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BaCeq (s, 020 powder was synthesized by axalale coprecipitation method. Precipitate with a stoichiometric ratio
of the caiions was prepared by adding a mixture of Ba, Ce and Gd mtrate solutions to an oxalic acid solution at
pH 4. Reaction between the constituent oxides to form a perovskite phase was initiated at 800°C and a gingle
phase BaCeysGd, s powder having good sinterability was obtained after calcination at 1000°C. Sinfering green
compacts of this powder for 6 h showed a considerable densification to start at 1100°C and resulted in 93% and 97%
relative densities at 13007 and at 1450°C, respectively. Whereas the powder compacts prepared by solid state reaction
had lower relative densities, 78% at 1300°C and 90% at 1450°C. Fine particles of CeQ, second phase were ahserved
in the surfaces of the sinfered compacts. This was attributed to the evaporation of BaO from the surface that had

been exposed during thermal eiching.
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1. Iniroduction

wahara et al.” first reported thai eertain perovskite-

type oxides hased on SrCeQ, exhibit proton conduction
in an atmosphere containing hydrogen or water vapor at
elevated temperatures. Since then, high-temperature pro-
ton conductors (HPTCs) have heen extensively studied
due to their potential applications in hydrogen gas sen-
sors, fuel cells and steam electrolyzers.” Particularly,
barium cerates doped with Nd, Gd or Y are interesting
because of high proton conductivity and good structural
and chemical stability at high temperatures.”

Proton conducting perovskite-type oxides are of form,
AB MO, where A is a divalent ion (Ba® or Sr*), Bis a
letravalent ion (Ce" or Zr*), M is a trivalent rare earth
dopant ion and o ig the concentration of oxygen ion
vacancies. Doping of barium cerate with Gd generates
oxygen ion vacancies (V,) in order to maintain electrical
charge halance:

Gdy0, — 2Gd5+30.+V, 1

Oxygen ion vacancies react with water vapor to form
interstitial protons (tI), which enter into the lattice and
migrate by hopping from an oxygen ion to an adjacent
one along OH-O bridge:

(2)

Oxzygen jon vacancies also react with oxygen and
produce holes (h). This reaction competes with the reaction
above for the available oxygen ion vacancies:

VA+HQ, — 2H+0,

V,+1/20,, = 0.+2h (3
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Thus, HPTCs including Gd-doped barium cerate can
exhibit proton and p-type conduction depending on water
vapor pressure and oxygen partial pressure. It ia generally
accepted that proton conduction in deped barium cerates
is gradually changed to oxygen ion conduction over a
temperature range of 600°C to 1000°C, where the dissolu-
tion of proton is no longer possible.”

Despite many efforts to understand conduction mechan-
isms, less attention has been paid to the synthesis of
HPTCs. Most researchers prepare HPTCs by solid state
reaction that carbonate and oxides of the constituents
are mixed, followed by calcination and sintering at high
temperatures. Calcination is carried out at temperatures
as high as 1400°C and repeated several times to obtain a
single perovskite phase.”" Such heat treatments result
in an increase in particle size and forming apglomerates
and make it difficult to achieve dense and homogeneous
microstructures.

Oxalate coprecipitation method has been used to
produce fine powders of doped harium cerates having pood
chemical homogeneity and sinterability.™™ Flint and Slade™
prepared Ca and Gd-doped barium cerate powders from
precipitates obtained by adding an excess ammonium
oxalate to a mixture of nitrate sohitions. Chen et al.™® also
prepared Nd-doped bharium cerate powder in a similar way
and studied its sinterability.

Recently, a few workers have investigated the influence
of dopants and powder synthesis methods on reaction
process, sintering hehavior, and microstructures in an
attempt to relate to the electrical properties of HPTCs.*™
However, sintering experiments and microstructural
characterizations should be performed with care. For
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example, the evaporation of BaO during high tem-
perature sintering, which has been pointed out by Shima
and Haile'™ and also observed in the present work, may
alter a stoichiometry of the composition. In addition, the
reported density values are not reliahle because most
dengities were determined by simply measuring gample
dimensions. The Archimedes method can not be used in
measuring density since sintered barium cerate pellets
have a tendency to disintegrate in a variety of liquids.™

In this study, Gd-doped barium cerate powder with a
nominal composition of BaCe;,Gd; 0.0 was prepared by
oxalate coprecipitalion method. Tis characteristics and
sinterahility were investigated and compared with those
of powder prepared hy solid state reaction.

