I:::::::: I:::::::: I:::::::: I:::::::: N oncq u ilibriu In ___________ ___________ _ 

Y':'03 .. +8C,03 " I O:type+O-type-------1 Ollbic+ Cllbic_ - -------1 ________ 1 ________ 1 _____ ___ 1 ________ 1 :\oneqllilibriulll_ - - -- -----------------
(1 xl Yb,03 x8c,O,,, 0 typc____ ____________ OUbIC _________________ I _______________________________ _ 

-(i='::i) i,-u,-6;:X8c2'6'3 -,:--1- O:type::::::::: ::::::: 1- Oub-ic:::: ::::::::: :::: I:::::::: I:: :::::: I:::::::: I:::::::: 
-(i ='::x) m;O-3:XSC;O-3-;,-- -I-O--typo::::: ::::::::::: 1- Oub-ic::::::::::::::::: I:::::::: I:::::::: 1 :::::::: I:::::::: 

In+3 and large r cations 

La20 3·I n20a Perovskito ____________ I Orthorhombic ________ -' 5. 723 1 8.207 1 5.914 , _______ _ 

-(1='::i5 N d;O-3:ii,,;o,- ;,- -1- B-I;YI;';::::: ::::::::::: 1- j\lo-l~oci(nic-_ ~::: ::::::: I::: ::::: I:::::::: I:::::::: I:::::::: 

(1=.::~t~1~b~-~i~,j:,~~3-;,-- -I- B--t);I;.;+pelo-V'sk ite---~:1- r..1:~~o~gi~~+o-rtjl-o--- --I::::::::I::::::::I::::::::1:::::::: 

-(i~~~~~~i:f,~:O-3-;,--I- B--t.ipe+pel.ovskife---~:I- j\-1~~~~if£7~~+Oltjlo-----I::::::::I::::::::I::::::::I:::::::: 

Rotb [41. 



c.:> 
(7) 
c.:> 

L-

1350 6 
1500 42 

50:50 1 13,,0 0.5 
33.3:6". 7 800 20 

1350 6 
1500 4 2 

SmzOa- InzOl 1 66.7:33.3 1 800 20 
1350 6 
1500 ' 2 

50:.\0 1 1350 0.5 
:33.3:66.7 800 20 

1350 G 
J500 ' 2 

EuzOJ- InzOJ3k .10:50 800 20 

-(1~~~~?I:t~:03-;'--I-B--tY';;;+ ')C;.(;~skitc--~:-I- "J~~~~~l~;:~C+O;.th-o-- - --I:: :::: ::I:: :: ::::I: : : ::: ::I::: ::: :: 
t\ c],0 3·ln, 0 3 P erovsklte_ _ ____ ___ __ _ Orlhorho rn CIC___ __ ____ 0.627 8. 121 5.891, _______ _ 

N d z0 3·InzOJ+ II120 3 

SmzOa 89+8 111 20 3" 
TnzOJ 

Sm20 J" 111 20 3 

SmzOJ· lnz0 3+1I1 zOJ ,,~ 

P cro"skilc+C-lype _. _I Orthorholll bie+eubie. , ________ , _______ ., ________ , _______ _ 

ll-type+prrovskite _ 

PerovskitC' _________ _ 

I'cro" skile+C-type 

~ I onoclinie+ortho
rhombic. 

Orthorhombic. 

Orthorhom bic+ell hic _ 

5.589 I 8.082 I 5.886, ______ __ 

R oth [4J. 

R otb [4J. 

1350 G 
1650 42 

66. 7: 33.3 1 

-E ~;O-3: 1ii;o; ----------I-u ii k-';O;\:~:::::: ::::::: I' U 11 k-';o;': 1,:::::::::: ::: I:::: :::: I:::::::: I:::::::: I:::::::: 1- J;sc-ndo-11~:";-ionai -s-;;~;;;et~;::::::::::: 1 Schneider [23J. 

Od , 0 3- 1n, 0 3 800 20 
1350 6 
1600 4 2 

50:50 800 20 
1350 6 
1600 ' 1 
1650 4 2 

33.3:66. 7 800 20 
1350 6 
1600 4 2 

D y,0 3-1n, 0 3 95:5 800 20 
J3.\0 6 
1600 ' 2 

85:5 800 20 
1350 6 
1600 

• 2 

75 :25 800 20 
1350 6 
1600 ' 2 

66.7:33.3 I 800 20 
1350 6 
1600 • 2 

50:50 800 20 
J350 6 
1600 ' I 
J6.50 '3 

33.3:66. 7 1 800 20 
J350 6 
1600 , 2 

llo, 0 3- 1n, 0 3 50:50 800 20 
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FIGURE 5. Predicted subsolidus binary phase diagrams for systems involving oxides of the trivalent cations 

e--compositions studied in present work 
cr-ctata taken from literature 
X- data taken from literature for wbicb no temperature of beat treatment is 

given 
A- A-type rare ear th oxide structure 
B- B-type rare eartb oxide structure 
O-O·type rare earth oxide structure 
O- garnet type compound 

I: ll- beta alumina type structure 
P - perovskite type compound 
R- unknown type structure, rhombobedral symmetry 

S-spillel type structure 
a-wrundum type structure 
/I- beta gaUia type structure 

K-kappa alumina type structure 
u-unJrnown type structure similar to kappa alumina 
ss- solid solution 

(a) Binary oxide systems containing AI+' and larger cations. The following systems pertinent to tbls series have been previously publisbed. 

