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Formation of the fluorite phase and other related
phases in the system Y2O3–Ta2O5–MO
(M5Mg, Ca, Sr or Ba)
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The formation of the fluorite phase Y0.8Ta0.2O1.7 and other related phases in the system
Y2O3—Ta2O5—MO (M\Mg, Ca, Sr or Ba) has been studied. The single fluorite phase formed
when up to 12 mol% MgO was added to the fluorite phase; however, MgO appeared as the
second phase as well as the main fluorite phase when more than 16 mol% MgO was added.
When more than 8 mol% CaO was added to Y0.8Ta0.2O1.7, Ca2YTaO6 and Y2O3 were produced
as the second phases as well as the main fluorite phase. Ba2YTaO6 and Sr2YTaO6 of the
perovskite-type ordered structure and Y2O3 were produced as well as the main fluorite phase
when only 4 mol% BaO or SrO were added to Y0.8Ta0.2O17. The region of the fluorite
single phase was found in the system Y2O3—Ta2O5—CaO. The formation of the fluorite
phase is assumed to be related to the cation radius of the doped alkaline-earth oxide.
 1998 Chapman & Hall

1. Introduction
Fluorite-type oxides which are solid oxide ionic con-
ductors are of interest for their applications to fuel
cells, electrolysers and gas sensors [1, 2]. In this
fluorite structure, cations are in eightfold coordination
with their nearest neighbours, and each anion is sur-
rounded tetrahedrally by four cations [3]. There are
also many other oxides such as CeO

2
, ThO

2
and UO

2
which have the fluorite structure. HfO

2
and ZrO

2
also

retain the fluorite structure down to room temper-
ature by the formation of solid solutions with divalent
cationic oxides such as MgO and CaO or a trivalent
cationic oxide such as Y

2
O

3
[4, 5]. By doping

the fluorite-type oxide with oxides whose cationic
valencies are less than those of the host cations, oxy-
gen-ion vacancies are produced, thereby achieving
electrical neutrality in the substituted fluorite lattice
[6]. This oxygen vacancy brings about the oxygen
ionic conductivity at high temperatures.

The formation of the fluorite and other related
structures in ternary systems has been reported in the
systems ZrO

2
—Y

2
O

3
—Ta

2
O

5
[7, 8], ZrO

2
—La

2
O

3
—

Nb
2
O

5
[9], HfO

2
—Er

2
O

3
—Ta

2
O

3
[10] and ZrO

2
(HfO

2
)

—MgO—Nb
2
O

3
(Ta

2
O

5
) [11]. Of the rare-earth oxide

(R
2
O

3
)-alkaline-earth oxide (MO)—Ta

2
O

5
(Nb

2
O

5
)

ternary systems, only the system La
2
O

3
—SrO—Nb

2
O

5
[12] has been studied but the formation of the fluorite
phase has not been reported. The fluorite phase was
reported to form in some binary systems containing
Y

2
O

3
or other rare-earth oxides [13—16]. The fluorite

structure was reported to form in the system
Y

2
O

3
—TiO

2
above about 1400 °C together with the

main phase Y
2
TiO

5
[13]. The fluorite related struc-

ture Lu
2
TiO

5
was reported to form in the

Lu
2
O

3
—TiO

2
system [14]. Recently, the fluorite struc-

ture was found to form with the composition
4R

2
O

3
)Ta

2
O

5
(R

0.8
Ta

0.2
O

1.7
) in rare-earth oxide—

Ta
2
O

5
systems above about 1700 °C [15, 16].

In this study the ternary systems of Y
2
O

3
—

Ta
2
O

5
—MO (M"Mg, Ca, Sr or Ba), including the

system Y
0.8

Ta
0.2

O
1.7

—MO, were investigated to find
the regions of the fluorite single phase and other
related phases.

2. Experimental procedure
As the starting materials, Y

2
O

3
, Ta

2
O

5
, BaCO

3
,

SrCO
3
, CaCO

3
and MgO were used. All materials

were reagent grades and purer than 99.9%.
To obtain the fluorite phase Y

0.8
Ta

0.2
O

1.7
which is

very important in the binary system Y
2
O

3
—Ta

2
O

5
,

Y
2
O

3
and Ta

2
O

5
powders were mixed and milled in

an alumina mortar with an Y3`: Ta5` molar ratio of
4 : 1. The mixed powder was pressed into discs before
being heated at 1350 °C for 24 h in air. The heat-
treated discs were crushed into powder and were
mixed with MgO, CaCO