II. Experimental Procedure

1. Coprecipitation of oxalates

Agqueous solutions containing 0.04M Ba(NO (99%,
Aldrich, USA), 0.04M Ce(NQ,) - 6H,0 (99%, Aldrich,
US4a), 0.05M GA(NG;) - 6HO (99.9%, Aldrich, USA) and
0.076M oxalic acid (99.5%, Junsei Chemical, Japan) were
prepared as stock solutions. In order to assure complete
precipitation of all metal ions into oxalates, an optimum
pH value of the solution of oxalic acid was determined
by adding 15 ml of each nitrate solution te 30 ml of the
oxalic acid solution at pH values varying from 1.3 to 7 and
by measuring the amounts of the resulting precipitates.

The stock solutions were mixed in a 1:0.9:0.1 molar
ratio of Ba:Ce:Gd. Precipitation was carried out by
dropwise addition of a mixture of the nitrate solutions to
the oxalic acid solution under wvigorous stirring and
stirring wasg continued for 4 h to complete precipitation
reaction. The pH of the oxalic acid solution, prior to the
addition of the nitrate solution, was adjusted to the
predetermined pH value of 4 with NELOH and kept
constant throughout the precipitation reaction.

The precipitates were separated using filter press
(Millipore, USA) and filter paper (.45 pm, Millipore,
USA), washed several times with deionized water and
then dried at 80°C for 4 h. The dried precipitates were
stored in a vacuum desiccalor to avoid contacts with H,0
and CO, in air,

2. Calcinoation and sintering

The precipitate was caleined at 1000°C for 10 h, dis-
porged in 99.9% pure ethanol by ultrasenication (Ultrasonic
homogenizer, Cole-Parmer, USA) and milled with zirconia
ball for 12 h. The powder was uniaxially cold pressed into
pellets in 1 cm diameter at 93.5 MPa. Green compacts
were sintered at temperatures between 1100° and 1450°C
for 6 h in air at a heating rate of 10°C/min and cooled at
a cooling rate of 5°C/min. In order to suppress the evap-
oration of BaO, the samples were embedded in BaCeO,
powder throughout sintering.

In addition, powder was prepared by solid state reac-
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tion to compare with the powder prepared by oxalate
coprecipitation. BaCO, (99%, Duksan, Korea), Ce(, (99.9%,
High Purity Chem., Japan), Gd;0; (99.9%, Aldrich, TUSA)
powders were mixed in a stoichiometric ratio of BaCeq,
Gdy ;05 and then ground in acelone with an agate mortar
and pestle. The powder mixture was dried, calcined at
1250°C for 10 h and used in preparing green compacts.

3. Characterization

Thermal hehavior of the precipitates was studied with
thermogravimetry and differential thermal analysis (TG-
DTA 2000, MAC Science, Japan) at a heating rate of 5°C/
min up to 1400°C in air.

For phase identification, the precipitates were heated
to temperatures hetween 400" and 1000°C in air at a
heating rate of 5°C/min, held for 4 h and furnace-cooled
to room temperature. Phases present in the powders
were examined by Xray powder diffraction (MAC Science
MO3XIF, Japan) with CuKe radiation.

Precise latfice parameter measurement was carried
out for a cubic perovskite BaCe;;Gdy;0:y phase using
the following Nelson-Riley function:

L
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where 0 iz Bragg angle. The precise lattice parameter
was determined by extrapolating the lattice parameter
obtained at each diffraction peak to 90° (8) in which the
NRF wvalue becomes zero. The measured 28 values of
diffraction peaks were calibrated with high purity Si
powder (99.999%) as an external standard and the
accuracy of the measurement was within -=0.001 4.,

The concentrations of ihe nitrate solutions and the
composition of the caleined powder were determined
with an inductively coupled plasma speclrometer. The
concentrations of Ba, Ce, and Gd nitrate solutions were
found to be 0.04, 0.04 and 0.05M, respectively and the
composition of the caleined powder coincided with the
composition of BaCe,Gds,0z0s.

