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Abstract

Dense LaMo0,0y ceramic electrolytes were prepared with ultrafine powder by the SPS rapid sintering method. The conductivity of the
specimens by SPS was much higher than those sintered by conventional process. Moreover, the unilateral alignment of rod-type grains
happened in the specimens sintered by SPS at higher temperatures or for longer holding time. The anisotropy in ionic conductivity was
attribute to the directional alignment of rod-type grains. The oxygen ion conductivity parallel to the direction of rod-type grains was higher
than that perpendicular to the grains.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction for SOFC and sensor applications. Several methods have been
used to prepare 0,0, such as sol-gel methand
Oxide conductors with high conductivity of oxygen ion high-energy ball millingi! but these methods are limited in
have been attracting considerable interests because of theithe preparation of Lao,Og powder. So far, the conven-
potential applications in solid oxide fuel cells (SOFC), oxy- tional sintering method was still applied for the preparation
gen pumps, oxygen sensors and oxygen-permeable memef La,M0,0Og ceramicst? which needed several grindings
brane catalyst:* The main oxide-ion conductors known and long period of high temperature sintering. It was difficult
to date belong to four distinct structure groups: fluorite to obtain fully dense ceramics by the conventional sintering
type, deficient perovskites, Aurivillius type phases and route, which greatly affected the ionic conductivity of the
pyrochlores>® Among them, the most widely studied and ceramics.
commonly used material is yttria-stablized zirconia (YSZ), Spark-plasma sintering (SPS)is a relatively new sin-
which has been successfully used in SOFC and oxygen sentering method for rapid consolidation for a variety of ce-
sors. But for these traditional oxide conductors, they usually ramic materials in a short sintering time. The versatility
need high working temperatures to achieve a relatively large of SPS allows very quick densification to near theoretical
oxygen flux for efficient operation. In 2000, Lacorre efal. density for a number of metallic, ceramic and multi-layer
first reported a kind of novel oxide conductor JMo,Og, materials under a low vacuum environments(Pa). Typi-
which exhibited oxygenionic conductivity comparable tothat cal sintering time can be reduced from 12 h or longer for
of yttria-stablized zirconia. The studies on such compounds conventional sintering to less than approximately 30 min for
have opened a new window in the research of oxide conduc-SPS.
tors and provided another potential candidate of electrolyte  In this study, ultrafine LeMo,0Og powder was prepared by
a sol-gel method. LiVlo,Og ceramic disks were prepared by
* Corresponding author. Fax: +86 21 5241 3903. SPS sintering. The effects of sintering parameters of SPS on
E-mail addressjhyang@sunm.shcnc.ac.cn (J. Yang). sample microstructure, density and ionic conductivity were
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investigated and compared with those of conventionally sin- recorded atroom temperature in titg@nge of 10—-70(JDX-
tered samples. 3500 X-ray diffractometer, JEOL Company, Japan). The
particle size of ultrafine powders was observed with a trans-
mission electron microscope (200kV, JEOL 2010, Japan).
2. Experimental The microstructure of the fractured section of the specimens
was observed with the scanning electron microscope (JEOL,
Ultrafine LasM0,0g powders were prepared by a sol-gel JSM-6799F, Japan). The ionic conductivity of samples was
method. Lanthanum nitrate La(N§3-H>O (AR) and am- determined in flowing air and pure oxygen atmosphere by
monium molybdate (N&)sM07024-4H20 (AR) solutions ac impedance spectroscopy in the frequency range of 0.1 Hz
were prepared separately and then mixed with metallic ions to 1000 kHz using a Solartron frequency response analyzer
(La/Mo) in the molar ratio of 1:1. Citric acid (AR) solution  (Solartron SI-1260, England). The specimen for the test was
was then added slowly to the above solution with gentle stir- 2mm in thickness and 10 mm in diameter with platinum elec-
ring. The molar ratio of citric acid to total metallic ions was trodes on both flat surfaces formed by sintering Pt paste at
controlled at 0.3. The pH value of the solution was adjusted 900°C for 20 min.
to 3 by adding HNQ@ solution slowly. The solution was kept
in a water bath at 80C until gelation was completed, and
then the as-prepared gels were dried at@or 24 h. The 3. Results and discussion
ultrafine LeMo,0g powders were obtained by calcining the
dried gel at 500C for 4 h.Fig. 1 showed the schematic of The LaMo20g ultrafine powder prepared by sol—gel
the SPS system (Dr. Sinter-2040, Japan) configurafidine method was milky white. Typical TEM image as shown in
ultrafine Lg&Mo20Og powder was placed in a graphite dig (  Fig. 2revealed a size distribution of the particles in the range
10mm), and the SPS system was evacuated to 5 Pa, then aof 20-50 nm. Since graphite was used as the die material
electric current 0f~1000 A was applied through the graphite in the SPS process, carbon was found to diffuse into the
die. The applied pressure was 45 MPa and the heating ratespecimen, therefore the specimen obtained by SPS sinter-
was set to 100C/min. The sintering temperature was in the ing became dark, which may affect the measurement of the
range of 750-900C with a holding time of 0-30min. The  electrical properties of the solid electrolyte samples. An ap-
conventional sintering of LaMo,0Og ceramic disc was per-  parent 1s binding energy peak of carbon was observed in the
formed as described in referenteThe density of the sin-  X-ray photoelectron spectrum (XPS) for the as-sintered SPS
tered ceramic LgMo,0g was measured by the method of La;Mo0,0g specimen as shown Fig. 3. However, when the
mercury filling pressure on a densitometer (Poresizer 9320, specimen was annealed at 7@for 2 h in air, the specimen
Micro-Meritics, USA), and the relative density was there- became white, and the carbon 1s binding energy peak disap-
fore calculated by the ratios of the measured density to the peared, which indicated that the annealing conditions were
theoretical density? The binding energy peak of carbon in  effective to eliminate the carbon contamination through SPS
the as-sintered SPS £M0,09 specimen was observed in  process. The XRD pattern of the annealed SP8VIcaOq
the X-ray photoelectron spectrum (Microlab 310F with XPS,
USA). The X-ray diffraction patterns of the specimens were
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Fig. 1. Schematic of the SPS system configuration. Fig. 2. The TEM image of LgM0,Og ultrafine powder.
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Fig. 3. The X-ray photoelectron spectra for as-sintered SB®1bg0Og specimens before and after annealing at“@00
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Fig. 4. The XRD pattern of the annealed SP$Na;0Og specimen. Fig. 5. The relationship between the relative density and sintering tempera-
ture of SPS for LaM0,0g specimen (with holding time of 5 min).

