JPEDAV (2007) 28:517-522
DOI: 10.1007/s11669-007-9202-y
1547-7037 © ASM International

Basic and Applied Research: Section |

A Pseudoternary Phase Diagram of the BaO-Zr0,-ScO, 5
System at 1600 °C and Solubility of Scandia into
Barium Zirconate

Susumu Imashuku, Tetsuya Uda, Tetsu Ichitsubo, Eiichiro Matsubara, and Yasuhiro Awakura

(Submitted October 19, 2006, in revised form January 17, 2007)

A pseudoternary phase diagram of the BaO-Zr0,-ScO; 5 system was established at 1600 °C, and
solubility of scandia into barium zirconate was determined. According to the phase diagram, the
solubility of scandia into barium zirconate at 1600 °C is 0.29 in a mole fraction of scandia
(Xsc0,;) on the composition line where the mole fraction of barium oxide is 0.50. However, the
solubility of scandia into barium zirconate is reduced with decreasing temperature and lies in

between Xs.0,. = 0.10 and 0.20 at 1300 °C.

Keywords phase diagram, pseudoternary, solubility limit

1. Introduction

The crystallographic structure of barium zirconate
(BaZrOs) is isomorphous with perovskite, and trivalent
cation (M(III)) doped barium zirconate has been reported to
be a proton conductive oxide.!'! It has great potential for
applications, for example, electrolytes for fuel cells, hydro-
gen separation membrane, and hydrogen sensors. A trivalent
cation in a Zr(IV) site forms an oxide ion vacancy in the
structure as given in Eq 1:

271, + Of + My03 — 2M), + Vg + 2ZrO, (Eq 1)

where Kroger-Vink notation is adopted. A water molecule
from the gas phase dissociates into a hydroxide ion and a
proton in the oxides; the hydroxide ion fills an oxide ion
vacancy, and the proton forms a hydroxide ion with lattice
oxygen. This proton shows protonic conduction by jumping
to the vicinity of an oxygen site and rotating around the
oxygen.

The solubility of the dopant is quite important informa-
tion for evaluating the protonic conductivity. Currently, we
are focusing on scandium-doped barium zirconate because
the ionic radius of scandium is almost the same as that of
zirconium (Zr*": 0.072 nm, Sc¢**: 0.0745 nm for six-fold
coordination)). It is expected that the solubility of scandia
(Sc,05) into barium zirconate will be higher than that of any
other trivalent cations. In fact, Omata et al. reported a
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dopant-clustering phenomenon in yttrium-doped barium
zirconate (the ionic radius of yttrium is 0.0900 nm for six-
fold coordination!?) by IR spectroscopy, but they did not
observe such a phenomenon in scandium-doped barium
zirconate.® In addition, the phase separation of barium
zirconate ]phase in yttrium-doped barium zirconate was
reported.”] Therefore, we intended to establish a pseudo-
ternary phase diagram of the BaO-ZrO,-ScO,; 5 system at
1600 °C, which is a typical sintering temperature of barium
zirconate, and investigate the solubility of scandia into
barium zirconate at 1300 and 1600 °C.

2. Experimental

2.1 Chemical Analysis and Phase Identification

The nominal compositions of samples examined in this
work are listed in Table 1 with results of phase identification
by x-ray diffraction analysis (XRD; RINT2200, Cu Ko,
Rigaku Corporation, Tokyo, Japan). Figure 1 shows the
nominal compositions of prepared samples on a pseudoter-
nary phase diagram of the BaO-ZrO,-ScO;s system.
Average compositions of samples and the compositions of
each grain in samples were analyzed by energy-dispersive
x-ray microanalysis (EDX) (JED-2300, JEOL, Tokyo,
Japan) equipped with field emission scanning electron
microscope (FE-SEM) (JSM-6500F, JEOL, Tokyo, Japan).
The compositions of each grain in samples by EDX were
calibrated based on the assumption that the average compo-
sitions of samples analyzed by EDX are equal to the nominal
compositions. Some results of average composition were
reproduced by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (SPS4000, Seiko Instruments Inc.,
Chiba, Japan) within the error of the instrument.