Apparent densities of the calcined powders were
measured with a helium gas pycnometer (AceuPye 1330,
Micromeritics, USA). Bulk densities of the sintered sam-
ples were determined with mercury porosimstry
(PoreSizer 2320, Micromeritics, USA) and relative den-
sities were calculated from the bulk density divided by
the theoretical density (6.36 gfem®™ which had been
determined from the lattice parameter.

The powders and the sintered samples were examined
wilh scanning electron microscopy (JSM-5410, JEOL,
Japan). The sintered samples were polished and thermally
etched at 100°C helow each sintering temperature for 20
min in air.

III. Results and Discussion

1. Powder characterizaiion



September, 1998

T

—¢— Ba {0.04M)
—o— Ca (0.04M)

G
o L d (0 O5M)

03| 0
D73,4=-_——’E:=—'= %g____ O>ﬁ

Weight of dried precipitate (g)

o
0.2 |
o1 -
DOE °, 1
1 2z K| 4 5 6 7

pH

Fig. 1. Amount of dried precipitates obtained at various pH
values of the oxalic acid solution.

For the preparation of the multicomponent Gd-doped
barium cerate powder, precipitation reaction should be
carried out under a condition that all metal ions do not
precipitate into hydroxides but into oxalates. Fig. 1 shows
the amounts of Ba, Ce and Gd precipitates obtained at
various pH values of the oxalic acid solution. Ce and Gd
ions precipitated at all pH values as compared to Ba ion.
Ce and (Gd ions are known to precipitate inte hydroxides
at pH>~6 and tend to form very stable complexes,
ammoninm oxalate hydrates (NH,Ce{C,0.), - H.0, NH,G4d
{C;0,), - ILO), with an oxygen-donor ligand such as an
oxalate ion (C,01) at pH<~6."" Complete precipitation
of Ba ions did not occur at pH<3, as shown by a sudden
decrease in an amount of the precipitate with decreasing
pH value. However, most Ba ions precipitated at pH>3
as indicated by a constant amount of the precipitate. It
has been reported that Ba oxalate hydrate BaC,0,
0.5H.0) is formed at pH>2."" Therefore, it is anticipated
that the precipitation at pH 4 results in chemically homo-
geneous precipitates,

The precipitates obtained at pH 1.3 (e, without
adjusting pH) and 4 showed quite different thermal be-
haviors. TG/DTA curves of the precipitate obtained at
pH 1.3 in Fig. 2(a) were found to be very similar to those
of Ce oxalate hydrate, since the precipitate is Ba deficient
and containg mostly Ce oxalate hydrate, Decomposition of
the precipitate took place in two stages of a weight loss,
23.6% up to 202°C and 28.6% up to 500°C. An endothermic
peak at 134°C is due to dehydration and decomposition
of Ce ammonium oxalate hydrate and a strong exothermic
peak at 316°C to decomposition of Ce oxalate,

Whereas, TG/DTA eurves of the precipitate obtained at
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Fig. 2. TG/DTA eurves of the precipitates ebtained at (a) pH
1.3 (without adjusting pH) and (1) pH 4.

pH 4 in Fig. 2(b) exhibit three stages of a weight loss,
which are related to decomposition reactions of the
precipitate. A strong endothermic peak at 199°C ig
attributed to dehydration and decomposition of the
hydrates of Ce ammoninm oxalate and Ba oxalate, which
is accompanied by 13.1% weight loss up to 232°C. Two
strong exothermic peaks at 310° and 399°C correspond to
decomposition of Ce and Ba oxalates, respectively. The
decomposition reaction iz strongly exothermic in air
because of the oxidation of CO to CO. The decomposition
of the oxalate is completed at temperature below ~450
°C, resulting in a 22.7% weight logs. A weight loss of 6.8%
at temperature between 814°C and 1040°C arises from
decomposition of BaCO,. Weight changes similar to Fig.
2(b) have heen reported by Flint and Slade,™ who pre-
pared Gd-doped barimm cerate powder using an excess
ammonium oxalate.

Ba deficiency in the precipitate obtained at pH 1.3 can
be seen in XRD patterns of Fig. 3. In the powder heated
at 400°C, BaC'O, was not observed, hut anly CeQ, appeared
and persisted up to 1000°C. Ce0, may exist with a small
amount of Gd)0, or as a solid sclution since strong
diffraction peaks owing to monoelinic Gd,O; overlap CeQ,
peaks and Gd,0, can form a solid solytien with Ce(:, at
1600°C.