specimen was shown iRig. 4, no other phase except for

La,Mo0,0g was found. be obtained in comparison with the conventional sintering
The relative densities of the specimens prepared undermethod. In addition, SPS effectively accelerated the sinter-
different sintering conditions were listed Trable 1 It was ing process and shortened the process from several hours for

clearly shown that much higher relative density by SPS could conventional sintering to a few minutésg. 5showed the re-

Table 1

The relative density of LaMo,0g specimens obtained by SPS sintering under different conditions and by conventional sintering

Sample name Sinter method Sintering temperafi@g ( Holding time (min) Relative density (%)
SPS1 SPS 900 30 96.05

SPS 2 SPS 900 5 95.63

SPS 3 SPS 900 0 90.21

SPS4 SPS 850 5 93.03

SPS5 SPS 800 5 98.64

SPS 6 SPS 750 5 89.98

Con7 Conventional 500/10 h—900/12 h 77.67
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lationship between the sintering temperature and relative den-900°C also affected the densities of the specimens. Arelative
sity of specimens sintered for 5 min. As can be sedfign5, density of 90.21% was obtained for sample without holding at
with the increase of sintering temperature the relative den- the sintering temperature. When the holding time increased to
sity of the specimen increased. At 80D, the relative density 5 min, the relative density of the specimen reached 95.63%.
reached the highest value 98.64%, then it decreased. WhileFurther prolonging the holding to 30 min, the relative den-
at 900°C, the relative density increased again. As shown in sity reached 96.05%. A sufficient holding time for SPS was
Table 1 the holding time at a SPS sintering temperature of necessary to get well-sintered specimens.

