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The subsolidus phase diagram CaO-Al,O;-Ta,0; has been
determined at 1300-1350°C. Two ternary phases are present,
Ca,AlTaO; and the new phase, CaAlTaO.. From Rietveld re-
finement of powder X-ray diffraction data, CaAlTaO; has the
sphene structure, monoclinic 6.6760(3), 8.9546(3), 7.3494(3) A,
p=114.098 (3)°, space group C2/c, and Ca,AlTaQg has a par-
tially ordered double perovskite structure, monoclinic 5.3915(3),
5.4321(4), 7.6508(4) A, f=90.076(5)°, space group P2,/c. The Al
and Ta cations form a rock-salt-type arrangement with 3% cross

substitution of Al on Ta sites and vice versa. © 1999 Academic Press

INTRODUCTION

Few studies on compound formation in the CaO-
Al,03-Ta,0;5 system have been reported. No phase dia-
gram is available and most work has focused on the phase
Ca,AlTaOg, which is reported to be an ordered perovskite
with GdFeOj structure and monoclinic symmetry (1). This
phase was considered as a possible dielectric substrate for
high-T', superconductor films (2); it melts congruently at
1835°C and was suggested, instead, to have orthorhombic
symmetry. The microwave dielectric properties of Ca,Al-
TaOg ceramics (3) and Ca,AlTaOs—CaTiOj; solid solutions
(4) have been studied.

The three limiting two-component systems CaO-Al,O3,
Ca0O-Ta,0s5, and Al,0;3;-Ta,O5 are all well-established
and contain a number of binary phases. Phase diagrams are
available for CaO-Al,O; (5) and CaO-Ta,Os (6). For
Al,0;3-Ta,0s5, only the binary phase AlITaO, is known (7).

In this study, we report a subsolidus phase diagram for
the system CaO-Al,O;-Ta,0O5 and crystal structure data
for Ca,AlTaOg4 and the new phase, CaAlTaOs.

EXPERIMENTAL

Samples were prepared by solid state reaction of CaCOs,
Ta,Os, and Al,O5 ( > 99%). The dried reagents were mixed
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in stoichiometric amounts and heated in Pt crucibles at
900-1350°C for a total of 2 to 30 days until either single
phase products were obtained or no further reaction occur-
red. The heating conditions required to achieve equilibrium
were determined by trial and error; once a particular reac-
tion had apparently reached completion, the temperature
was raised for an additional heating period. If no further
reaction occurred, it was assumed that equilibrium had been
reached.

Products were characterized by powder X-ray diffraction
(XRD), using a Siemens D-5000 diffractometer. Diffraction
data for indexing and refinement of the new phases were
recorded using a Stoe STADI P diffractometer, Cu Ko
radiation, with the usual conditions of step scanning over an
angular range 8° < 20 < 113° in increments of 0.02° (20)
and with a counting time of 5s for each step. Chemical
composition of ternary phases was determined by a Cameca
SX-51 EPMA on sintered and polished samples.

RESULTS AND DISCUSSION

Phase Formation and the CaO—-Al,03-Tua,05
Phase Diagram

As a result of heating mixtures with different composi-
tions over a range of temperatures and times, the conditions
needed to obtain complete reaction and to form the equilib-
rium phase(s) were obtained. In general, a final firing at
1300-1350 °C for 2-3 days was sufficient to complete reac-
tion. Some samples were heated as high as 1450°C, and no
change in phase assemblage was observed.

It soon became apparent that, in addition to the various
binary phases, two ternary phases were formed. From pow-
der XRD analyses of the reaction products (Table 1) and
EPMA analyses on selected compositions (Table 2), the
subsolidus phase diagram was established and, at the same
time, the compositions of the two ternary phases were
determined, as Ca,AlTaOq and CaAlTaOs;. Samples of
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TABLE 1
Crystalline Products of Heating Some Selected Compositions

