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Abstract

In this study, the microstructures and mechanical properties of Ca-doped CeO, affected by different sintering temperatures and various dopant
concentrations have been systematically investigated. Transmission electron microscopy (TEM) and X-ray diffraction (XRD) revealed that a
seemingly individual Ca-doped CeO, system may consist of multiple types of doped CeO, phases. X-ray photoelectron spectroscopy (XPS)
analysis demonstrated that the chemical state of the Ce element is less dependent on the sintering temperature, while increasing the sintering
temperature may cause segregation of the Ca elements to form CaO phase. Nanoindentation tests showed that Ca-doped CeO, has better fracture
toughness compared to rare-earth (RE) doped CeQ,; the relationship between the sintering temperature and the mechanical property has been

discussed.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) can provide clean and effi-
cient energy for a variety of applications, ranging from small
portable power units to large scale electricity plants.' A suc-
cessful fabrication of an SOFC demands a highly conductive
and mechanically stable electrolyte, which is the key part of an
SOFC assembly. In this aspect, doped CeO; is one of the strong
candidates, and considerable attention has been drawn on its
developing in recent years.®

Although RE-doped CeO, shows good ionic conductivity
at the intermediate temperature region, by comparison, Ca-
doped CeO, has demonstrated two major superiorities: (1) a
less environmental burden and (2) a lower production cost,
both of which are essential for the industrialization of SOFCs
in the current environment.>!0 It is noticed that, however,
the microstructural characteristics of Ca-doped CeO, with dif-
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ferent doping levels and various sintering temperatures are
poorly understood, although such knowledge is vital for the
practical design and application of electrolytes. In particular,
extensive studies on RE-doped CeO, have shown that fine
microstructures and microstructural variations (as a function
of doping level and sintering temperature) play a key role
in their conductivities.!'"!3 On the other hand, mechanical
properties of electrolytes are also important when considering
the necessarily long term service of SOFCs, which is sus-
ceptible to thermal stress and mechanical stress during the
cell operation. Because of this, various mechanical properties
have been investigated for RE-doped CeO;, such as elastic
modulus,'*!5 hardness,'®!7 and fracture toughness.l“’lﬁ‘19 In
contrast, relevant study can be barely found for Ca-doped
CeOQ.

For the aforementioned reasons, in the current study,
microstructure and mechanical properties of Ce;_,Ca,Os_,
(x=0.05, 0.1, 0.2) with various doping levels and different sin-
tering temperatures have been systematically investigated. This
Ca-doped CeO,, when developed properly, has shown com-
petitive conductivity compared to RE-doped Ce0,.”° In the
meanwhile, its ionic transference number, although not studied,
should be high enough in a wide oxygen partial pressure region
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according to the literature on RE-doped CeO,.2! All of these
suggest that it is a promising electrolyte material for SOFCs and
also justify this research.

2. Materials and methods
2.1. Materials

The powder-form precursors of Cej_xCa,Op_y (x=0.05,
0.1 and 0.2) were prepared using a co-precipitation method.*?
The powders were firstly calcined at 700 °C for 2h and then
compacted into pellets under a rubber press of ~15MPa. The
compacted pellets were subsequently sintered at five differ-
ent temperatures, i.e., 1100 °C, 1150°C, 1200 °C, 1250°C and
1300 °C, for 4 h. Accordingly, in total, 15 types of sintered pel-
lets were investigated. To simplify, we will use a shortened form
to express the sample state hereafter. For example, 5Ca-1100
refers to the sample of Ceg 95Cag 9502y sintered at 1100 °C.

The densities of the sintered pellets were measured using
the Archimedes method and all the densities were found to be
~95% of the respective theoretical density. The average grain
size was determined by counting over 500 grains for each spec-
imen via scanning electron microscopy (SEM) observations.
Polished specimens were used in the mechanical property tests.