Fig. 6. The SEM images of the fracture section ohLM®,09 specimens sintered by conventional sintering and SPS under different conditions. (a) By
conventional sintering; (b) by SPS at 780 for 5 min; (c) by SPS at 80TC for 5 min; (d) by SPS at 850C for 5 min; (e) by SPS at 90 for 0 min; (f) by
SPS at 900C for 5 min; and (g) by SPS at 90C for 30 min.
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Fig. 6 showed the SEM images of the fractured sections
of the specimens sintered by conventional sintering and SPS
at different temperatures and for different time. As shown in I
Fig. 6a, large pores were observed both at the grain bound- <= o.06 -
aries and within the grains in the conventionally sintered I
specimen, indicating that the specimen was not really dense.
For SPS specimens sintered at 780 the grain size was
about 300-500 nm and many pores were observed at the grair
boundariesKig. 6b). It appeared that the specimen was not
sintered well. The relative density of the ceramics was lower

s
than 90%, leading to a loose and brittle feature of the spec- eorr éi%‘_/./
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imen. The grains sintered at 800 were round or hexago- 000

nal in morphology with the grain size increased to 3, oot b e
moreover the grain boundary became very narrow and only a 450 800 580 600 650 700 750 800 830 900
small number of pores were observed in the gralig. (6c). Temperature (°C)

'I;]herseéi;e_, Its relfathf] denSItY was V.ery hl?g'g(;vhzwed Fig. 7. The ionic conductivity at different temperatures for theMea,Og
the Image for the specimen sintered at ithout specimens derived from conventional and SPS sintering. (a) Specimen sin-

holding time. Many pores were observed in the sample both tered by SPS at 90 for 30 min; (b) by SPS at 80 for 5min; (c) by

at the grain boundaries and within the grains. As mentioned SPS at 850C for 5 min; and (d) by conventional sintering.

above, the specimen was not well sintered and with lower

density. of the specimen, and therefore very helpful to the transport
An interesting and greatly changed microstructure was of oxygen ions between grains and reduce the resistance at

observed in the specimen sintered at 90dor 5 min. The grain boundariesrig. 8 shows the comparison of the ionic

grains in the specimen became long and rod-type. The di-conductivities measured parallel and perpendicular to the di-

rection of the parallelly aligned rod-grains was vertical to rection of rod-type grain alignment for the specimens sintered

the pressing direction on specimen during sinterfig.(6f). by SPS at 900C for 5 and 30 min, respectively. Obvious

Small amounts of pores were observed between the elongateénisotropy of the ionic conductivity was observed with the

grains, which resulted in the decrease of its relative density to conductivity value parallel to the direction of rod-type grains

some extent. These rod-type grains were found to be as longhigher than that perpendicular to the rod-type graliig. 8

as 8um or longer. Further increase of holding time at 900 also shows that the ionic conductivity of specimens sintered

to 30 min led to the rod-type grains longer thanyks and at 900°C for 30 min was higher than that of specimens for

more closely packed{g. 6g), which resulted in increased 5 min, which also demonstrated the effect of compaction on

relative density of the specimen. However, overlapping of the the ionic conductivity. The effect was further confirmed by

rod-type grains would happen as can be se&tgnég, which the comparison of the conductivity of grain boundaries of the

caused the density of the specimen to be lower than that of thespecimens sintered by both SPS and conventional method as

specimen without the rod-type feature. At a lower sintering shown inFig. 9and inTable 2

temperature 850C, some long grains started to appear along

with round grainsFig. 6d). The coexistence of the two kinds 0.09
of grains with completely different morphologies resulted in sl
more pores at the grain boundaries, which could be the rea- - —m— 30 min, parallel N
son why the relative density decreased rather than increase(~ 007 I _%— 30 min, perpendicular
0.06 - —A— 5 min, parallel