Ca0O:Al,0,:Ta,O,
molar ratio

Temperature

(°C) Time (days)  Crystalline phases

71.5:20.08.5 1350 2 C4AT + C4T + C3A
71.57.0:21.5 1380 I C4AT +C4T + C2T
66.7:26.5:6.8 1330 I C4AT +C3A +CI12A7
66.7:13.3:20.0 1350 2 C4AT +C2T
66.7:6.7:26.6 1450 2 C4AT +C2T
60.0:35.0:5.0 1350 I C4AT + C12A7 + CA
60.0:10.0:30.0 1400 I C2AT + C2T + o-CT,
56.5:20.0:23.5 1400 I C4AT + C2AT + C2T
56.0:7.0:37.0 1400 I C2AT +C2T + o-CT
55.0:40.0:5.0 1350 3 C4AT +CA
55.0:22.5:22.5 1275 30 C4AT + C2AT
50.0:45.0:5.0 1350 2 C4AT + CA + CA2
50.0:35.0:15.0 1400 I C4AT +C2AT +CAG6
50.0:25.0:25.0 1275 13 C2AT +C2T,
40.0:40.0:20.0 1275 30 C2AT + A, + B-CT,
40.0:30.0:30.0 1275 13 C2AT + f-CT + A,
35.0:60.0:5.0 1350 2 C4AT + CA2 + CA6
30.0:35.0:35.0 1350 3 BCT+CT2+A
20.0:60.0:20.0 1400 I p-CT+A
20.0:20.0:60.0 1350 2 CT2+AT
15.0:80.0:5.0 1400 I C2AT +CA6+A
14.0:13.0:73.0 1350 2 CT2+T+AT
10.0:50.0:40.0 1350 2 CT2+AT+A

Note. C4AT, Ca,AlTaOy C2AT, CaAlTaOg; C4T, Ca,Ta,O,; C2T,
Ca,Ta,0,; a-CT, a-CaTa,O, B-CT, p-CaTa,O. CT2, CaTa,O,;
C3A, Ca,AlL Oy C12A7, Caj,Al O, CA, CaAl,O,; CA2, CaAl,O;

CA6, CaAl,,0,.: AT, AlTaO; A, AL,O,; T, Ta,Og; t, traces.

these compositions were single phase by XRD (lower limit
of detection of secondary phases ~2-3%) and by
SEM/EPMA. The compositions determined by EPMA
(Table 2) agreed with the expected compositions to within
+ 1-3%. There was no evidence of solid solution formation
and it is concluded, therefore, that these are stoichiometric
phases.

TABLE 2
Composition of the Ternary Phases Determined by EPMA

Sample Sintering treatment Composition
Ca,AlTaO, 1450°C/101 h Cay.972(5Al1.002(4Ta1.0145O6.011(3)
CaAlTaOs 1450°C/101 h Cay.016(8)Al1.002(6) T21.032(4)Os.011(3)

Note. Based on analysis of at least 10 different regions of the samples.
Numbers in parentheses refer to the e.s.d.’s, which indicated an accuracy to
the third decimal place.

1300 - 1350 °C

Cala,0,,

CaAl,04
Ta,0, AITa0, ALO,
FIG. 1. Subsolidus phase diagram CaO-Al,0;-Ta,0s. Compositions

studied are marked by solid circles: large circles represent single phase
samples; small circles represent phase mixtures.

The subsolidus phase diagram at 1300-1350°C is shown
in Fig. 1; it is divided into 15 compatibility triangles, many
of which contain either or both of the ternary phases,
Ca,AlTaO4 and CaAlTaOs, as constituents. For most re-
gions of the diagram, melting temperatures are considerably
in excess of 1350°C and have not been determined. Com-
positions in triangles containing Ca;,Al;4,O33 as one of the
phases melt at around 1300°C, however. Although most
of the results used to construct Fig. 1 were obtained at
1300-1350°C, we have no evidence or reason to believe that
the diagram changes at higher, or lower, subsolidus temper-
atures.

