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Abstract

The precursor powder of Ce0.85Y0.15O2�� has been prepared via oxalate coprecipitation from high purity reagents of Ce
(NO3)3.6H2O and Y(NO3)3.6H2O. The sinterability, densification and microstructural development have been examined. At all the
sintering temperatures used from 1000 to 1550 �C, no intragranular pores are observed. All the pores are located at the grain
boundaries or at the triple points. The sample sintered at 1300 �C for 3 h has over 98.0% relative density, and a mean grain size of

�1.55 mm. Nearly all the pores are eliminated from the sintered bodies, when the sintering temperature is higher than 1300 �C.
Higher ionic conductivity [e.g., 4.59 (�m)�1 at 750 �C in air] is obtained for the Ce0.85Y0.15O2�� ceramic sintered at 1300 �C in 3 h.
This sample has a fracture toughness of 1.49�0.2 MPa m1/2. However, no fracture toughness dependence of grain size is found for

dense Ce0.85Y0.15O2�� ceramics.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Yttria-stabilized zirconia (YSZ) is traditionally used
as an electrolyte material of solid oxide fuel cell (SOFC)
because of its relatively high ionic conductivity, high
stability under oxidizing and reducing atmospheres at
high temperatures. YSZ electrolyte is generally operated
at about 1000 �C, where the ionic conductivity reaches
the required high level. However, such high tempera-
tures often lead to reactions between the components,
thermal degradation, or thermal expansion mismatch.
Moreover, cell interconnectors and seals have to be
selected to meet severe limitations of high operation
temperature.
Recently, an intensive investigation has been done to

reduce the operating temperature of SOFC down to
800–500 �C. Ceria-based solid solutions have been
regarded as the most promising electrolytes for inter-
mediate temperature SOFC (IT-SOFC) because of their
ionic conductivity is higher than YSZ. The ionic con-
ductivity of ceria has been extensively investigated with
respect to different dopants (e.g., Ca2+, Sr2+, Y3+,
La3+, Gd3+, and Sm3+) and dopant concentration.1�4

It is generally accepted that Gd3+ or Sm3+-doped ceria
exhibits the highest conductivity due to the small asso-
ciation enthalpy between dopant cation and oxygen
vacancy in the fluorite lattice.5,6 However, carefully
examining literature data as listed in Table 1, it seems
that the above conclusion is not so convincing because
the conductivity of Y-doped ceria ceramics can compare
well with those reported for Gd- or Sm-doped ceria
ceramics. Moreover, compared with the Gd-doped ceria
ceramics, Y-doped ceria ceramics exhibit less aging
behavior, which will be reported in another communi-
cation.16 Therefore, Y-doped ceria is also potentially
one of promising electrolytes for IT-SOFCs.
It is well known that as refractory materials, ceria-

based ceramics are difficult to densify below 1500 �C. In
order to reduce sintering temperatures, various aqu-
eous-solution based precipitation systems have been
exploited for preparing nanocrystalline ceria-based
powders, including precipitation using ammonia,17

ammonium carbonate,18 hydrazine hydrate,19 oxalic
acid precipitant,11,20 forced hydrolysis of inorganic
salts,21 urea-based homogeneous precipitation,22 and
hexamethylenetetramine (HMT)-based homogeneous
precipitation.23 Among these precipitation systems,
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oxalate precipitation and HMT-based homogeneous
precipitation are most useful for obtaining better ceria-
based powders.
In this study, ultrafine powder of Ce0.85Y0.15O2�� has

been prepared via an oxalate coprecipitation process.
The sinterability, densification, and microstructural
development have been examined. Moreover, the
electrical and mechanical properties of dense
Ce0.85Y0.15O2�� ceramics have also been investigated
and presented.
2. Experimental procedure