3
, SrCO

3
or BaCO

3
powders,

respectively, in various concentrations of 4—20mol%
of their oxide forms as shown in Table I and pressed
into discs again. This process of heat treatment and
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TABLE II The compositions of the specimens studied in the system Y
2
O

3
—Ta

2
O

5
—CaO

Point in CaO Y
2
O

3
Ta

2
O

5
[Y

2
O

3
]/

Fig. 1 concentration concentration concentration [Y
2
O

3
]#[Ta

2
O

5
]

(mol%) (mol%) (mol%)

A 4.0 75.5 20.5 0.7865
B 4.0 73.0 23.0 0.7604
C 8.0 71.7 20.3 0.7797
D 12.0 69.0 19.0 0.7841
E 4.0 72.0 24.0 0.75
F 8.0 69.0 23.0 0.75
G 12.0 66.0 22.0 0.75

TABLE I The compositions of the specimens studied in the
system Y

0.8
Ta

0.2
O

1.7
—MO

Specimen MO Y
0.8

Ta
0.2

O
1.7

(mol%) (mol%)

Mg4 4 MgO 96
Mg8 8 MgO 92
Mg12 12 MgO 88
Mg16 16 MgO 84
Mg20 20 MgO 80
Ca4 4 CaO 96
Ca8 8 CaO 92
Ca12 12 CaO 88
Sr4 4 SrO 96
Ba4 4 BaO 96 Figure 1 The compositions of the specimens studied in the ternary

system Y
2
O

3
—Ta

2
O

5
—CaO.

crushing was repeated twice for homogenization of
the compositions of the final samples. The crushed
powders were pressed into disc-type specimens and
pressed isostatically under 20 000 lbf in~2. The speci-
mens were fired at 1650 °C for 5 h and cooled to room
temperature at the rate of 10 °C min~1.

To determine the phase relations around the
fluorite phase Y

0.8
Ta

0.2
O

1.7
in the ternary system

Y
2
O

3
—TaO—CaO at 1650 °C, the specimens were pre-

pared in various compositions as shown in Table II
using the same Y

2
O

3
, Ta

2
O

5
and CaCO

3
powders

and the same method as mentioned above until the
final disc-type specimens were obtained by being
pressed isostatically under 20 000 lbf in~2 and fired at
1650 °C for 5 h and cooled to room temperature at the
rate of 10 °C min~1.

The obtained specimens were analysed by the X-ray
powder diffraction method to confirm the formation
of fluorite and other related phases.

3. Results and discussion
The various compositions studied in the system
Y

2
O

3
—Ta

2
O

5
—CaO are represented in Tables I and II

and in Fig. 1. As shown in Fig. 1, the point A is located
on the straight line drawn vertically from the composi-
tion with 77.5 mol% Y

2
O

3
in the binary system

Y
2
O

3
—Ta

2
O

5
and the points B, C and D are located

on the straight line drawn vertically from the composi-
tion with 75 mol% Y

2
O

3
in the binary system

Y
2
O

3
—Ta

2
O

5
. The compositions of the points E,

F and G contain 4, 8 and 12 mol% CaO, respectively,
keeping the molar ratio of the remaining compositions
of Y

2
O

3
and Ta

2
O

5
to be constant with the Y

2
O

3
:

Ta
2
O

5
ratio of 75 : 25 as given in Table II.

Fig. 2 shows the X-ray diffraction patterns of the
specimens in which the fluorite phase Y

0.8
Ta

0.2
O

1.7
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Figure 2 X-ray diffraction patterns of the fluorite Y
0.8

Ta
0.2

O
1.7

specimens doped with 4mol% CaO (specimen Ca4) (curve a),
8mol% CaO (specimen Ca8) (curve b) and 12 mol% CaO (specimen
Ca12) (curve c). (*), fluorite; (s), cubic Y

2
O

3
; (j), monoclinic

Ca
2
YTaO

6
.

