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The influences of the sintering additive content of rare-earth oxide (Y,03, Gd,03, Sm;,03)
on microstructure and mechanical properties of ceria ceramics were investigated by
scanning electron microscopy and small specimen technique. A small punch testing
method was employed to determine the elastic modulus and biaxial fracture stress of the
ceria-based ceramics, and the fracture toughness was estimated by Vickers indentation
method. Grain growth in the rare-earth oxides doped ceria ceramics was significantly
suppressed, compared to the pure ceria ceramics. However, the elastic modulus, fracture
stress and fracture toughness were decreased significantly with increasing additive content
of the rare-earth oxides, possibly due to the oxygen vacancies induced by the rare earth
oxides doping. The experimental results suggest that the change in the mechanical
properties should be taken into account in the use of ceria-based ceramics for solid oxide
fuel cells, in addition to the improvement of oxygen ion conductivity. © 2004 Kluwer

Academic Publishers

1. Introduction

Solid Oxide Fuel Cells (SOFCs) can generate high ef-
ficiency electric power using H, and O, gases without
environmental pollution. Because SOFCs converts the
chemical energy of the fuel directly to electrical energy
without the intermediate of thermal energy, its conver-
sion efficiency is not subject to the Carnot limitation.
Because of their high temperature of operation (800-
1000°C), natural gas fuel can be reformed within the
cell stack eliminating the need for an expensive, ex-
ternal reformer system. Also, pressurized SOFCs can
be successfully used as replacement for combustors
in gas turbines; such hybrid SOFCs-gas turbine power
systems are expected to reach efficiencies approaching
70% level. Thus, SOFCs are expected to become a ma-
jor electric power source in the future [1, 2]. One of the
traditional electrolyte materials are yttria-stabilised zir-
conia ceramics that must typically be operated at high
temperatures, due to the relatively high resistivity of the
electrolyte at lower temperatures. Lowering tempera-
ture, however, to between 600 and 800°C has a number
of potential benefits, including, for example, cheaper
materials, lower degradation problems, and closer tem-
perature match for internal reformation possibilities.
Ceria based ceramics, which have a higher oxygen ion

00222461 © 2004 Kluwer Academic Publishers

conductivity than yttria-stabilized zirconia, is one of
the possible electrolytes for SOFCs at low tempera-
tures [3]. Many papers have been devoted to the study
of rare-earth oxide additions on the electrical and the
mechanical properties of ceria based ceramics [4—11].
However, in the previous studies the types and additive
amount of rare-earth oxide investigated were limited
and no systematic investigation has been undertaken so
far. A small punch testing method was employed to con-
duct a systematic study using small sintered specimens.
This paper presents experimental results of the sys-
tematic investigation on the effect of rare-earth oxides
(Y,03, Gd> O3 and Sm,03) addition on the mechanical
properties of doped ceria based ceramics.

2. Experimental

2.1. Sample preparation

Rare-earth oxide doped ceria powders with a com-
position of (CeOy);—x (RO;5):(R =Y, Gd, Sm,
x = 0,0.10, 0.15, 0.20, 0.30, 0.40 and 1.0) were syn-
thesized from CeO, (Anan Kasei Co. Ltd., Osaka,
Japan, purity, 99.9%), Y,03, Gd,03 and Sm;0O3 (Anan
Kasei Co. Ltd., Osaka, Japan, purity, 99.9%) by a co-
precipitation method. The powders were then pressed
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into disks (¢12 x 1.0 mm) using a die press made of
a hard metal at 50 MPa, followed by isostatic press at
120 MPa. The disks were then sintered in atmospheric
condition at 1500°C for 5 h. Specimens were polished
with Emery paper (#4000). After polishing, the spec-
imens were annealed at 1000°C for 3 h to remove the
induced residual stresses. The specimen densities of
the sintered bodies were measured by the Archimedes
method. The doped ceria ceramics with Y,03 Gd,03
and Sm;0j3 are designated by YDC, GDC and SDC,
respectively.

2.2. Experimental procedure

X-ray diffraction analysis of the sintered samples
was conducted using a diffractometer (Mac science;
M21Xmodel). The surfaces of specimens were ther-
mally etched at 1400°C. In order to observe the mi-
crostructure of the sintered bodies and measure the
grain size, the specimens were examined using scan-
ning electron microscopy (SEM).