Crystal Structure of CaAlTaO:s

The structure of CaAlTaO5s was determined to be sphene-
like from a combination of trial-and-error indexing of the
powder XRD pattern and a literature search for related
phases with similar cell dimensions. The unit cell is mon-
oclinic; unit cell dimensions and indexed powder XRD data
are given in Table 3; fully indexed powder XRD data for
both phases have been deposited with the ICDD. Rietveld
refinement was carried out using the atomic coordinates of
NaTaGeOs (7) as starting parameters. Final coordinates are
listed in Table 4, and a selection of bond lengths and angles
are given in Table 5. An XRD profile and difference plot is
shown in Fig. 2.

As in the parent sphene, CaTiSiOs (8), the structure
consists of zigzag chains of corner-sharing TaO¢ octahedra
parallel to c linked at their corners by AlO, tetrahedra to



64 SALES ET AL.

TABLE 3 TABLE 3—Continued
X-Ray Powder Diffraction Data -
d,.(A) 1 hkl
d, (A) I hkl -
1.7480 8 ‘[ 301
(a) CaAITaO; monoclinic a = 6.6760(3) A, b = 8.9546(3) A, 1301
¢ =7.3494(3) A, B = 114.098(3)°; space group C2/c (15) Z = 4 1.7160 5 130
5.0412 100 110 L7117 9 [222
44775 33 020 (222
3.3647 85 le 1.7102 13 ‘[114
3.0472 40 200 114
2.9280 4 302 1.6747 2 {[ 131
2.6818 80 130 131
25188 1 220 1.5663 2 (132
24503 15 2P 132
24372 18 12 1.5632 19 [204
23477 4 131 1.5596 16 312
22377 7 040 1.4754 2 [231
2.1136 17 312 (231
1.9809 12 310 1.4724 5 [105
1.9308 4 132 105
1.8616 12 042 1.4704 7 [321
1.8153 9 204 321
1.8037 6 240 1.3583 4 040
17815 12 Ti4 1.3531 10 24
1.3521 6 224
) ) 1.3482 4 400
(b) Ca,AlTaO; monoclinic a = 5.3915(3) A, b = 5.4321(4) A, 1.2958 4 233
c= 7.6508(5)/0\, B =90.076(5)°, space group P2,/n (14) Z =2 1.2941 5 233
42469 62 011 1.2894 3 (411
4.4047 42 (101 l411
(101 1.2777 3 (T34
3.8272 56 110 134
3.8228 53 002 1.2740 3 314
3.4259 1 {\’111 1.2725 4 314
111 1.2706 2 (402
2.7139 24 020 402
2.7043 100 112 1.2105 7 332
2.6965 17 200 1.2097 8 332
2.3126 17 (121 1.2074 4 420
1121
2.3087 27 013
2.3046 32 {TO3
(103
2.3009 2 211 form a three-dimensional framework (Fig. 3). Ca occupies
[211 singly capped trigonal prisms which share common edges
2.0475 1 [122 with AlO, tetrahedra and four TaOg4 octahedra. Hence,
(122 CaAlTaOs is structurally similar to CaTiSiOs and phases
20414 1 }[ ;115 such as NaTaGeOs. It does, however, represent a new
19136 45 220 cation charge combination for the sphene structure, i.e., II,
19112 30 004 III, V compared with II, IV, IV in sphene itself and I, TV,
1.8553 1 (221 Vin NaTaGeOs. Bond lengths (Table 5) are consistent with
1221 those expected for coordination numbers of 7(Ca), 6(Ta),
1.7613 4 031 and 4(Al). Bond angles show that the TaOg4 octahedra and
L7575 13 [123 AlO, tetrahedra are almost undistorted. The high thermal
L7540 g [;z pgramete.r for Ca indi.cates t.he possibility of some posit.ic.mal
’ 13 disorder involving slight displacements from the positions

given in Table 4.
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TABLE 4
Atomic Parameters for CaAlTaO; (e.s.d. in Parentheses)
Wyckoff site
Atom X y z Uiso (;&2) Occupancy factor symmetry
Ca(1) 0 0.3355(7) 0.75 0.029(3) 1.00 4e
Al(1) 0 0.3163(11) 0.25 0.008(3) 1.00 4e
Ta(1) 0 0 0 0.0056(2) 1.00 4e
o(1) 0.1939(12) 0.4350(8) 0.4183(13) 0.002(1) 1.00 8f
0(2) 0.1058(13) 0.2038(9) 0.1132(13) 0.002(1) 1.00 8f
0(3) 0 0.0725(13) 0.75 0.005(2) 1.00 4e

Note. Number of reflections: 261. Number of parameters: 29 (15 structural parameters). R-factors: R, = 7.72%; R,

R, =5.51%.