Figure 3 X-ray diffraction patterns of specimens A, B, C, D, E,
F and G in the ternary system Y

2
O

3
—Ta

2
O

5
—CaO. (*), fluorite; (s),

cubic Y
2
O

3
; (j), monoclinic Ca

2
YTaO

6
.

was doped with up to 12 mol% CaO. As can be seen in
Fig. 2, the X-ray diffraction analysis for specimens Ca8
and Ca12 doped with 8 and 12 mol% CaO, respective-
ly, shows not only the fluorite phase but also other
second phases. The other phases were confirmed to be
the monoclinic Ca

2
YTaO

6
and cubic Y

2
O

3
[17]. The

monoclinic phase Ca
2
YTaO

6
, like Ca

2
YNbO

6
, is

a perovskite-type ordered phase (NH
3
FeF

6
structure)

which forms in the ternary system Y
2
O

3
—Ta

2
O

5
(Nb

2
O

5
)—CaO and is generally represented as

A
2
(B@B@@) O

6
. In the A

2
(B@B@@) O

6
structure, the B site

consists of two types of cation B@ and B@@ in equimolar
ratio, the cation A is divalent and the B-site cations B@
and B@@ are trivalent and pentavalent, respectively [17,
18]. The formation of Ca

2
YTaO

6
and Y

2
O

3
suggests

that the solid solution limit of CaO in the fluorite
phase Y

0.8
Ta

0.2
O

1.7
is so small at 1650 °C that the

excess CaO may react with some of the fluorite phase
Y

0.8
Ta

0.2
O

1.7
to produce Ca

2
YTaO

6
and Y

2
O

3
ac-

cording to

4CaO#Y
8
Ta

2
O

17
"2Ca

2
YTaO

6
#3Y

2
O

3
(1)

Fig. 3 represents the X-ray diffraction patterns of
specimens A, B, C, D, E, F and G, the compositions of
which are given in Table II. As shown in Fig. 3,
specimens A, B, C, E and F show the X-ray diffraction
pattern of the fluorite phase only. However, specimen
D, like specimens Ca8 and Ca12 in Fig. 2, shows

Ca
2
YTaO

6
and Y

2
O

3
as the second phases as well as

the main fluorite phase.
Specimen Ca4, doped with 4 mol% CaO, shows

Y
2
O

3
as the second phase and no Ca

2
YTaO

6
as

shown in Fig. 2; on the other hand, specimen G shows
Ca

2
YTaO

6
as the second phase and no Y

2
O

3
as

shown in Fig. 3. As can be seen in Fig. 1, the composi-
tion of specimen Ca4 is located between Y

2
O

3
and the

fluorite phase region, blocking point P, representing
the composition Ca

2
YTaO

6
, from Y

2
O

3
so that the

perovskite phase Ca
2
YTaO

6
cannot be detected by

X-ray diffraction analysis. Even if the perovskite phase
Ca

2
YTaO

6
forms by reaction (1), it may possibly be

dissolved in the fluorite phase. In the same way, point
G in Fig. 1 is located between the perovskite phase
Ca

2
YTaO

6
and the fluorite phase blocking Y

2
O

3
from Ca

2
YTaO

6
so that, even if Y

2
O

3
forms by reac-

tion (1), it may possibly be dissolved in the fluorite
phase.

Therefore, the shaded region in which points A, B,
C, E and F are located as shown in Fig. 1 represents
the single-phase region of the fluorite structure. The
tangential line to the shaded region drawn from point
P, the composition Ca

2
YTaO

6
, produces the dark

region on the left-hand side of the shaded region as
shown in Fig. 1. This dark region includes Ca4 and
represents the two-phase region of the fluorite and
Y

2
O

3
phases. The area outside these two regions

represents the three phase region of the fluorite,
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Figure 4 X-ray diffraction patterns of the fluorite Y
0.8

Ta
0.2

O
1.7

specimens doped with 4 mol% MgO (specimen Mg4) (curve a),
8 mol% MgO (specimen Mg8) (curve b), 12 mol% MgO (specimen
Mg12) (curve c) 16 mol% MgO (specimen Mg16) (curve d) and 20
mol% MgO (specimen Mg20) (curve e). (*), fluorite; (s), MgO.

Figure 5 X-ray diffraction patterns of the fluorite Y
0.8

Ta
0.2

O
1.7

specimens doped with 4 mol% SrO (specimen Sr4) (curve a) and
4 mol% BaO (specimen Ba4) (curve b). (*), fluorite; (s), cubic Y

2
O

3
;

(j), cubic Sr
2
YTaO

6
for curve a and cubic Ba

2
YTaO

6
for

curve b.

Y
2
O

3
and the monoclinic perovskite Ca

2
YTaO

6
phases.

It has been reported that the phase boundary be-
tween the region of the fluorite single phase and the
two-phase region of the fluorite and Y

2
O

3
phases

exists at about 80mol% Y
2
O

3
(composition

Y
0.8

Ta
0.2

O
1.7

) in the binary system Y
2
O

3
—Ta

2
O

5
[16]. The experimental result that CaO has a small
solid solution limit with the fluorite phase
Y

0.8
Ta

0.2
O

1.7
and produces the perovskite structure

A
2
(B@B@@) O

6
can be explained by the fact that the ionic

radius of the doped Ca2` ion (0.112 nm; eightfold
coordination) [19] is larger than those of the host
cations Y3` (0.1019 nm; eightfold coordination) and
Ta5` (0.074 nm; eightfold coordination) in the fluorite
phase Y

0.8
Ta

0.2
O

1.7
.