The mechanical properties of the sintered bodies, the
Young’s modulus and fracture stress were measured by
a small punch (SP) testing method [12] using miniatur-
ized disk specimens. The punch and specimen holder,
designed for SP tests, are shown in Fig. 1. The SP tests
were performed on a universal testing machine (Instron
1185 type) in atmospheric condition at room temper-
ature. The diameter and thickness of specimens were
¢10, and 0.7 mm, respectively. The specimen holder
consists of an upper and lower die. The load applica-
tion was performed through the puncher until a final
failure occurred at a crosshead speed of 0.1 mm/min.
The deflections of the specimens were measured by
monitoring the movement of an Al,O3 rod using a lin-
ear variable differential transducer (LVDT) fixed on to
the Instron machine. The resolution of the LVDT used
in this study was within 0.1 pum.

Deformation and stress analysis for SP tests have
been performed using a finite element method (FEM),
assuming linear elastic response of the material [12].
In this study, the numerical data were used to compute
the Young’s modulus and fracture stress. The Young’s
modulus and biaxial tensile stress of SP specimens can
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Figure 1 Schematic illustration of small punch testing method.
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be expressed by the following equations [13]
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where P is the load, & the deflection at the specimen
center, v the Poisson’s ratio, ¢ the specimen thick-
ness (= 0.7 mm), a the bore diameter of the lower
die (=2.38 mm) and f(a/t) the correction factor for
specimen thickness (= 1.13). The value of Poisson’s
ratio was assumed to be 0.33, following the reported
data for doped ceria ceramics [8]. The Young’s mod-
ulus was calculated from the initial linear slope of the
load-deflection curve using Equation 1. The fracture
stress was calculated from the maximum load using
Equation 2. The Young’s modulus and fracture stress
were determined from the SP method is referred to as
Esp and op, respectively. Four or five specimens were
tested for each dopant content. Indentation was per-
formed on the polished dry-surface of the sample, using
an Akashi MVK-E type Hardness Tester with a stan-
dard Vickers indenter. The indenter load was kept at
9.8 N for 15 s. Three to five measurements were per-
formed on each specimen. The fracture toughness, K.
can be calculated using the following equation (JIS R

1607)
( ; >é( P)
K. =0.018 — 3)
HV C:

where E is the Young’s modulus, HV the Vickers hard-
ness, P the applied indenter load (9.8 N) and C the
surface radial crack length.

3. Results and discussion

3.1. Microstructure of doped ceria ceramics
The relative density of the doped ceria ceramics sin-
tered at 1500°C was shown to be 99 + 0.2% for YDC,
GDC, and SDC. Fig. 2 shows an example of XRD pat-
tern for a sintered specimen of 10YDC, along with
the diffraction peak angles of pure ceria ceramics. The
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Figure 2 X-ray diffraction pattern of YDC ((CeO7)0.9(YO1.5)0.1)-



sintered 10YDC shows the XRD pattern of cubic ceria
with a shift to slightly lower diffraction angles. This
observation indicates that the solid solution of 10YDC
has been produced by the processing conditions em-
ployed in this study. All the doped ceria ceramics pre-
pared in this study were observed to show a XRD
pattern similar to the 10YDC, irrespective of the dif-
ferent dopants. Fig. 3a—d show SEM photographs of
the microstructure for 0, 10, 40 and 100 mol% Sm,0O3
doped ceria ceramics, respectively. The observations
have been made using thermally etched specimens. The
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grain shape of all samples is either regular pentagon or
hexagon, whereas the pure Sm,O3 exhibits an inhomo-
geneous structure with elongated grains surrounded by
finer ones (Fig. 3d). Itis also seen that the addition of the
dopant significantly influences the grain size of the sin-
tered ceramics. The effect of Y,03, Gd,O3 and Sm;,03
on the average grain size is shown in Fig. 4. The average
grain size was determined by measuring the mean in-
tercept length of test lines using SEM photographs. The
average grain size for the pure Y,0O3 and Sm, O3 ceram-
ics is also indicated in Fig. 4. No fully sintered body

Figure 3 Scanning electron micrographs of microstructure of doped ceria ceramics (SDC). (a) Pure CeO3, (b) 10 mol% Sm,03-CeO3, (c) 40 mol%

Sm;03-CeO; and (d) Pure SmyO3. (Continued)
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Figure 3 (Continued)

was achieved for pure Gd,O3 and only a porous body
was prepared at 1500°C in this study (the relative den-
sity was 60%). It appears that the relationship between
the grain size and the dopant content is insensitive to
the dopant type used. The grain size is shown to ini-
tially decrease from the value of the pure ceria ceram-
ics (4.1 um), and show a minimum value at the dopant
content of 10-20 mol%, regardless of the dopant type.