2.2. Microstructure analyses

TEM was performed on a JEOL NM-200 (operated at
200kV). Scanning electron microscopy (SEM, Hitachi S-5000,
operated at 20 KV) and XRD (Rigaku RINT 2000HF Ultima,
Cu Ka, 40kV/40mA) were also used for the microstructure
analysis. XPS was conducted on a PHI 5700 ESCA system in a
chamber pressure of (5-8) x 10~ Torr. Argon ions were used to
sputter off layers from sample to investigate the XPS responses
from various sample depths. A monochromatic Al Ka X-ray
(1486.6 V) was used as the incident radiation. The XPS spec-
trum was recorded at a constant analyzer with a pass energy of
187.85 eV, and the high resolution analysis was conducted at a
pass energy of 29.35 eV. The softwares (PC-ACCESS and Peak-
fit V4.12) were used to analyze the recorded XPS spectra and
XRD patterns, respectively.

2.3. Mechanical property tests

Nanoindentation tests (samples ~@3 mm x 2 mm) were car-
ried out on a HYSITRON TriboIndenter® nanomechanical
testing instrument at room temperature in ambient environment.
A three-sided Berkovich indenter with an included angle of
142.3° and a tip radius of 100 nm was used. For each speci-
men, a number of indents were made at different loads ranging
from 1000 to 6000 wN. In each indentation, the indenter was lin-
early loaded to the preset maximum value within 5 s, held at the
maximum load for 10 s, and then unloaded linearly within 10s.
The reduced modulus, E,, of the tested specimen was deter-
mined using the slope of the unloading segment of the load—
displacement curve.?> The elastic modulus of the specimen,

E;,, was thus calculated using the following equation®3:

2 2

LI /A £ (1)
E, E; E
where E; = 1141 GPa and V; =0.07 were the elastic modulus and
Poisson’s ratio of the diamond indenter, respectively. The Pois-
son’s ratio of the specimen, Vi, used in this study was assumed
to be 0.3.1°

Vickers hardness tests (samples ~@10 x 3 mm) were carried
out on an HBV-30A Briviskop using a pyramid indenter at the
room temperature. For each test, a load range of 2000-3000 gf
was used and the holding time was ~20 s at the maximum load;
at least three indents were made for each specimen.?* Vickers
hardness, H, (in GPa), of the tested specimen was determined
using the following equation:

0.018F
v = 42
where F was the load in the unit of kgf and d was the average
value of the diagonal lengths.

Based on the elastic modulus (E) obtained from the nanoin-
dentation test and the Vickers hardness (H,), the fracture
toughness (Kjc) can be estimated using the equation shown
below?:

(@)

E>1/2 P

Kic = 0.016(Hv o

3)
where P was the load used in the Vickers hardness test and C
was the average radical crack length measured using SEM.

3. Results and discussion
3.1. XRD and TEM characterization

Fig. 1 presents the representative XRD patterns for Ca-doped
CeO; with different dopant concentrations and sintering temper-
atures, suggesting that the face centered cubic (FCC) structured
doped CeO; phase is dominant in these statuses; the crystal
structure of doped CeO; is confirmed by the selected area elec-
tron diffraction (SAED) patterns along the zone axes of [11 0],
[100] and [5 1 0] (refer to the inset in Fig. 1). It is noticed that
no evident microstructural variations are observable within these
differently sintered specimens. Traces of the secondary phase,
however, are detectable in the case of the 20Ca doping (e.g.,
the small diffraction peak at the 20 of 37°), whose crystal struc-
ture was determined as an FCC with a ~0.48 nm (identical to
the CaO phase) by our previous study.?® In the meanwhile, it is
found that the XRD evidence of the secondary phase is barely
observable in the dopant concentrations of 5Ca and 10Ca.