2.1. Preparation of raw powders

An oxalate coprecipitation method was used to pre-
pare the precursor powders of Ce0.85Y0.15O2�� ceramics.
High purity (>99.5%) reagents Ce(NO3)3.6H2O and
Y(NO3)3.6H2O were used as starting materials. Oxalic
acid solution was used as a coprecipitation medium.
The preparation procedure used in this research is simi-
lar to that reported by Higashi et al.20 It involves: (1)
Ce(NO3)3.6H2O and Y(NO3)3.6H2O were dissolved in
distilled water, respectively. A mixture of Y3+ and Ce3+

ions were prepared by blending the above two solutions.
(2) The mixture was added into the oxalic acid solution
at �60 �C. During this process, the precipitant solution
was controlled at pH=6.5–7 by dropwise addition of
diluted ammonia, and was stirred constantly. After the
coprecipitation was completed, the coprecipitate was
stirred at �60 �C for 1 h. (3) The coprecipitate was
washed several times using distilled water, then redis-
persed and washed twice in ethanol, finally dried at
�100 �C for 20 h.
2.2. Characterization of samples

Thermal gravimetric-differential thermal analysis
(TG-DTA) was conducted for the coprecipitated pow-
ders with a heating rate of 5 �C min�1 up to 1000 �C in
air. The crystal structure of the calcined samples was
analyzed using X-ray diffraction (XRD) with CuKa

radiation. Specific surface area was estimated by BET
(Brunauer–Emmett–Teller) method using nitrogen as
the absorption gas. The morphology of particles was
observed under scanning electron microscopy (SEM).
The coprecipitated powder was calcined at 400–900 �C

for 3 h, then ground in ethanol via a planetary milling
system using polypropylene jars with yttria-stabilized
zirconia balls for 8 h. The calcined powder was pressed
at �200 MPa into pellets using a die 10 mm diameter.
The pellets were sintered at the temperature range of
1000–1550 �C for 3 h. The densities of green and sin-
tered pellets were calculated from the mass and dimen-
sion of the samples, and measured using Archimedes
method with water, respectively. The microstructure of
the sintered samples (i.e., well-polished surface after
thermal etching) was observed using SEM, and grain
size was calculated from SEM micrographs using the
linear intercept technique.
Silver wires were used as the electrodes and silver

paste at 850 �C was used to fix silver wire onto both
sides of the sintered pellets. Ionic conductivity of the
samples was measured from 250 to 850 �C in air by two-
probe impedance spectroscopy (Solartron 1260, UK) in
the frequency range of 1–107 Hz. A software package
was also used to separate the grain interior (GI) and the
grain boundary (GB) contributions to the total con-
ductivity.
Sintered pellets were polished on one face using 1 mm

diamond paste before indentation testing. Vickers
hardness was measured using a microhardness tester
(HSV-20, Shimadzu, Japan) with the load range of 2–
100 N, and held for 30 s. At least 10 indentations were
used for obtaining the average values of hardness and
fracture toughness.
3. Results and discussion

3.1. Powder characterization

Similar to the previous work,18 our TG-DTA results
as shown in Fig. 1 indicate that at �175 �C, the copreci-
pitated powder loses chemically adsorbed water, and
decomposes to oxides at �325 �C; no remarkable
changes can be detected above 350 �C in both TG and
DTA curves. The sample calcined at 400 �C shows a
very broaden XRD peak at 2�=�29�, indicating that
this sample has low crystallinity. However, when the
calcination temperature is around 600 �C or above, the
Table 1

Selected literature data regarding the ionic conductivity at 750 �C in

air of ceria-based solid solutions
Compound
 � (�m)�1
 Ref.
Ce0.8Y0.2O2��
 1.9
 7
Ce0.85Y0.15O2��
 2.0
 8
Ce0.82Y0.18O2��
 4.0
 9
Ce0.8Y0.2O2��
 5.5
 10
Ce0.8Y0.2O2��
 6.5
 11
Ce0.82Gd0.18O2��
 2.6
 7
Ce0.8Gd0.2O2��
 3.3
 12
Ce0.8Gd0.2O2��
 5.68
 13
Ce0.9Gd0.1O2��
 5.9
 14
Ce0.8Gd0.2O2��
 6.5
 15
Ce0.8Sm0.2O2��
 3.1
 7
Ce0.82Sm0.18O2��
 4.0
 4
Ce0.8Sm0.2O2��
 6.1
 12
Ce0.8Sm0.2O2��
 6.9
 10
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crystalline phase is well-developed. The effect of calci-
nation on powder characteristics has been studied and
the results are listed in Table 2. The mean crystallite size
(Rx) is determined using X-ray line broadening
method:24

