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Spark-plasma sintering the 8-mol% yttria-stabilized zirconia electrolyte
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The 8-mol% yttria-stabilized zirconia (YSZ) is a widely
chosen electrolyte for solid oxide fuel cells (SOFC)
and oxygen sensors because of its excellent high-
temperature ionic conductivity [1–4]. The ionic con-
ductivity and mechanical strength of the electrolyte are
strongly related to the microstructure of the electrolyte
[5]. Gibson et al. [6] investigated the relationship be-
tween YSZ sample density and its corresponding ionic
conductivity. Tomonari Takeuchi et al. [7] reported that
different sintering methods of the electrolyte could get
distinct microstructure and induce variety of the ionic
conductivity of the electrolyte.

Spark plasma sintering (SPS) method enables the
manufacture of dense materials in a short period at low
sintering temperatures compared with current methods.
SPS method is a manufacturing technology for materi-
als, which utilizes the high energy of a high tempera-
ture plasma (discharge plasma) generated when pulse-
formed electric energy is applied to the space among
fine particles [8]. SPS has been employed to study al-
loys [9], functionally gradient materials [10, 11] and
several ceramics such as SiC [12], ZrO2 [13], Al2O3
[14], Zr2O/Al2O3 [15] and TiC/Al2O3 [16]. However,
for SPS sintered ZrO2 ceramics, the past research was
interesting mainly for its microstructural and mechan-
ical properties, In this article, the electrical properties
of the 8-mol% YSZ sintered by SPS was studied in
comparison to conventional sintering.

Commercial 8-mol% YSZ powder (TZ-8YS, Tosoh
Corp., Tokyo, Japan) with an average particle size of
ca. 0.1 µm was used as starting material. The YSZ
powder was sintered to disks by SPS with Dr. Sinter
LAB 515 System (Sumitomo Coal Mining, Kanagawa,
Japan) or by conventional sintering in air. For SPS, the
following sintering steps were taken: YSZ powder (∼2
g) was placed in a graphite die (15 mmφ), and the SPS
system was evacuated to 5 Pa and uniaxial pressure of
28 Mpa was applied. During theses procedures, the sin-
tering temperature was increased to 1350 ◦C at a rate of
ca.160 ◦C min−1 and maintained at 1350 ◦C for 10 min.
Then the sample was cooled to room temperature natu-
rally (SPS pellet). The SPS pellet were annealed in air at
1000 ◦C for 2 hrs to remove carbon contamination. For
conventional sintering (CS), the green pellet with a di-
mension of 15 mm in diameter and approximately 4 mm
in thickness was formed by die compaction at similar
uniaxial pressure of 140 MPa to ensure the comparable

green density. The pellets were then sintered at 1450 ◦C
for 4 hrs by electrical resistance furnace and cooled to
room temperature naturally (CS pellet).

The sintered densities of the samples were obtained
using the conventional Archimedes technique and a
digital micrometer measuring the exact diameters and
thickness. The Jeol JSM-5900LV (Jeol Pte Ltd., Tokyo,
Japan) scanning electron microscope (SEM) and X’Pert
Pro MPD X-ray Diffraction System (Philips, Nether-
lands) were employed to study the microstructural char-
acteristics of the sintered samples. The sintered elec-
trolytes were coated with platinum paste on both sides
as electrodes and fired at 1200 ◦C for 2 hrs. The ionic
conductivity of the sintered samples was measured by
AC impedance analyzer (HP4194A, USA). The mea-
suring frequency range is from 100 Hz to 1 MHz with an
applied voltage of 100 mV. Measurements were carried
out between 300–850 ◦C at an increment 50 ◦C.

The relative density of the SPS pellet and CS pellet
are 99 and 97% respectively. The XRD patterns for the
SPS pellet and CS pellet as shown in Fig. 1, indicated
a cubic unit cell (Fm3m). Using the value of full width
at half maximum (FWHM) of the peak (111). The cal-
culated finer crystallite size of the SPS pellet is 154 nm
and that of the CS pellet is more than 1 µm.

Fig. 2 shows SEM micrographs of the surface of the
SPS pellet and CS pellet, and shows that the average
grain size of SPS is 0.8 µm and they are in close contact
with each other. In contrast to the SPS pellet, the grain
size of the CS pellet increased to more than 3 µm, as
reported previously for dense 8YSZ ceramics sintered
by conventional heating [17].

Figure 1 X-ray diffraction patterns of the SPS pellet and CS pellet.
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Figure 2 SEM images of the surface of the SPS pellet (a) and CS pellet (b).

Figure 3 The AC impedance spectroscopy for both SPS and CS pellet at different measuring temperature.
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Figure 4 The plot of resistance of grain and grain boundary vs. measur-
ing temperature.