Fig. 4 shows the X-ray diffraction patterns of speci-
mens Mg4, Mg8, Mg12, Mg16 and Mg20, in which the
fluorite phase Y

0.8
Ta

0.2
O

1.7
was doped with 4, 8, 12,

16 and 20 mol% MgO, respectively. It can be seen in
Fig. 4 that the fluorite solid solution single phase
formed up to 12 mol% MgO. However, the MgO
phase appeared as well as the main fluorite solid
solution phase when more than 12 mol% MgO was
added.

This type of solid solution is considered to be sub-
stitutional just like the solid solution of ZrO

2
doped

with MgO, CaO or rare-earth oxides. When the addi-

tion of MgO exceeded 12 mol%, however, the excess
MgO segregated as a second phase and was detected
by X-ray diffraction as shown in Fig. 4. This result is in
good agreement with the MgO—ZrO

2
system, in which

MgO segregates as the second phase because the
fluorite phase of ZrO

2
has a limited solid solution

range with MgO [20].
Fig. 5 shows the X-ray diffraction patterns of speci-

mens Sr4 and Ba4, in which the Y
0.8

Ta
0.2

O
1.7

fluorite
phase was doped with 4 mol% SrO and BaO, respec-
tively. As shown in Fig. 5a and b, two other second
phases were observed besides the main fluorite phase
for both specimen Sr4 and specimen Ba4. As can be
seen in Fig. 5a, one was Y

2
O

3
and the other is as-

sumed to be the X-ray diffraction pattern of the cubic
Sr

2
YTaO

6
for specimen Sr4 because the X-ray diffrac-

tion pattern of specimen Sr4 was similar to those of
the cubic perovskite type Ba

2
YTaO

6
and Sr

2
LaNbO

6
[10]. However, the cubic perovskite type Ba

2
YTaO

6
phase and cubic Y

2
O

3
[21] were observed as the

second phases as well as the main fluorite phase
Y

0.8
Ta

0.2
O

1.7
for specimen Ba4.

The formation of Sr
2
YTaO

6
and Ba

2
YTaO

6
to-

gether with Y
2
O

3
in specimens Sr

4
and Ba

4
means

that the solution limits of SrO and BaO with the
Y

0.8
Ta

0.2
O

1.7
fluorite phase are so small at 1650 °C

that the excess SrO and BaO may react with some of
the fluorite phase Y

0.8
Ta

0.2
O

1.7
to produce the cubic
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Figure 6 Phase relations at 1650 °C in the system Y
0.8

Ta
0.2

O
1.7

—
MO (M"Mg, Ca, Sr or Ba). F, fluorite phase; P, perovskite; Y,
Y

2
O

3

A
2
(B@B@@) O

6
phase of Sr

2
YTaO

6
and Ba

2
YTaO

6
and

the other cubic phase Y
2
O

3
by

4SrO#Y
8
Ta

2
O

17
"2Sr

2
YTaO

6
#3Y

2
O

3
(2)

4BaO#Y
8
Ta

2
O

17
"2Ba

2
YTaO

6
#3Y

2
O

3
(3)

This is because the ionic radii of the doped Ba2` ion
(0.142 nm; eightfold coordination) and the Sr2` ion
(0.126 nm; eightfold coordination) are larger than that
of the Ca2` ion (0.112 nm; eightfold coordination).
Even in the BaO—ZrO

2
and SrO—ZrO

2
systems which

are known to form the fluorite phase easily, the
fluorite phase was reported to form at above 2200 °C
and less than about 5 mol% [22, 23].

Fig. 6 shows the regions of formation of the fluorite
phase and other related phases according to the
amount of the doped alkaline-earth oxides and the
sizes of ionic radii of the dopants compared with those
of the host cations. The sizes of ionic radii of cations
which construct Y

0.8
Ta

0.2
O

1.7
fluorite structure are

represented together with the mean values of the ca-
tions of the oxides along the abscissa for comparison.
It can be seen in Fig. 6 that the fluorite phase could be
doped with larger amounts of MgO than other alka-
line-earth oxides such as CaO, BaO and SrO because
the radius of the Mg2` ion is smaller than the mean
value for the host cations Y3` and Ta5` of the fluorite
phase to form the fluorite phase solid solution. On the
other hand, the fluorite phase could be doped with less
CaO than MgO because the radius of Ca2` is a little
larger than that of the Y3` ion. The Sr2` and Ba2`
ions, whose ionic radii are much larger than those of
the Ca2` ion as well as the Y3` ion, could not be used
at all to form the fluorite solid solution.