2.2 Material Preparation

All samples were synthesized by a solid-state reaction
from barium carbonate (BaCOs: 99.9%, Wako), zirconia
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Table 1 Nominal compositions of samples and phases identified by x-ray diffraction in samples heat treatment at

1600 °C for 24 h in air

Nominal composition

Identified phase by XRD

Sample XBao Xzro, Xsc0, 5 BaZrO;(ss) ZrO, (cubic) ScO, 5 BazSc4Oy(ss)
A 0.300 0.650 0.050 Detected Detected Undetected Undetected
B 0.300 0.550 0.150 Detected Detected Undetected Undetected
C 0.300 0.450 0.250 Detected Detected Detected Undetected
D 0.300 0.350 0.350 Detected Detected Detected Undetected
E 0.300 0.250 0.450 Detected Undetected Detected Undetected
F 0.300 0.150 0.550 Detected Undetected Detected Undetected
G 0.300 0.050 0.650 Detected Undetected Detected Undetected
H 0.500 0.500 0 Detected Undetected Undetected Undetected
1 0.500 0.400 0.100 Detected Undetected Undetected Undetected
J 0.500 0.300 0.200 Detected Undetected Undetected Undetected
K 0.500 0.250 0.250 Detected Undetected Undetected Undetected
L 0.500 0.200 0.300 Detected Undetected Undetected Detected
ss means solid solution
BaO
l Milled with agate mortar l
[ 1000 °C for 10 hours in air |
-+
% l Milled with agate mortar l
XBaO =0.50
Pressed at 0.1 ton cm?,
Xaao = 0.30 20, 1300 °C for iO hours in air
Milled with agate mortar
Pressed at 0.1 ton cm™,
ZrO,(t) ZrO,(0) 1300 °C for 10 hours in air
ZrOZ XScO1,5 > SCOLS l

Fig. 1 Nominal compositions of samples used in this study at
1600 °C for 24 h. Abbreviations of sample names are referred to
in Table 1

(ZrO5: 99.97% including 1.5 to ~2 mass% of hafnia (HfO,),
Daiichi Kigenso) and scandia (99.9%, Pacific Metals). The
chemical properties of hafnium are quite similar to those of
zirconium. Thus, hafnium is expected to substitutionally
replace zirconium in proportion to its atomic percentage. In
addition, 1.5 mass% of hafnia corresponds to only
0.9 mol% of hafnia in the ZrO,-HfO, system. Such a small
percentage does not affect the composition analysis beyond
the error of the instruments. Thus, the authors neglected the
effect of hafnia on the results. Flow charts of synthesis
procedures of samples are shown in Fig. 2. All samples
were finally calcined at 1300 °C in air and pressed into
pellets. The samples were heat treated at 1300 °C for 100 h
or 1600 °C for 24 h in air. Heated samples were quenched
to room temperature. At eclevated temperatures, barium

l Mixed with organic binder solution ‘

l Pressed at 4.0 ton cm™ ‘

l 600 °C for 8 hours in air ‘

I
! '

l 1600 °C for 24 hours in air ‘ l 1300 °C for 100 hours in air ‘

l Quenched to room temperature l l Quenched to room temperature l

Fig. 2 Synthesis procedures of samples. Abbreviations of
sample names are referred to in Table 1

oxide (BaO) has a significant vapor pressure (~8x 107> atm
at 1600 °CPY). There is a possibility for a part of the barium
oxide in the samples to vaporize, which causes deviation of
the sample composition from the nominal compositions.
Therefore, a powder bed of 90 mass% of scandium-doped
barium zirconate and 10 mass% of barium carbonate was
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used to suppress the vaporization of barium oxide when
mole fraction of barium oxide is 0.50 (Xg,0 = 0.50).
3. Results and Discussion