On the other hand, XRD patterns of the powder
obtained at pH 4 in Fig. 4 show BaCO, and CeQ, at 400
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Fig. 3. XRD patterns of the powder precipitated at pH 1.3
and calcined at different temperatures for 4 h.
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Fig. 4. XRD patterns of the powder precipitated at pil 4
and calcined at different temperatures for 4 h
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Fig. 5. XRD patterns of the powder prepared hy solid state
reaction and caleined al different temperatures for 4 h.

°C. Reaction between the constituent oxides was ini-
tiated at 800°C with concurrent decomposition of BaCO,
and form a perovskite BaCe;,Gdy ;000 phase. At 1000°C,
a well-crystallized single perovskite phase developed,
and BaCQ; and Ce0; completely disappeared.

The advantage of oxalate coprecipitation method over
solid state reaction is illustrated by XRD patterns of the
powder prepared by solid state reaction in Fig. 5. CeQ,,
BaC0, and a perovskite BaCeyGdy10..s phase were
present at 800°C as in the powder prepared by oxalate
coprecipitation. However, BaCO; still remained up to
1000°C. It has been claimed that, for solid state reaction,
caleination at temperatures above 1250°C is necessary in
order to produce a single phase of BaCeyyGd 100 pow-
der." This temperature is at least ~250°C higher than
required for oxalate coprecipitation method.

Fig. 6 is XRD pattern of the powder prepared by
oxalate caprecipitation followed hy calcination at 1000°C
for 10 h. The diffraction peaks were indexed based on a
cubic perovskite structure and the result is presented in
Tahble 1. Weak diffraction peaks, not indexed in Fig. 6,
are attributed to an orthorhombic structure. According to
a recent neutron powder diffraction study, the structure
of BaCeO; undergoes transformations from orthorhombic
to rhombohedral at 400°C and to cubie structure at
900°C" From an early XRD study, the structure of
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Table 1. X-Ray Diffraction Data* for BaCegsGdy1Oas Powder™*

hkl dope (A d.g (A) VL, (Cukay)
110 3.105 3112 100
200 2.199 2.201 17
211 1.794 1.797 31
220 1.554 1.556 10
310 1.391 1.392 6
g2 3 1.270 1.270 A
321 1.176 1.176 5
400 1.101 1.100 7
330 1.037 1.037 0.5
420 0.983 0.984 3
332 0.938 0.988 2
4232 0.899 0.898 1
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Fig. 6. XRD pattern of the powder prepared by oxalate
coprecipitation and ealeined at 1000°C for 10 h.

BaCe,,Gd;0;4; has been reported to be cubic and isos-
truclural with BaCe(,”™ However, a recent neutron
powder diffraction study showed that the structure of
BaCe;:3dy,0:es is orthorhombic with space group Ph.
and lattice parameters of a=6.23573(3) 4, b=6.21611{(4)A,
and ¢=8.77697(5) A ."" The lattice parameter of the BaCe,
Gdy10.4; phase in the powder prepared in this study was
estimated accarding to a eubic unit cell and found to bhe
4.401+0.001A. The lattice parameter and d-spacings in
Table 1 are in good agreement with those reported by

*Indexing based on a cubic unit cell of a=4.401+0.001 4.
**Calcined at 1000°C for 10 h.

previous workers.”™ The volume of the cubic unit cell
(85.2A% is close to a 1/4 of the orthorhombic unit eell
volume (340.24% and slightly larger than that (335.34"
for BaCeO,. Doping of BaCeO, for BaCe,Gdy 0z has
been found to cause a volume expansion of 2%.*

Fig. 7{a) is SEM micrograph of the precipitates, showing
plate-shaped particles of submicron size. After caleination
at 1000°C for 4 h, as shown in Fig. 7(b), the powder
consisted of agslomerated particles and appeared to be
porous due to the evolution of gases during decomposi-
tion. The powder could be milled with ease even after

Fig. 7. SEM micrographs of (a) the precipitate dried at 80°C, (b) the powder calcined at 1000°C, {¢) ball-milled powder and