According to the XRD results, it seems that a monolithic
doped CeO; phase dominates the specimens. However, careful
analysis of the XRD patterns suggests that extra structural fea-
tures exist as well. As shown in Fig. 2, the deconvolution results
of the XRD patterns are realized within the 20 angles from
78° to 81° for several representative samples, with increasing
the dopant concentration from 5Ca to 20Ca [Fig. 2(a)—(c)] and
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Fig. 1. Representative XPD patterns for 5Ca, 10Ca and 20Ca-doped CeO5.
Inset showing in-zone TEM-SAED patterns for the FCC structured doped CeOy
phase.
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increasing the sintering temperature from 1100 °C to 1300 °C
[Fig. 2(b), (d) and (e)]. As shown in Fig. 2(a), it is inter-
esting to note that two or even more components rather than
one can be deconvoluted, which are also observable in Fig. 2
(b) and (c). Judging by the peak positions, it is noticed that
these two components (for instance) are different from the
one that responsible for the (400) plane of the CaO phase
as shown in Fig. 2(b) and (c), suggesting that they are not
contributed from CaO phase. In consequence, they should be
resulted from the Ca-doped CeO,, suggesting at least two types
of Ca-doped CeO, phases exist and they are responsible for
the appearance of these XRD signals. A highly possible rea-
son for this multiple-phase coexisting phenomenon could be the
different amounts of Ca in these Ca-doped CeO; phases, lead-
ing to various lattice parameters which are close to each other
and hardly perceptible in the low angle XRD diffraction pat-
terns. In fact, Ca-doped CeO, does show lattice variations from
~0.5407nm to ~0.5417 nm when the doping level increases
from 0% to 20%.2"-° In comparison, even higher degree of
lattice variation can be encountered in RE-doped CeO», e.g.,
from ~(0.5407-0.5411) nm to ~(0.5432-0.5440) nm for Sm-
doped Ce0,.2%30 Accordingly, it is very possible that this
multiple-phase coexisting is also realizable in the RE-doped
CeO; materials.
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Fig. 2. Deconvolution results for XRD patterns of: (a) 5Ca-1100, (b) 10Ca-1100, (c) 20Ca-1100, (d) 10Ca-1200 and (e) 10Ca-1300. Characters of (A) and (B) denote
the area fraction of the high Ca-containing and low Ca-containing doped CeO, phases. Error limits are estimated to be within +5%.
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Moreover, by comparing Fig. 2(b), (d) and (e) that for 10Ca-
doped CeO; with the increasing sintering temperatures, three
characteristics can be noticed: (1) by a rough estimation, the
area fraction of the CaO (400) signal in the total XRD sig-
nal decreases, suggesting that higher sintering temperature can
enhance the solution of the Ca element. It should be men-
tioned that, in fact, the XRD signals for the CaO phase are
rather weak in this dopant concentration and they are usually
entangled with the background, making a quantitative evalu-
ation of their area fraction unavailable; (2) the area fractions
of the high Ca-containing CeO, (peak A, corresponding to a
larger lattice parameter) and low Ca-containing CeO; (peak
B, corresponding to a smaller lattice parameter) remain stable
(vibrating around 60%), suggesting that the sintering tempera-
ture has less effects on the redistribution of the Ca element; (3)
the full-width-half-maximum (FWHM) values of the main peaks
(refer to A and B that for the doped CeO; phases) decrease,
suggesting enlarged grain size with the increasing sintering
temperatures according to the well-known Scherrer equation
that regulates the relationship between the grain size and the
FWHM value [d=0.89A/(B cos 8), where \ is the x-ray wave-
length, d is the grain size and B is the FWHM value]. The
measured average grain size via SEM observation in Fig. 3
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Fig. 3. Average grain size of the sintered pellets as a function of the sintering
temperature.

confirms this point, showing a generally increased grain size
with the increasing sintering temperature, while there is no
constant tendency observable among different dopant concen-
trations.
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Fig. 4. XPS spectra showing the sintering temperature effects on the XPS responses of the 20Ca samples: (a—c) for the O 1s signals and (d—f) for the Ce 3d signals.
The signal was acquired from the layer of ~5 nm below the raw surface. Error limits are estimated to be within £5%.
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Fig. 5. XPS spectra showing the depth effects on the XPS response from the example of 20Ca-1300: (a and b) for the O 1s signals and (c and d) for the Ce 3d signals.

Error limits are estimated to be within +5%.