Rx ¼ 0:9l= �cos�ð Þ ð1Þ

where l is the wavelength of the incident X-ray (0.15406
nm); � is the diffraction angle; and � is the corrected
half-width. For the green bodies calcined at 400–
900 �C, which can be treated as the mixture of two dis-
tinct phases of CeO2 and Y2O3, the theoretical density
is:25

dGth ¼

dCeO2
1þ

C

1� C

MY2O3

MCeO2

� �

1þ
C

1� C

dCeO2

dY2O3

MY2O3

MCeO2

� � ð2Þ

where C=x/(2�x) and x=0.15 in the present study;
dCeO2

=7.22 g/cm3 and dY2O3
=5.03 g/cm3; M is molec-

ular weight. We get dGth=6.91 g/cm3 for the mixture of
0.85 CeO2+0.15 YO1.5 (i.e., x=0.15) according to Eq.
(2).
The morphology of the powder calcined at 700 �C for

3 h is shown in Fig. 2. It clearly shows that the powder
consists of agglomerated nanocrystallites. It is generally
accepted that the densification behavior and final den-
sity depend significantly on the state of agglomeration
in powders. The soft agglomerates pack uniformly,
resulting in homogeneous shrinkage of powder com-
pacts to near-theoretical density. The hard agglomerates
during sintering pull away from the surrounding regions
and leave large pores since they densify first, which
prevents complete densification. It is difficult to avoid
the formation of hard agglomeration in powders pre-
pared by wet chemical means. However, the extent of
agglomerates significantly relays on the preparation
method and washing medium. In this study, the copre-
cipitated precursor of Y-doped CeO2 was redispersed
and washed twice in ethanol. This is an important step
for obtaining a better precursor powder.

3.2. Sintering behavior and microstructure

Calcination temperature has a significant effect on
powder characteristics as listed in Table 2. It also affects
the densification behavior of Ce0.85Y0.15O2�� ceramics.
In this study, 700 �C is chosen as calcination tempera-
ture because higher sintered density can be obtained for
the samples prepared from the powder calcined at
700 �C in 3 h. The sintered samples are expected to form
solid solution where Y3+ ions occupy Ce4+ sites. The
theoretical density is then:25
Fig. 1. TG–DTA curves of the coprecipitated powder conducted at a

heating rate of 5 �C/min to 1000 �C in air.
Table 2

The effect of calcination on the powder characteristics
Calcination temperature (�C)
 400
 500
 600
 700
 800
 900
BET surface area (m2/g)
 82.5
 72.3
 50.1
 24.5
 16.7
 7.6
Crystallite size, Rx (nm)
 6.5
 7.2
 11.25
 16.3
 28
 45
Green densitya (%)
 38.6
 39.2
 44.5
 47.6
 50.3
 54.5
a The relative density of green bodies is calculated using the theoretical density of 6.91 g/cm3 that is obtained from Eq. (2).
Fig. 2. The morphology of the powder calcined at 700 �C for 3 h in air.
J. Ma et al. / Journal of the European Ceramic Society 24 (2004) 2641–2648 2643



dth ¼
4

NAa3
1� xð ÞMCe þ xMY þ 2�

1

2
x

� �
Mo

� �
ð3Þ

where x=0.15, a is the lattice constant of the solid
solution at room temperature (a=0.5403 nm in this
study based on XRD analysis), NA is the Avogadro
number, and M refers to the atomic weight. This yields
dth=6.82 g/cm3.
Fig. 3 shows the effect of sintering temperature for 3h

on the density and grain size of Ce0.85Y0.15O2�� ceram-
ics. We can see that the major densification has been
completed with on significant grain growth in the tem-
perature range of 1000–1200 �C. The Ce0.85Y0.15O2��

ceramic sintered at 1200 �C for 3 h has over 94.0%
relative density, and a mean grain size of �0.7 mm.
Above 1200 �C, a rapid grain growth is observed. The
sample sintered at 1300 �C for 3 h has over 98.5% rela-
tive density, and a mean grain size of �1.55 mm. In the
present study, this sample was chosen for the electrical
and mechanical measurements.
The microsructural evolution of Ce0.85Y0.15O2�� ceram-

ics in sintering temperature range of 1100–1550 �C is
shown in Fig. 4. At all the temperatures used, no intra-
granular pores are observed, and all the pores are loca-
ted at the grain boundaries or at the triple points. At
1100 �C (Fig. 4a), the pores exist in the form of con-
tinuous open porosity and exhibit a fair uniform dis-
tribution. With increasing the sintering temperature,
pores are reduced in both the number and size. When
the sintering temperatures are higher than 1300 �C,
nearly all the pores are eliminated from the sintered
bodies as shown in Fig. 4e.
3.3. Electrical properties