We established the pseudoternary phase diagram of the
BaO-Zr0O,-ScO; 5 system at 1600 °C as shown in Fig. 3. To
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establish this phase diagram, we combined 1nf0rmat10n of
pseudobinary phase dlagrams of a BaO-ZrO, system!® and a
Ba0-ScO; 5 system, "] and the solubility of scandia into
tetragonal and cubic zirconia phase.’® There is only one
reported phase diagram for the BaO-ZrO, system and BaO-
ScO; 5 system. On the other hand, there are many proposed
phase diagrams for a ZrO,-ScO; s system.®'* Among these
phase diagrams, the phase relationship at 1600 °C coincides
well, and the solubility of scandia into tetragonal and cubic

Qo

W

BaZrO3 (ss) ,
Y/ /{\\‘ < 3R

o Not Investlgated \
\ /BaZrO3 (ssx

* B2,56,04(s9) %

ZrO,(t)
Zr0,

2r0,(c)

XScO1.5

—

+8¢,04

ScO,

Fig. 3 Established pseudoternary phase diagram of the BaO-ZrO,-ScO; s system at 1600 °C. ZrO,(t) and ZrO,(c) denote tetragonal

zirconia and cubic zirconia, respectively
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Fig. 4 XRD patterns of samples of Xsco, ,
for 24 h

70 80 90

= 0.05, 0.15, 0.25, 0.35, 0.45, 0.55, and 0.65 at Xg,o = 0.30 after heat treating at 1600 °C

Journal of Phase Equilibria and Diffusion Vol. 28 No. 6 2007 519



Section I: Basic and Applied Research

Table 2 Compositions of each phase in samples on the composition line of Xg,o = 0.30

BaZrO;(ss) Zr0O, Sc,03 BaSc,0y4
X5c0, 5 XBao Xzro, Xsc0, 5 XBao Xzro, Xsc0, 5 XBao Xzro, Xsc0, 5 XBao Xzro, Xsc0, 5
A 0.05 0.45 0.54 0.00 0.00 0.86 0.14 n.d. n.d. n.d n.d. n.d. n.d.
B 0.15 0.48 0.51 0.01 0.00 0.59 041 n.d n.d. n.d n.d. n.d. n.d.
C 0.25 0.50 0.49 0.01 0.00 0.41 0.59 0.00 0.10 0.89 n.d. n.d. n.d.
D 0.35 0.49 0.48 0.03 0.00 0.48 0.51 0.00 0.10 0.90 n.d. n.d. n.d.
E 0.45 0.50 0.40 0.11 n.d. n.d. n.d. 0.01 0.01 0.98 n.d. n.d. n.d.
F 0.55 0.50 0.28 0.22 n.d. n.d. n.d. 0.00 0.01 0.99 n.d. n.d. n.d.
G 0.65 0.50 0.20 0.29 n.d. n.d. n.d. 0.01 0.00 0.99 0.35 0.01 0.63

ss means solid solution
n.d. means not detected

zirconia phase at 1600 °C is almost the same.!®!'%1%14 We
adopted the values from the newest phase diagram of the
Z1r0,-ScO 5 system reported by Yashima et al. !

3.1 Analysis of X-Ray Diffraction of Samples of
Xgao = 0.30

Samples on the composition line of Xg,0 = 0.30 were
heat treated at 1600 °C for 24 h. X-ray diffraction patterns
of the samples are shown in Fig. 4, and the identified phases
are summarized in Table 1. When the mole fraction of
scandia was 0.05 [Xsco,; = 0.05 (sample A)] and 0.15
[Xsco,; = 0.15 (sample B)], barium zirconate phase and
cubic zirconia phase were identified. When Xsco,, = 0.25
(sample C) and 0.35 (sample D), barium zirconate phase,
scandia phase, and cubic zirconia phase were identified. As
seen in Fig. 4, the peak positions of the cubic zirconia phase
in sample B (Xsc0,, = 0.15), sample C (Xsco,; = 0.25), and

1600 °C

JL J W J J Ll A }.}L A Adhomsiihin

Sc,0,
[JCPDS 50629]

I | I||‘ 1|II 1 s "

Intensity (a.u.)