Crystal Structure of Ca,AlTaOq

This phase was reported previously (1) and was suggested
to be monoclinic with a perovskite-related structure but
a full structure determination was not carried out. Its XRD
pattern could not be indexed in the usual orthorhombic
Pbnm space group for the GdFeOj; structure type because of
the presence of extra reflections; in addition, some of the
peak intensities were very different from those of, e.g.,
Ca,FeTaOg (9) which has the GdFeO; structure. The possi-
bility of B-site order of Al and Ta was therefore considered.
In the literature on related phases, two ordered structures

=10.45%; Ry, = 8.6%;

are well established, with either a rock-salt-like or layered
arrangement of the B cations. The rock salt ordered struc-
tures are either cubic, with a = 2a, and space group Fm3m
or monoclinic, with a unit cell \/24,, ﬁap, 2a, and space
group P2;/c. The layered structures are monoclinic with
a unit cell 2a,, 2a,, 2a, and space group P2;/m (10).

The powder XRD data for Ca,AlTaO¢ could be fully
indexed using a monoclinic, rock-salt-type cell (Table 3).
A starting model used for the structure solution and refine-
ment was that of Ca,CrTaOgq (11), which has a partially
ordered GdFeOj; structure with B cations in a rock-salt-like
array. Refinement of this model with ordering of Al and Ta

Intensity (arb. units)

o

i [TV AP P .
Tt t -y
10 20 30 40 50 60 70 80 90 100 110
20/degrees

FIG. 2. Observed and difference XRD profile for CaAlTaOs.
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. TABLE 5
Bond Distances (A) and Bond Angles (°) for CaAlTaO,

Distances
Ca(1)-O(1) 2.47009) x2

0(22) 2.729(9) x2

0(2) 2.425(9) x2

0Q3) 2.351(13)

Average Ca(1)-0 2.514(10)
Ta(1)-O(1) 1.965(9) x2

0(2) 2.007(8) x2

0Q3) 1.945(4) x2

Average Ta(1)-0 1.972(7)
Al(1)-0(1) 1.737(10) x2

0(2) 1.759(10) x2

Average Al(1)-0 1.748(10)

Angles

O(1)-Ta(1)-0(2)  89.8(3) x2 O(2)-Ta(1)-0O(3) 92.7(3) x2
O(1)-Ta(1)-0O(2) 90.2(3) x2 O(1)-Al(1)-0O(1) 104.7(5)
O(1)-Ta(1)-0O(3) 89.2(3) x2 O(1)-Al(1-0(2) 107.4(5) x 2
O(1)-Ta(1)-O(3) 90.8(3) x2 O(1)-Al(1)-0(2) 113.5(5) x 2
O(2)-Ta(1)-0(2) 87.3(3) x2 O(2)-Al(1)-0(2) 110.3(5)

gave satisfactory atomic positions but a negative thermal
parameter for Al. This indicated possible partial occupancy
of the Al sites by Ta, and vice versa. Models with various
partial occupancies were tested and their refinement para-
meters compared. The Al site was found to be particularly
sensitive to the degree of Ta occupancy and the final model
adopted contained 97(1) Al, 3(1) Ta for the Al site and vice
versa for the Ta site. Final refined parameters, bond lengths,
and angles are listed in Tables 6 and 7, XRD profiles
are shown in Fig. 4 and a structural drawing is shown in
Fig. 5.