The color of the doped ceria ceramics was shown to
depend on the dopant content and changed from brown
to yellow and finally white color as the dopant content
was increased. It is well known that the color of doped
ceria ceramics is generally sensitive to the valence of
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the ceria. The cause of the color change may be due to
the change in valence.

3.2. Deformation and fracture properties

Examples of the load vs. deflection relationship ob-
tained from the SP tests are shown in Fig. 5. All spec-
imens show a linear elastic fracture behavior, except
for the pure Sm,O3. The arrow indicates the deflection
at which the catastrophic fracture took place. The pure
Sm, O3 exhibits a quasi-brittle fracture after the peak
stress, characterized by the serrated load vs. deflection
curve. The quasi-brittle fracture behavior in the pure
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Figure 4 Grain size of (CeO2);—,(RO; 5), as a function of the dopant
content.
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Figure 5 Load versus deflection curves.
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Figure 6 Young’s modulus Esp of (CeO2);_,(RO; 5), as a function of
the dopant content.

Sm;0O3 may be due to the formation of the elongated
grains as observed in Fig. 3d. The elongated grains with
high aspect ratio are expected to contribute in trapping
and bridging the propagating crack.

The Young’s modulus Esp of the doped ceria ce-
ramics is plotted as a function of the dopant content in
Fig. 6. All the doped ceria ceramics have lower Young’s
modulus values than that of the pure ceria within the
range of the dopant content used in this study. In the
case of the YDC, Esp appears to decrease as the dopant
content is increased and give a minimum value at the
dopant content of 15 mol%. The GDC and SDC show
a similar trend and give a minimum Egsp value at the
dopant content of 20 mol%. Fig. 7 summarizes the frac-
ture strength of the doped ceria ceramics determined
using the SP method. It is seen that the variation of
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Figure 7 Fracture stress osp of (CeO7);—,(ROj 5), as a function of the
dopant content.

the fracture strength with the dopant content is approx-
imately similar to that of the Young’s modulus. Thus,
the strength reduction induced by the doping may be
due to the increased concentration of oxygen vacancies.
Fracture strength usually increases with the decreasing
grain size. However, as shown in Figs 4 and 7, the frac-
ture strength shows a minimum value approximately
for the range of the smallest grain size (10-20 mol%
dopant). It appears that the influence of the increased
oxgen vacancies override strengthening effect due to
the finer grain size.

The fracture toughness K. measured using the in-
dentation method is plotted in Fig. 8 as a function of
the dopant content. The fracture toughness value is ob-
served to decrease monotonically as the dopant content
is increased, even though 10GDC and 10SDC give ap-
proximately the same fracture toughness value as that
of the pure ceria. After the indentation tests, the spec-
imen were thermally etched at 1400°C to reveal the
grain boundaries at surface. The lengths of transgranu-
lar fractures were measured along the four radial cracks
induced by the indentation for each specimen. The to-
tal length of the transgranular fractures were divided by
the entire length of the indentation cracks to determine
the ratio of transgranular fracture for each specimen.
Fig. 9 shows the ratio of transgranular fracture deter-
mined from the indentation tests. It can be seen that the
transgranular fracture ratio in the doped ceria ceramics
increases with the increasing dopant content, reflecting
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Figure 8 Fracture toughness K. of (CeO,);_,(RO; 5), as a function of
the dopant content.
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Figure 9 Transgranular fracture ratio of (CeO3)1—x (RO 5)y as a func-
tion of the dopant content.

probably the reduced grain strength due to the increased
concentration of oxygen vacancies.

The above-mentioned experimental results suggest
that the change in the mechanical properties should be
taken into account in the use of the ceria-based ceramics
for solid oxide fuel cells, in addition to the improvement
of oxygen ion conductivity.

4. Conclusions
The main results obtained from this study can be sum-
marized as follows:

1. The grain size of the doped ceria ceramics was
shown to initially decrease as the increasing dopant
content and then increase with the further addition of
the dopant. A minimum value grain size was produced
at the dopant content of approximately 10-20 mol%,
regardless of the dopant type.

2. The Young’s modulus and fracture stress of the
doped ceria ceramics determined by a small punch test-
ing method were lower than that of a pure ceria within
the range of the dopant content used in this study.
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Especially, the mechanical properties gave a minimum
value at the dopant content of 10-20 mol%, possibly
to due the increased oxygen ion vacancies in the doped
ceria ceramics.

The fracture toughness value obtained by Vickers
indentation method was observed to decrease mono-
tonically as the dopant content is increased.

3. The transgranular fracture ratio in the doped ceria
ceramics increased with the increasing dopant content,
reflecting probably the reduced grain strength due to
the increased concentration of oxygen vacancies.
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