1300 °C
MMM ah N e

BaSc,0,
[JCPDS 440259]

|I Lyl i III. ""|.||'| l'. alla o0

5 10 20 30 40 50 60 70 80 90
20/ degree

Fig. 5 XRD patterns of BaSc,04 at 1300 and 1600 °C

sample D (Xsc0,, = 0.35) shifted to higher angles than those
of the cubic zirconia phase in JCPDS card (No. 270997,
lattice parameter, ¢ = 0.50900 nm), which is probably due
to dissolution of scandia into the cubic zirconia phase.
When Xsco,, = 0.45 (sample E), 0.55 (sample F), and 0.65
(sample G), barium zirconate phase and scandia phase were
identified. The intensities of the peaks of the scandia phase
increased with increasing mole fraction of scandia.

3.2 Results of EDX Analysis of Samples of Xga0 = 0.30

Table 2 shows the compositions of each grain in the
samples on the composition line of Xz,o = 0.30. Four types
of grains were observed in this study. At Xs.o,; = 0.65
(sample G), BaSc,0,4 phase was observed by EDX analysis,
although no diffraction pattern corresponding to BaSc,0Oy4
phase was detected by XRD analysis. To investigate the
reason, we synthesized a single phase of BaSc,0,4 and heat
treated at 1300 °C for 100 h or 1600 °C for 24 h, and then
quenched to room temperature. Figure 5 shows XRD
patterns of BaSc,O, at 1300 and 1600 °C. The XRD
pattern of BaSc,0,4 phase at 1600 °C is completely different
from that at 1300 °C, and the XRD pattern of BaSc,0Oy4
phase at 1600 °C does not coincide with that in JCPDS

o BazZrO,

Xa.o =0.50
o #« Ba,Sc,0, 820

o

o © o o o
B S A9 A A 0 O O L(Xa0s=0.30)

o

3
©
o]
2P % 9 o g 2 209 9 K(Xus=0.25)
172}
s o
o) o o
(o] 0]
gl 3 2 Lo b xR 2 {1 J(Xue.=020)
le) e}
e} o [e)
°©  f o9 ho b ¥ X0 R 1(Xus=0.10)
o o
o] ] o]
o L2 1 o | ) L0 9% G H(Xeows=0)

T T T T T T T

20 30 40 50 60 70 80 90
26/ degree

Fig. 6 XRD patterns of Xsc0,; =0, 0.10, 0.20, 0.25, and 0.30
at Xgao = 0.50 after heat treating at 1600 °C for 24 h
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Table 3 Phases identified by XRD in the samples on the composition line of Xg,o = 0.50 after heat treatment at

1300 and 1600 °C

XbaO Xzr0, Xsc0q15 1300 °Cx100 h 1600 °Cx24 h As synthesized at 1300 °C
0.500 0.400 0 BaZrO3 BaZrOs BaZrO3

0.500 0.250 0.100 BaZrOs(ss) + Sc,05 BaZrOs(ss) BaZrO;(ss)

0.500 0.300 0.200 BaZrO3(ss) + BazSc4Oo(ss) BaZrO3(ss) BaZrO;(ss) + BazSc4Oq(ss)
0.500 0.250 0.250 BaZrO3(ss) + Ba3Sc4Oo(ss) + Sc,05 BaZrOj;(ss) BaZrO;(ss) + BazSc4Oq(ss)
0.500 0.200 0.300 BaZrOs(ss) + Ba3Sc4Oo(ss) BaZrOs(ss) BaZrOj;(ss) + BazSc4O9(ss)

ss means solid solution

card (No. 440259, lattice parameter, a = 0.98341 nm,
b =0.58159 nm, ¢ =2.0578 nm). In contrast, the XRD
pattern of BaSc,0, phase at 1600 °C is quite similar to that
of the scandia phase (JCPDS No. 50629, C-type rare earth
structure). We are assuming that the high-temperature
structure of BaSc,0, is an isostructure with C-type rare
earth structure, and there is a phase transition of BaSc,0y4
between 1300 and 1600 °C.