{d) ball-milled powder prepared by solid state reaction.
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longer calcination time (10 h) at the same temperature.
Iig. 7(c) exhibits the ball-milled powder containing some
agglomerated particles. The powder had an average par-
ticle size of 0.2 pm and a size range of 0.08 um to 1.12
pm. Apparent density of the powder was found to be
6.10 glem’, 96% of the theoretical density. On the other
hand, milling of the powder prepared by solid state reac-
tion, shown in SEM micrograph of Fig. 7(d), seems to be
very difficult owing to severe agglomeration between
primary particles occurring during the high temperature
calcinalion. The powder calcined at 1250°C for 10 h and
ball-milled had an average particle size of 17.3 ym and a
broad particle size distribution ranging from 0.3 ym to
171 .

2. Sintering and microstructure

Fig. 8 is the relative densities of samples sinfered at
various temperatures, suggesting that the powder pre-
pared hy oxalate coprecipitation has better sinterability
than the powder prepared by solid state reaction. The
relative densities of the green compacts prepared by
oxalate coprecipitation and solid stale reaction were
found to be 81 and 63%, respeciively. The sample pre-
pared hy oxalate coprecipitation shows that a consider-
able densification has already occurred at 1100°C, as
indicated by nearly 79% relative density. As densifica-
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Fig. 8. Relative dengities of sinlered compacls of the powd-
ers prepared by oxalate coprecipitation and solid stale reac-
tion.

tion eontinued at higher temperatures, the density reach-
ed 93% at 1300°C and 97% at 1450°C. Flint and Slade,'”
who used oxalate coprecipitation method similar to this
study, did not give definite density values and reporied
the density to be =80% after sintering at 1450°C for 10
h. Tn contrast, the samples prepared hy solid slate reac-
tion did not show any significant densification up te
1200°C and had much lower relative density (78%) at

15.0kV X5.080K 6, 8@rm

Fig. 9. SEM micrographs of the samples prepared by oxalate coprecipitation and sintered for ¢ h at (a} 1300°C, (h) 1400°C,
(c) 1450°C and (d) by =olid state reaction and sintered at 1450°C for 6 h.
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1300°C as compared to ihe sample prepared by oxalate
coprecipitation. After sinlering at 1450°C, the sample
exhihited only 90% of the theoretical density.

Sintered densities of samples prepared by solid state
reaction have been reported by many workers’®"™"
Stevenson et al.” found ~90% density after sintering at
1600°C. Kreuer et al.” and Shima and Haile' obtained
98~999% density at 1650°C. Whereas, Bonanos et al.™
reported density in excess of 90% at 1475°C. Sintering at
such high temperatures may not be appropriate for
obtaining a denze and homogeneous microstructure. The
high densities can be attributed to liguid phase sintering
since an incongruent melting in the system BaO-CeO, is
known to oceur at 1480°C.* It should be noted that the
density values determined by Hg porosimetry in the
present study is more reliable than those reported by the
other workers.*"" As pointed out previously, densities
determined by sample weight and dimensions and by
the Archimedes method can provide erroneous results.
The Archimedes method has heen tried, but it was
observed that immersing the sample in water and boil-
ing [or elimination of air trapped in pores result in
digintegration of the sample.

The surfaces of the sintered samples prepared by
oxalate coprecipitation are shown in Fig. 9. The sample
contained submicron sized grains at 1300°C (Fig. 9(a).
At 1400°C, fine particles of a second phase appeared
around the matrix grains of 2~3 pm in size, as shown in
Fig. 9(b). The second phage, which was not distinguishable
from the matrix graing at 1300°C, grew to ~0.5 pm size
around the matrix grains of 3—~5 pm in size as the sin-
tering temperature was raised to 1450°C (Fig. 9(c)). Fig.
9(d) is the surface of the sample prepared by solid state
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reaction and sintered 1460°C, exhibiting large pores and
grains with nomuniform sizes. The second phase was not
clearly visible in Fig. 9(d). Figs. 10 (a} and (b) show the
different areas of the same samples as in Figs. 9 (c) and
(d), respectively. In Fig. 10(a), the second phage particles
were present either inside grains or at grain boundaries.
In Fig. 10(b), the second phase particles were very fine
and appeared at the grain boundaries in dense area, in
contrast to the area that contained large pores as shown
in Fig. 9(d).