Unlike the system Y
0.8

Ta
0.2

O
1.7

—alkaline-earth ox-
ide, ZrO

2
easily produces solid solutions with various

divalent or trivalent cationic oxides. ZrO
2
easily forms

the cubic fluorite solid solution not only with Mg2`
and Sc3` ions whose ionic radii are larger than that of
the Zr4` ion but also with Ca2` and Y3` ions whose
radii are much larger than that of the Zr4` ion. The
Sc

2
O

3
—ZrO

2
system forms the fluorite solid solution

in the range 16—33 mol% Sc
2
O

3
, the MgO—ZrO

2
system in the range 10—30 mol% MgO, the
CaO—ZrO

2
system in the range 10—20 mol% CaO and

the Y
2
O

3
—ZrO

2
system in the range 9—55 mol% Y

2
O

3
[4].

Therefore, ZrO
2

forms the cubic fluorite solid solu-
tion with even larger cations than the Zr4` ion be-
cause the radius of the Zr4` ion is small; however, the
Y

0.8
Ta

0.2
O

1.7
fluorite phase forms the fluorite solid

solution not with larger cations than the Y3` ion but
with smaller cations than Y3` because the Y3` ion of
the constituent is large enough. This suggestion is
supported by the fact that MgO could be used to dope
the fluorite phase in as high a concentration as other
alkaline-earth oxides.

Consequently, it is assumed that the formation of
the fluorite phase in the system of Y

2
O

3
—Ta

2
O

5
—MO

(M"Mg, Ca, Sr or Ba), including the system
Y

0.8
Ta

0.2
O

1.7
—MO, is greatly influenced by the size of

the cationic radus of the alkaline-earth oxide dopant.

4. Conclusions
The formation regions of the fluorite phase and other
related phases in the system Y

2
O

3
—Ta

2
O

5
—MO

(M"Mg, Ca, Sr or Ba) at 1650 °C have been studied
using the X-ray diffraction method. The results ob-
tained are summarized as follows.

1. When the fluorite phase Y
0.8

Ta
0.2

O
1.7

was
doped with up to 12 mol% MgO, the fluorite single
phase was obtained. However, MgO segregated when
the fluorite phase was doped with more than 16 mol%
MgO.

2. When the fluorite phase Y
0.8

Ta
0.2

O
1.7

was
doped with 8 and 12 mol% CaO, the monoclinic
perovskite phase Ca

2
YTaO

6
and cubic phase Y

2
O

3
were produced as well as the main fluorite phase by
the reaction of the excess CaO with some of the
fluorite phase because CaO has a limited solid solu-
tion range with the fluorite phase. This is because the
ionic radius of the doped Ca2` ion is larger than the
mean radius of the host Y3` and Ta5` ions which
construct the fluorite phase. However, when the
fluorite phase was doped with 4 mol% CaO, only
Y

2
O

3
was detected as the second phase. This is be-

cause the composition containing 4 mol% CaO is
located between Y

2
O

3
and the fluorite phase in the

phase diagram of the system Y
2
O

3
—Ta

2
O

5
—CaO so

that the perovskite phase Ca
2
YTaO

6
cannot exist in

that region. Even though Ca
2
YTaO

6
forms a little in

that region, it may be dissolved into the fluorite phase.
Y

2
O

3
cannot be produced in the composition region

between Ca
2
YTaO

6
and the fluorite phase for a sim-

ilar reason to the case of the composition containing
4 mol% CaO.
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3. The oxides SrO and BaO have little solid solu-
tion range with the fluorite phase so that the speci-
mens doped with most SrO and BaO react with the
fluorite phase to produce Sr

2
YTaO

6
—Y

2
O

3
and

Ba
2
YTaO

6
—Y

2
O

3
, respectively, as the second phases.

This is because the ionic radius of the doped Sr2` or
Ba2` ion is larger than the mean radius of the host
cations Y3` and Ta5`.

4. The formation of the fluorite phase and other
related phases in the system Y

0.8
Ta

0.2
O

1.7
—alkaline

earth oxide is greatly influenced by the size of the
cation of the alkaline-earth oxide dopant.
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