3.3 Analysis of X-Ray Diffraction and Results of EDX
Analysis of Samples of Xga0 = 0.50

Figure 6 shows XRD patterns of samples at Xg,o0 = 0.50
that were heat treated at 1600 °C for 24 h, and the identified
phases are summarized in Table 1. When the mole fraction
of scandia was from Xs.0,; = 0 to 0.25 (sample H to K),
only the barium zirconate phase was detected. By EDX
analysis, it was confirmed that all grains of the barium
zirconate phase in the samples from Xsco,, =0 to 0.25
(sample H to K) had the same compositions as the average
compositions of each sample. At Xsco,; = 0.30 (sample L),
peak patterns of barium zirconate phase and Ba3Sc4Oq
phase were identified by XRD analysis. The mole fraction
of scandia in the barium zirconate phase of the sample at
Xsco,5 = 0.30 (sample L) was 0.29 by EDX analysis. Thus,
the solubility of scandia into barium zirconate at Xp,o =
0.50 is determined to be Xseo,, = 0.29 at 1600 °C. At
Xsco,5 = 0.30 (sample L), the peak positions of the
Ba3Sc40y phase shifted to lower angles than those of the
BasSc40y phase in the JCPDS card (No. 310161, lattice
parameter, @ = 0.57989 nm, ¢ =2.3671 nm). Thus, it is
assumed that Ba3Sc4O9 has some solubility of zirconia.

3.4 Solubility of scandia into barium zirconate at 1300 °C

We examined the solubility of scandia into barium
zirconate at temperatures lower than 1600 °C. Samples were
heat treated at 1300 °C for 100 h in air. Table 3 shows the
phases identified by XRD in samples on the composition
line of Xp,0 = 0.50.

Barium zirconate phase was only detected at Xs.0,, = 0.
Barium zirconate phase and scandia phase were identified
when Xs.0,, = 0.10. When heat treated at 1300 °C, samples
were not covered with a powder bed of scandium-doped
barium zirconate and barium carbonate. Thus, we assumed
that a small part of the barium oxide vaporized from the

surface of the sample and that the composition of the sample
moved to a two-phase region of barium zirconate phase and
scandia phase. In fact, the negative deviation from the
average composition of barium oxide at Xg.o,; = 0.10 was
confirmed by ICP-AES (Xp.o = 0.488, X710, = 0.423, and
Xsco,5s = 0.090). Thus, we assume that the solubility of
scandia is more than Xsco,, = 0.10. When Xsc0,, = 0.20
and 0.30, barium zirconate phase and Ba;Sc4O9 phase were
identified. When Xgco,, = 0.25, barium zirconate phase,
scandia phase, and Ba3Sc4O9 phase were identified. This
might be due to the same reason as when Xgco,, = 0.10 and
the composition at Xseo,, = 0.25 was Xp,o = 0.474,
Xzr0, = 0.273, and Xsco,, = 0.253 by ICP-AES. Ba;Sc4Oq
phase was not detected at Xsco,, = 0.10. Therefore, the
solubility of scandia into barium zirconate at Xp,o0 = 0.50 at
1300 °C 1is estimated to be between Xsco,;, = 0.10 and
Xsco,5 = 0.20. In addition, the peak positions of the
Ba3Sc40y phase did not shift at all. Thus, we can assume
that Ba3Sc4O¢ has very small solubility of zirconia at
1300 °C.

4, Conclusions

The results obtained in this work can be summarized:

e A part of the pseudoternary phase diagram in the BaO-
Zr0,-ScO; 5 system at 1600 °C was established. Accord-
ing to the phase diagram, the solubility of scandia into
barium zirconate is Xsco,; = 0.29 on the composition line
where the mole fraction of barium oxide is 0.50 (X0 =
0.50). However, at 1300 °C, the solubility of scandia
into barium zirconate is between Xgco,, =0.10 and
Xsco] s 0.20.

e Zirconia can dissolve into Ba;Sc,0y. However, BazSc4O9
does not have such solubility of zirconia at 1300 °C.

¢ BaSc,04 has a phase transition between 1300 and 1600 °C.
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