The second phase particles were found to be present
only on the surface of the samples. Figs. 11 {a) and (h) are
the fractured surfaces of the sintered samples prepared by
oxalate coprecipitation and by solid state reaction, respec-
tively. In both samples, iniragranular fracture occurred
predominantly and the second phase particles were not
observed inside or around the matrix grains. Results of
energy dispersive X-ray microanalysis for both samples
revealed that the second phase was deficient in BaO.

The second phase was identified with XRD of the sur-
face of the sample prepared by oxalate coprecipitation
and sintered at 1450°C. Fig. 12 {(a) and (b) are the XRD
patterns for the as-sintered surface of the sample and
the polished and thermally etched surface of the sample,
respectively. Both samples were sintered with being em-
bedded in BaCeO, powder. In the as-sintered surface, only
a perovskite BaCeyyGdy0es phase was detected (Fig.
12(a)), while in the polished surface of the sample CeO,
appeared along with a perovskite BaCey;Gd;10.y; phase
(Fig. 12(b)). The XRD pattern of the as-sintered surface
of the sample without being embedded in BaCeQ, powder,
shown in Fig. 12(c}, exhibits Ce0Q; and a small amount of
BaCO, beside a perovskite phase. XRD pattern of the

goaeas 28kY

(b}

Fig. 10. SEM micrographs of the same samples as in Fig. 9 (¢} and (d): (a) for oxalaie coprecipitation and (h) for salid state reaction.
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Fig. 11. SEM micrographs of fractured surfaces of the same
samples as in Fig. 9 (¢) and (d): (a) for oxalale copre-
cipitation and (b) for selid stale reaction.

powdered samples showed only a single peravskite phase.
These results suggest that the second phase is CeQ, and
attributed to the evaporation of BaO from the polished
surlace that has been exposed in air during thermal etch-
ing. The evaporation of BaO from the matrix phase near
the grain boundaries can cause the decomposition of the
matrix phase and leave excess Ce(; at grain boundaries.
The evaporation of BaO during high temperature sin-
tering (221600°C) or after prolonged heat treatments has
heen reported. Shima and Haile’ have found a weighi
loss of ~2 wit%, corresponding to ~5 mal% of BaO. Sint-
ering over the incongruent melting temperature can
cause & significant evaporation of BaQ. Kreuer et al?
have observed a drop of the electrical conductivity of the
doped barium cerates held at elevated temperatures for
long periods of time and attributed this to a loss of BaO.
In this study, the evaporation of BaO could be suppressed
by sintering in an atmosphere controlled with BaCeO,
powder. The second phase present in the surface has not
been previously reported in any doped harium cerates,
In Nd-doped barium cerates (BaCe INd,(0..), a second
phase containing exeess Ce and Nd has been found to
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Fig. 12, XRD patterns for the surfaces of the samples sini-
ered at 1450°C: (a) with being embedded in BaCeQ, powder,
(b) thermally elched surface of the sample (a) and {c)
without being emhbedded in BaCeQ, powder.

precipitate inside graing and at grain boundaries when a
Nd content exceeds the solubility limit (x> (.2).*®

IV. Conclusion

Gd-doped barium cerate (BaCe,y(id,,0:0) powder was
synthesized by oxalate coprecipitation method and its
characteristics and sinterability were investizated.

Oxalate precipitate having a stoichiometric ratio of the
cations was prepared by adding a mixture of Ba, Ce, and
(Gd nitrate solutions te an oxalic acid solution at pH 4.
The reaction between the constituent oxides to form a
perovskite phase was initiated at 800°C. The pure and
well-crystallized perovskite BaCe,,Gd;.0;. powder was
obtained after calcination at 1000°C, which is lower than
required for the solid state reaction method. Sintering
green compacts of this powder for 6 h showed a consider-
able dengification to start at 1100°C and resulted in 93%
and 97% relative densities at 1300°C and 1450°C, respec-
tively. Whereas, the powder compacts prepared hy solid
state reaction had considerably lower relative densities,
78% at 1300°C and 90% at 1450°C.

Fine particles of CeQ, second phase present at the
grain boundaries were observed in the surfaces of the
sintered compacts. This was attributed to the evaporation
of BaO from the polished surface that had been exposed
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in air during thermal etching.
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