The ionic conductivity was measured by a two-probe
impedance spectroscopy. The interpretation of impe-
dance data for polycrystalline materials, such as yttria-
stabilized zirconia, has been well documented.26,27 Fig. 5
shows selected impedance plots measured at 350, 400,
and 450 �C in air, respectively of the Ce0.8Gd0.2O2��

ceramic sintered at 1300 �C. The grain boundary, grain
interior effects, and electrode polarization behavior can
be clearly identified from these impedance plots. The
quantitative change in GI and GB conductivities can be
obtained by fitting these impedance plots using a soft-
ware package, and the results are shown in Figs. 6 and 7.
Fig. 6 shows the temperature dependence of the GB

conductivity to the total conductivity. As expected, the
GB conductivity decreases as temperature decreases.
However, it is interesting to note that above 300 �C, the
GB conductivity is higher than GI one. At 500 �C, only
�24% of the total conductivity results from the GB
effect. It is widely accepted that the predominate con-
stituent of the grain boundary impurities in ceria-based
solutions is SiO2, and SiO2 contamination results
mainly from precursor chemicals and sample prepara-
tion.28,29 An amorphous thin SiO2 film will be formed
between grains during sintering, blocking the movement
of oxygen ions through grain boundary. This leads to a
lower GB conductivity. At the present stage, however,
the exact content of SiO2 in the Ce0.85Y0.15O2�� ceramic
is unavailable. High purity of raw chemicals used in this
study should be a major reason that leads to a higher
GB conductivity. Moreover, the higher sintered density
and uniform microstructure as shown in Fig. 4d should
also be beneficial for the GB conductivity.
From the Arrhenius plot in Fig. 7, the activation

energies of around 0.895, 1.04, and 0.856 eV, respec-
tively are obtained for total (Et), grain boundary (Egb),
and grain interior (Egi) conductivities. The total con-
ductivity reaches �4.59 (�m)�1 at 750 �C. The above
results obtained in this study agree well with literature
data from the samples sintered above 1400 �C, as listed
in Table 1.7�11

3.4. Mechanical properties

Materials used in SOFC systems may be susceptible
to fracture due to thermal stresses and mechanical
stresses during cell fabrication and operation. However,
unfortunately, ceria-based materials have very poor
mechanical strength. It is expected that the mechanical
properties can be improved by controlling grain size.
The fracture toughness vs. crack size is first examined
based on the equation as follows:30

KIC ¼ 0:016
E

Hv

� �1=2
P

C3=2
ð4Þ
Fig. 3. The sintered density (*) and grain size (*) of Ce0.85Y0.15O2��

ceramics sintered at different temperatures for 3 h. The relative density

of sintered samples is calculated using the theoretical density of 6.82 g/

cm3 that is obtained from Eq. (3).
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where KIC is fracture toughness, E is Young’s modulus
(205 GPa for Gd-doped ceria solid solutions31), Hv is
Vickers hardness, P is the load andC is the half crack size.
There are many indentation equations for the calcula-
tion of KIC as presented in an extensive review by Pon-
ton and Rawlings.32 However, there are specific
conditions and limitations for using these formulae
because some of them are related to the treatment of
indentation data based on a median crack and the other
based on a Palmqvist crack. Moreover, some of these
are suitable for certain materials; up to now no uni-
versal formula is available to evaluate the values of KIC