Figure 5 AC ionic conductivity of solid electrolyte vs. reciprocal tem-
perature.

Fig. 3 shows the AC impedance spectroscopy for both
SPS and CS pellet at different measuring temperatures
in air. By these AC impedance diagrams, the resistance
of grain and grain boundary and ionic conductivity of
solid electrolyte at each measuring temperature was ob-
tained [18] and shown as in Figs. 4 and 5.

Between 300–850 ◦C, the resistance of grain of SPS
pellet is less than that of CS pellet, but, under 400 ◦C
the resistance of grain boundary of SPS is less than that
of CS pellet, however, above 400 ◦C the resistance of
grain boundary of SPS is higher than that of CS pellet
and at high temperature the value of resistance of grain
boundary of SPS and CS all go to zero.

The total ionic conductivity of SPS is higher than that
of CS between 300–850 ◦C. For example, at 450 ◦C,
ionic conductivity of SPS and CS pellet are 4.8949E-4
and 3.3216E-4 Scm−1, respectively; and at 800 ◦C, they
are 0.01608 and 0.0102 Scm−1, respectively.

The activation energy for the SPS , estimated from the
slop in the rang of 400–800 ◦C, is 91 KJ mol−1, which is
in good agreement with CS pellet (96 KJ mol−1), indi-
cating that the conduction mechanism in SPS ceramics
is similar to that in CS ceramics.

References
1. S .P .S . B A D W A L , Solid State Ionics 52 (1992) 23.
2. A . J . M cE V O Y , ibid. 132 (2000) 159.
3. J . D R E N N A N and G. A U C H T E R L O N I E , ibid. 134 (2000) 75.
4. W. H U A N G, P . S H U K, M. G R E E N B L A T T, M. C R O F T,

F . C H E N and M. L I U , J. Electrochem. Soc. 147 (2000)
4196.

5. L . D E S S E M O N D, J . G U I N D E T, A. H A M M O U and M.
K L E I T Z , in Proceedings of the Second International Symposium
on SOFC’s, edited by F. Grosz, P. Zegers, S.C. Singhal and O.
Yamamoto (Brussels, Belgium, 1991) p. 409.

6. I . R . G I B S O N, G. P . D R A N S F I E L D and J . T . S . I R V I N E ,
J. Mater. Sci. 33 (1998) 4297.

7. T . T A K E U C H I , M. T A B U C H I and H. K A G E Y A M A , J.
Amer. Ceram. Soc. 82 (1999) 939.

8. M. T O K I T A , J. Soc. Powder Tech. Jpn. 30 (1993) 790.
9. Z . G . L I U , M. U M E M O T O, S . H I R O S A W A and H.

K A N E K I Y O , J. Mater. Res. 14 (1999) 2540.
10. M. O M O R I , H . S A K A I , A . O K U B O, M. K A W A H A R A,

M. T O K I T A and T . H I R A I , in Proceedings of the 3rd Interna-
tional Symposium on structural and Functionally Gradient Materials
(Lausanne, Switzerland, 1994) p. 55.

11. M. T O K I T A , in Proceedings of the 5th International Symposium
on Functionally Graded Materials, FGM’94 (Dresden, Germany,
1998) p. 83.

12. N . T A M A R I , T . T A N A K A, K. T A N A K A, I . K O N D O H,
M. K A W A H A R A and M. T O K I T A , J. Ceram. Soc. Jpn. 103
(1995) 740.

13. M. Y O S H I M U R A, T . O H J I , M. S A N D O and K. N I I H A R A ,
J. Mater. Sci. Lett. 17 (1998) 1389.

14. K . K U M E D A, Y. N A K A M U R A, A. T A K A T A and K.
I S H I Z A K I , J. Ceram. Soc. Jpn. 107 (1999) 187.

15. J . S . H O N G, S . D . D E L A T O R R E, L . G A O, K.
M I Y A M O T O and H. M I Y A M O T O , J. Mater. Sci. Lett. 17 (1998)
1313.

16. N . T A M A R I , I . K O N D O H, T . T A N A K A, N.
T O K U N A G A, M. K A W A H A R A, M. T O K I T A, K.
T E Z U K A and T. Y A M A M O T O , J. Ceram. Soc. Jpn. 105 (1997)
911.

17. M. M O R I , T . A B E, H. I T O H, O. Y A M A M O T O , et al.,
Solid State Ionics 74 (1992) 157.

18. M E I L U N S H I , AC Impedance Spectroscopy Principles and Ap-
plications (in Chinese) (Beijing, China, 2001) p. 373.

Received 8 October 2003
and accepted 29 April 2004

6865