1. Y,O,--AJ,O, [22] 
2. Fe,O,--AbO, [10] 

3. Cr,O,--AbO, l261 
4. Ga,O,-AhO, [271 
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FIGURE 5. Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations- Continued 

e-compositions studi ed in present work 
0-data taken from literature 
X-data taken from literature for which no tcmperature of heat treatment is 

A- A-type rare earth oxide structure 
B- B-type rare earth oxide structure 
C- C-type rare earth oxide structure 
O-~arnet type compound 

l :l1- beta alumina type structure 
P- pcrovskite type compound 

given 

R- unknown type structure, rhombohedral symmetry 

S- spinel type structure 
a - corundum type structure 
/i- beta gallia type structure 

K- kappa alumina type structure 
u- unknown type structure similar to kappa alumina 
ss- solid solution 

(a) Binary oxide systems containing AI+! and larger cations. The following systems pertinent to this series have been previously published. 

1. y,O,--AJ,O, [22] 
2. Fe,O,-AhO, [10] 

3. Cr,O,--AJ,O, [26] 
4. Oa,O,--AhO, [27] 

(b) B inary oxide systems containing Oa+3 and larger cations. The 1n,O,-Oa,O, system bas been previously publisbed [28]. Boundary limits of kappa alumina 
solid solution taken from Remeika [35]. 
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FIGURE 5. Predicted subsolidus binary phase diagram jor systems involving oxides oj the trivalent cations- Contin ued 

A-A· type rare earth oxide structure 
ll-B-typc rare earth oxide structure 
O-O-type rare earth oxide structure 
G-garnet type compound 

1:11-beta alumina type structure 
P-perovskite type compound 

. -compositions studied ill present work 
0-data taken from literature 
X-data taken from literature for which no temperature of heat treatment is 

given 
S-spinel type structure 
a-corundum type structure 
II-beta galli, type structure 

K- kappa alumina type structure 

!(-unknown type structure, rhombohedral symmetry 

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

(b) Binary oxide systems containing Ga+3 and larger cations. 'I'he rn,0 3-Ga,O, system has been previously published [281. Boundary limits of kappa alumina 
solid solution taken from Remeika 135/. 
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F IGURE 5. Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations- Continued 

A- A-lype rare ear lh oxide struelure 
ll- B·type rare earth oxide structure 
C- O·type rare earth oxide structure 
O-garnet type compound 

. -compositions studied in present work 
Q-dala taken rrom literature 
X-da~~ taken from literalure for which no temperature of heat trealment is 

given 
S-spinel type structu re 
a- coruJ1dum type structure 
Il- beta gallia type slructure 

K-kappa alumina type structure 
1:Il- beta alumina type structure 

P- perovskite type compound 
R- unknown type structure, rhombohedral sym metry 

u- unknown type structure similar tc kappa al umina 
ss-solid solu tion 

(b) Binary oxide sys tems containing Oa+' and larger cations. The In, 0 3-00,03 system has been previously published [28J. Bowld"ry limits of kappa alumina 
so lid sol utio n taken froID Remeika [35J. 

(c) Binary oxide systems containing Cr+' and larger cations. The Fe, O,-C,.,O, system has been previously published [IOJ. 
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FIGURE 5. Predicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations- Continued 

A-A-type rare earth oxide structure 
B- B-type rare earth oxide structure 
O-O-type rare earth oxide structure 
G-garnet type compound 

. -compositions stndied in present work 
Q-data taken from literature 
X-data taken from li terature for wbicb no temperature of beat treatment is 

given 
S-spinel type structure 
a--corundum type structure 
~-beta gallia type structure 

K- kappa alumina type structure I :ll- beta alumina type structure 
P- perovskite type compound 
R- unknown type structure, rhombohedral symmetry 

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

(c) Biuary oxide systems containing Or+3 and larger cations_ The Fe,O:rOn03 system bas been previonsly published [IOJ. 
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FIGURE 5. P redicted subsolidus binary phase diagram for systems involving oxides of the trivalent cations-Cont inued 