for all ceramic materials. For convenience, the above
equation is selected in this study since this equation was
used by Sammes et al.33 and Shemilt et al.34 for dealing
with the indentation data of doped ceria-based cera-
mics. Moreover, as shown in Fig. 8, both the micro-
hardness and the indentation fracture toughness are
Fig. 4. SEM micrographs of Ce0.85Y0.15O2�� ceramics sintered at 1100 �C (a), 1150 �C (b), 1200 �C (c), 1300 �C (d), and 1550 �C (e) for 3 h.
J. Ma et al. / Journal of the European Ceramic Society 24 (2004) 2641–2648 2645



independent of crack length. SEM observation indicates
that the indentation cracks propagate in the transgran-
ular fracture mode for all the samples used. This is a
typical characteristic for the materials with cubic struc-
ture.
Table 3 lists the selected literature data, together with

our results regarding the fracture toughness of ceria-
based ceramics. It can be seen that the values of fracture
toughness, KIC, are somewhat scattering, depending on
testing methods and investigators.33�35 Basically, the
KIC values (Table 3) of these ceria ceramics are at the
lower end of the range (1.5–4.2 MPa m1/2) for fully sta-
bilized zirconias36,37 and significantly lower than those
of partially stabilized zirconias. Moreover, the fracture
toughness of cerias seems insensitive to types of dopants
and dopant concentration. On the other hand, accord-
ing to Ponton and Rawlings,32 the measured toughness
values should rank as SENB KIC>actual
KIC> indentation KIC. However, it is interesting to note
that the indentation KIC by Sammes et al.33 and by
Shemilt et al.34 is much higher than that obtained by
SENB method. But our values are fairly close to the
Fig. 6. The relative contribution of the grain boundary conductivity

(�gb) to the total conductivity (�t) of the Ce0.85Y0.15O2�� ceramic sin-

tered at 1300 �C for 3 h.
Fig. 7. Arrhenus plots of the total (*), GI (*), and GB (&) con-

ductivities of the Ce0.85Y0.15O2�� ceramics sintered at 1300�c for 3 h.

Et, Egi, and Egb respectively stand for the activation energies for the

total, GI, and GB conductivities.
Fig. 8. Fracture toughness (*) and microhardness (*), respectively vs.

indentation crack size for the Ce0.85Y0.15O2�� ceramic sintered at

1300 �C for 3 h.
Fig. 5. Impedance plots of the Ce0.85Y0.15O2�� ceramic sintered at

1300�C for 3 h, measured at 350 �C (a), 400 �C (b), and 450 �C (c) in

air. The GI and GB stand for grain interior and grain boundary

effects, respectively.
2646 J. Ma et al. / Journal of the European Ceramic Society 24 (2004) 2641–2648



SENB KIC by Shemilt et al.34 as shown in Table 3. The
difference may be mainly resulted from the measure-
ment errors on the length of indentation cracks. The
end point of indentation cracks for ceria-based ceramics
cannot be easily identified under ordinary microscope
due to poor resolution. In our case, the length of
indentation cracks was accurately measured under
SEM.
It also should be pointed out based on Table 3 that no

significant dependence of fracture toughness on grain
size is found in this study. This indicates that the
mechanical stability of ceria-based ceramics cannot be
obtained by just controlling grain size.
4. Conclusions

The coprecipitated powder calcined at 700 �C for 3 h
has an optimal sinterability. The major densification has
been completed with on significant grain growth in the
temperature range of 1000 to 1200 �C. The sample sin-
tered at 1200 �C for 3 h has over 94.0% relative density,
and a mean grain size of �0.7 mm. Above 1300 �C,
almost fully dense Ce0.85Y0.15O2�� ceramics can be
obtained in 3 h.
The Ce0.85Y0.15O2�� ceramic sintered at 1300 �C in 3 h

has a higher ionic conductivity [4.59 (�m)�1 at 750 �C
in air]. At 500 �C, only �24% of the total conductivity
results from grain boundary effect. The activation ener-
gies of �0.895, 1.04, and 0.856 eV, respectively are
obtained for total (Et), grain boundary (Egb), and grain
interior (Egi) conductivities.
Both the microhardness and fracture toughness are

independent of crack length. The indentation cracks
propagate in the transgranular fracture mode for all the
samples used. No significant dependence of fracture
toughness on grain size is found for the dense
Ce0.85Y0.15O2�� ceramics, indicating that the mechanical
stability cannot be improved by controlling grain size.
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