while the sintering temperature was raised to 850

In flowing air or pure oxygen atmosphere, comparable
conductivity values were obtained for the specimens, which
indicated that within the oxygen partial pressure range, the
conductivity was predominantly ionic in natuté® The ionic I
conductivities of the specimens sintered by conventional and © 0.02 -
SPS procedures at different temperatures were shown in o1 [
Fig. 7. Usually, the higher relative density of the specimen, I
the higher was the ionic conductivity. But, an abnormal phe- L
nomenon was observed with the specimen sintered &t®00 O e e e T e e e a0 o
for 30 min. The ionic conductivity perpendicular to the direc-
tion of rod-type grain alignment was higher than that of the
specimen sintered at 80C for 5 min which had the highest Fig. 8. The comparison ofionic conductivities at differenttemperatures mea-

density. It SulggeSted that regularly and very closely aligned syred parallel or perpendicular to the rod-type grains in the specimens sin-
rod-type grains would effectively improve the compactness tered by SPS at 90 for 30 and 5 min, respectively.

—®— 5 min, perpendicular
0.05 |

0.04 =

0.03 |-

onductivity (S cm
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Table 2
The comparison of the conductivities of grains and grain boundary for the specimens sintered by conventional sintering and S€ $atdaih

Samples Conductivity of grain (S crh) Conductivity of grain boundary (S cnd)
712°C 660°C 712°C 660°C
SPS sintered
Longitudinal direction 0.02358 0.01132 0.43262 0.1530
Transverse direction 0.02294 0.01464 0.1030 0.03069
Conventionally sintered 0.01925 0.01251 0.08345 0.01325

According to the Refl7, the resistance of oxygen ions are similar. However, the conductivity of grain boundary was
transported through the electrolyte can be expressed as fol+elative to compactness of specimen, pores between grains

lowings: and so on. In a normal sintered ceramieMa,0Og specimen
I L with such microstructure as shownkhig. 7c, the conductiv-
R=Rg+ Rgp = % + % (1) ities of grain boundaries should be similar in all direction.

However, for the specimen with anisotropical microstructure
whereR, Ry and Ry, are the electrical resistance of whole @s shown irFig. & and g, the structure, interface and pores
e|ectr0|yte1 grain and grain boundary, respectivmﬁnds between the grains in different directions were different. Ob-
are the geometric surface area and thickness of the electrolyteViously, there were many more interfaces and possible pores
pg and pgp are the apparent resistivity of grain and grain perpendicular to the direction of rod-type grains than those
boundary based on the geometric dimension. Therefore, theParallel to the direction of the grains. So the conductivity of

apparent ionic conductivity of grain and grain boundagy
ogp can be calculated from E{L).

As listed inTable 2 the intragranular ionic conductivities
in both directions for the specimen by SPS at 90@or 5 min,
which owned the microstructure &fg. 6f, were similar and

grain boundaries measured parallel to the direction of grains
was higher than the perpendicular direction, which resulted
in ionic conductivity anisotropy, with the conductivity value
parallel to the direction of rod-type grains higher than the
perpendicular direction ifig. 8.

comparable to those of the conventionally sintered specimen.
However, the contribution of the grain boundary conduc-
tivity of the SPS specimen with long rod-type grains was
much higher than that of the conventionally sintered speci-
men. Moreover, the conductivity of grain boundary parallel to
the direction of rod-type grains was four to five times higher

4. Conclusions

In this work, the dense LL#0,0g9 ceramic electrolytes
were prepared with ultrafine powder by SPS rapid sintering
) ) method. The conductivity of the specimens sintered by SPS
than thg perpendmular results. As known, the intragranular , o ..oy higher than those sintered by conventional process-
C.OHdUCt'V'ty IS dependenton;h_e_ crystal st_ructure ofthe mate'ing. Moreover, the unilateral alignment of rod-type grains
rial, therefore all the conductivities of grain measured above happened in the specimens sintered by SPS at higher tem-

peratures or for longer holding time. The anisotropy in ionic

05 conductivity was determined and attribute to the directional
—~ . alignment of rod-type grains. The oxygen ionic conductivity
'g 04l parallel to the direction of rod-type grains was higher than
® that perpendicular to the grains.
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