The crystal structure is an example of the well-established

Al(1) tetrahedra
Ta(1) octahedra
Ca(1) spheres

FIG. 3. Crystal structure of CaAlTaOs showing framework formed
from TaOg octahedra and AlO, tetrahedra.

salt arrangement. Rietveld refinement indicated about 3%
cross substitution between Al and Ta sites. Such partial
cross substitution is found in several other related struc-

GdFeOj; structure with B-site order of cations in the rock- tures: Sr,CrTaOgs (0.66 to 0.34 occupancy ratios),
TABLE 6
Atomic Parameters for Ca,AlTaQ, (e.s.d. in Parentheses)
Occupancy Wyckoft site

Atom X y z Ui (A2) factor symmetry
Ca(l) 0.020(2) 0.0327(7) 0.7502(7) 0.0182(11) 1.00 de
Al(1) 0 0.5 0 0.0123(11) 0.97 2¢
Ta(1) 0 0.5 0 0.0123(11) 0.03 2c
Al(2) 0.5 0 0 0.0164(3) 0.03 2d
Ta(2) 0.5 0 0 0.0164(3) 0.97 2d
o(l) 0.270(3) 0.292(3) 0.973(4) 0.004(2) 1.00 4e
0(2) 0.305(3) 0.278(2) 0.551(4) 0.004(2) 1.00 de
0(3) 0.923(3) 0.486(3) 0.744(2) 0.004(2) 1.00 4e

Note. Number of reflections: 276. Number of parameters: 31 (17 structural parameters). R-factors: R, = 6.37%; R,,;, = 8.60%; Rey, = 5.7%; R; = 7.69%.
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Intensity (arb. units)

Ca,CrTaOg (0.73 to 0.27 occupancy ratios) (11), Sr,FeSbOg
(0.80 to 0.20 occupancy ratios) (12), and SrLaNiSbOyg (0.90

30

40

50

60 70 80 90 100 110

26/degrees

FIG. 4. Observed and difference XRD profile for Ca,AlTaOs.

to 0.10 occupancy ratios) (13).

The bond lengths (Table 7) show that the Al site is
somewhat smaller than the Ta site, as expected from usual

TABLE 7

Bond Distances (A) and Bond Angles (°) for Ca,AlTaOy

Al-O and Ta-O bond distances. The Ca site is a somewhat
distorted, eight-coordinate site, again with a range of rea-
sonable Ca—O bond distances.

Distances
Ca(1)-0O(1) 2.43(2) Ca(1)-0(2) 2.54(2)
Ca(1)-0(1) 2.59(2) Ca(1)-0(2) 2.77(3)
Ca(1)-0O(1) 2.68(3) Ca(1)-0O(3) 2.40(2)
Ca(1)-0(2) 2.25(2) Ca(1)-0O(3) 2.51(1)
Average Ca(1)-O 2.52(2)
Al/Ta(1)}-0O(1) 1.85(2) x 2
0(2) 1.88(2) x2
0(3) 2.00(1) x2
Average Al/Ta(1)-O 1.91(2)
Ta/Al(2)-O(1) 2.02(2) x 2
0(2) 2.07(2) x 2
0(3) 1.91(1) x 2
Average Ta/Al(2)-O 2.00 (2)
Angles
O(1)-Al/Ta(1-O(2) 88.4(9) x2 O(1)-Ta/Al2-O(2) 92.8(9) x2
O(1)-Al/Ta(1-O(2) 91.6(9) x 2 O(1)-Ta/Al2-O(2) 87.2(9) x2 Al(1) light octahedra
O(1)-Al/Ta(1-O(3) 91.8(8) x2 O(1)-Ta/Al(2-O(3) 86.3(8) x2 Ta(1) dark octahedra
O(1)-Al/Ta(1)-O(3)  88.2(8) x2 O(1)-Ta/Al(2-O(3) 93.7(8) x 2 Ca(1) spheres
O(2)-Al/Ta(1-O(3) 93.2(8) x2 O(2)-Ta/Al2-O(3) 88.0(7) x2 .
O(2-AlTa(1-O3)  86.8(8) x 2 0(2)-Ta/Al2-03)  92.0(7) x2 FIG. 5. Crystal structure of Ca,AlTaO4 showing framework of cor-

ner-sharing (Tag.97Aly.03)O6 and (Aly.o7Tag.03)O¢ octahedra.
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