. - compositions studied in present work 
o-da ta taken from li terature 
X- dat.a taken from li tera ture for which no temperature of heat t reatment is 

given 
A- A-ty pe rare car th oxide structure 
B- B- y pe rare earth oxide structure 
C- C-type rare earth oxide structure 
G- garnet type compoulld 

1 :1 I- beta alumina type structure 
P- perovskite type com pouud 
R- wlk:nown type structure, rbombohedral symmetry 

S- spinel type structure 
a-corwldum type st.ructure 
II-bcta gallia type structure 

K- ka ppa alumina type structure 
u- un known type structure similar to kappa alumina 
ss- solid solution 

(c) Binary oxide systems containing Cr+' and larger cation s. T he Fe,O,..C"O, system has been previously published [10J. 
(d) Binary oxide systems containing Fe+3 and larger cations. The transformation temperature of corundum to spinel tY]le is taken as 1390 °C. [IOJ. The 

follo wing systems pertinent to tbis series have been previously publisbed: 

1. La,O,..Fe,O, [291 
2. G d,O,-Fe,O, [22] 

3. y ,O,..F e,O, [18J 
4. Sc,O,-Fe,O, [30 
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FIGU RE 5. P redicted subsolidus binary phase diagram f01' 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 hcat treatment is 

given 
A- A-type ra re earth oxide structure 
B- B-type rare earth oxide structnre 
O-O-type rare earth oxide structure 
G-garnet type compound 

1: 11-het .. alumina type structure 
P - perovskite type compo und 
R - unknown type structure, rhomhohedral symmetry 

S-spincl typc structnre 
a-corlllldum type structure 
Il-beta gallia typC structure 

Ie- kappa al umina type structure 
u- llIlknown type structure similar to kappa alumina 

ss-solid solntion 

(d) Binary oxide systems containing Fe+3 and larger cations. Tbe transformation temperature of corund um to spinel type is taken as 1390 ·C. [10J. The 
following systems pertinent_to this series have been previonsly published: 

1. La,03-Fe20 3 [29J 
2. Od,O,-Fc,0 3 [22] 

3. y,O,-Fe,0 3 [18] 
4. Sc,O,-Fe20 3l30] 

(e) Binary oxide)ystems containing ScH and larger cations. 
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FIGURE 5. P redicted subsolidus binary phase diagram jor systems involving oxides oj the trivalent cations- Continued 

A-A-type rare earth oxide structure 
B- B-type rare earth oxide structure 
C-C-type rare ear th oxide structure 
O- garnet type compound 

(I:ll- beta alumina type structure 
P- perovskite type compound 

. -compositions studied in present work 
0-data taken from literature 
X-data taken from literature for which no temperature of heat treatment is 

given 
8- spinel type structnre 
a- corundum type structure 
/l- beta gallia type structure 

K- kappa alumina type structure 
u- unknown type structure similar to kappa alumina 

ss- solid solntion 
R- unknown type structure. rhombohedral symmetry 

(e) Binary oxide systems containing 8c+3 and larger cations. 
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F I GURE 5. Predicted subsolidus binary phase diagram j ar systems involving oxides oj the trivalent cations-Continued 

. -compositions studied ill present work 
O-da ta taken from literature 
X-data taken from literature for which no temperature of heat trea tment i, 

given 
A-A-typc rare earth oxide structure 
B- B-typc rare earth oxide structure 
C-C-type rare earth oxide structure 
G-garnet type compound 

l:ll-beta alumina type structure 
P-perovskite type compound 
R-unknown type structure, rhombohedral symmetry 

S-spinel type structure 
a- corundum type structure 
8-beta gallia type structure 

K- kappa alumina type structure 
u- unknown type structure similar (0 kappa alu mina 
ss-solid solution 

(e) Binary oxide systems containing Sc+3 and larger cations. 
(f) Binary oxide systems containing 1n+3 and larger cations. The EU20 ,..1n20 3 system to be published [231. 
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FIG U RE 5. Predicted subsolidus binary phase diagram for systems involving oxides of the tr ivalent cations- Continued 

. - compositions studied in present work 
Q-data taken from li tera ture 
X- data ta ken from litera ture for which no tempcra ture 0 jhea t treatmen t is 

given 
A- A· type rare earth oxide structure 
B- B· type rare earth oxide structure 
C- C· type rare ear th oxide structure 
G- garnet ty po COm l)Otul(l 
II- heta alumina type s lmcturo 
P - perovski te type co mpowld 
R- unlalO\m type structul"C, rhombohedral symmetry 

S- spinel type stru ctu re 
a- corwld um type structure 
/I- beta gallia type structure 

K- kappa alumina type structure 
u- un known type structure similar to kappa al umina 

ss- solid solution 

(f) Binary oxide syste ms coutaining In+' and larger cations. The EU 20 3-In,O, system to be published [23J. 
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