3.2. XPS analysis

In our previous study, it has been quantitatively elucidated
that increasing the dopant concentration will lead to a reduction
of Ce from Ce** state towards a combination of (Ce3* + Ce**).20
In this study, the focus will be on the XPS responses that affected
by the various sintering temperatures. Fig. 4 presents the XPS
spectra with Fig. 4(a)—(c) for O 1s and Fig. 4(d)—(f) for Ce 3d
(collected from 20Ca that sintered at increasing temperatures
as the typical examples, analysis layer ~5nm below raw sur-
face). It should be mentioned that CaO exists at this dopant
concentration as a secondary phase. In subsequence, the O 1s
spectrum can be deconvoluted by three components as illus-
trated by Fig. 4(a), arising from the absorbed oxygen,3! 0>~ in
the doped ceria phase(s)13 [shortened as O~ |CeO,] and 0% in
CaO phase [shortened as 0 |CaO].26 The ratio of area fraction
between 02~ |CaO and 0%~ |CeO is also listed in Fig. 4(a)—(c).
Accordingly, it can be noted that increasing the sintering tem-
perature can significantly enlarge the area fraction of 0?~|CaO
from 9.3% to over 40.0%, suggesting that a segregation of the Ca
element (from the Ca-doped CeO, towards the CaO phase) will
be encouraged by the high temperature sintering. On the other
hand, since it is generally believed that the 1"’ peak of the Ce 3d
spectrum can qualitatively reveal the reduction degree of CeO;
or doped CeO, materials,3? the area fraction of this peak was
calculated and the results are shown in Fig. 4(d)—(f). Taking the
measurement errors into account, no obvious difference can be
found for these Ca-doped CeO» that sintered at increasing tem-
peratures, suggesting that the reduction is less dependent upon
the sintering temperature than the dopant concentration as we
determined previously.

By combining the XRD and TEM results with the XPS anal-
ysis, the following can be realized for the differently sintered

Ca-doped CeOj;: by increasing the sintering temperature, the
solution of CaO increases as a whole (based on the XRD analy-
sis); at the same time, the tendency of CaO phase’s segregation
increases. The latter, however, may only happen in the surface
or near-surface layers. In this aspect, Fig. 5 provides a detailed
illustration based on the O 1s spectra and Ce 3d spectra from
different sample layers, i.e., the original surface and the layer
~10nm below the original surface, respectively. The amount of
the absorbed oxygen (O, %), the ratio (Ratio) between 02~ |CaO
and 0%~ |CeO, and the area fraction of the u’”’ peak in the total
Ce 3d signal (Area%) are listed in these figures. Based on this, it
can be found that: (1) the ratio between O2~ |CaO and 02~ |CeO,
decreases with the depth, suggesting that the Ca element tends
to aggregate in the outside layers; (2) the original surface corre-
sponds to a higher Ce** concentration when compared to the
depth of ~10nm; (3) the original surface contains a higher
amount of absorbed oxygen, showing a decrease from ~43.2%
at the original surface to ~18.2% that for the ~10nm depth.
This also explains the higher Ce** concentration in the orig-
inal surface that benefited from a relatively oxygen-sufficient
atmosphere.>3

3.3. Mechanical properties

Fig. 6 shows the Vickers hardness of 5Ca-, 10Ca- and 20Ca-
doped CeO; as a function of the sintering temperature. Based
on this, it can be seen that the hardness is significantly affected
by the sintering temperature, with an increase in the sintering
temperature generally resulting in a decrease in the hardness
for all the three dopant concentrations. In the meanwhile, the
effect of the dopant concentration on the hardness is less evident.
Moreover, as shown in Fig. 3 that the grain size increases with
the increasing sintering temperature, the effect of the sintering
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Table 1

Mechanical properties of doped CeO, materials. Elastic modulus (GPa), fracture toughness (MPam'?) and hardness (GPa) values are listed based on the current
study and the references.'*!° The properties for Ca-doped CeO, vary with different sintering temperatures; Gd- and Sm-doped CeO; also vary in properties among

different references.

Dopant concentration Ca Gd Sm
E Kic H, E Kic H, E Kic H,
5at.% 205-256.5  2.27-3.42 6.22-9.26 170 1.3 - 170 1.3 -
10at.% 254 2.45 6.84-8.13 160 or 254.6 1.3 or 2.08 - 150 13 o0r24 -
20at.% 239 2.19 7.24-8.74 125 1 or 1.47 9.25 100 0.850r2.30r2.4 8.2
Based on the load—displacement curves recorded from the
85 ' - : fgg:fgz::dcgeoé nanoinsientation tests, the elastic moduli. of the specimens were
o0k S e C902 deterrpmed and t.he r§su1ts are plotted in Fig. 7(b) and (c) as
! z functions of the sintering temperature and the dopant concentra-
w 85F tion, respectively. Based on these, it is apparent that the average
5 [ e = elastic modulus demonstrates a tendency of slight decrease
a 80 ' \ \l with increasing the sintering temperature [Fig. 7(b)] or dopant
_g 75k 0——"‘—"’% concentration [Fig. 7(c)]. Previous studies have shown that
% ! - the lattice spacing of doped CeO; materials increases when
70F increasing sintering temperature or dopant concentration.’*3
I Consequently, the enlarged lattice spacing, which usually leads
651 . to an enlarged atomic distance then affects the modulus nega-
[ Faroncwithingt 50 tively, could be the reason for the observed decreased modulus. It
60 Y
is also noted that the elastic moduli obtained from the nanoinden-

1 ] 1 1 1
1100 1150 1200 1250 1300
Sintering temperature, Degree centigrade

Fig. 6. Vickers hardness of Ca-doped CeO; as a function of the sintering tem-
perature.

temperature on the hardness thus can be generally explained by
the well-known Hall-Petch relationship (H = Hy + kd™ 112 where
H is the hardness, Hy is a constant and d is the diameter of grain).

To specify the elastic modulus, nanoindentation was per-
formed and the relevant results are shown in Fig. 7. Fig. 7(a) is a
typical load—displacement curve obtained from the indentation
on 20Ca-1150. A small “pop-in” is observable at approximately
2500 uN in the loading process. This “pop-in” is very likely
resulted from a microfracture event associating with the loading
process, indicating that the material is brittle. Inset in Fig. 7(a)
is an in situ AFM image of the indent made at ~5000 uN. The
impression appears to be well formed and no apparent pile-up
or sink-in can be observed.

tation tests are scattering to some extent, which might be affected
by the different amounts of weak grain boundaries covered by
each nanoindentation test.

In order to compare the mechanical properties of Ca-doped
CeO, with RE-doped CeO;, the values of elastic modulus, frac-
ture toughness and hardness obtained from the current study
are listed in Table 1, together with those for Gd- and Sm-doped
CeO; as representatives for RE-doped CeO;.

In terms of the elastic modulus, one may notice that the
value for Ca-doped CeO» is higher than those for the Sm-doped
CeO; and Gd-doped CeO; in the case of 5% element doping;
it is close to the Gd-doped CeO, when the doping amount is
10%.1419 Based on the available lattice parameters for Ca-,
Gd-, and Sm-doped CeO,, 10% dopant for instance, Ca-doped
CeO, shows a lattice parameter (~0.5415nm) similar to Gd-
doped CeO, (~0.5415nm) but smaller than Sm-doped CeO,
(~0.5420 nm),?’~3036 which may favorably affect the elastic
modulus. Combined with moderate hardness, as listed in the

350 |
(a) (b) asol (c)
300} " :
I I o0 " o
1 ]
5 250 'I- -!- 'i' . 6_“ 250 F *
A L o
ui 200} . : w 200f "
Unloadi 150 150 ® 5Ca-doped CeO,
sl 5Ca-doped CeO, * 10Ca-doped CeO,
or ) X ) ) . ) | | . 100} . ) ) 100} I Znscadope? CeO, I l
<20 0 20 40 60 80 100120 140 1150 1200 1250 1300 5 10 15 20

Displacenment, nm

Sintering temperature, Degree centigrade

Dopant concentration, at.%

Fig. 7. (a) A typical load—unload curve from the nanoindentation test on 20Ca-1150. The inset shows the AFM image of the indentation, (b) elastic modulus for
5Ca-doped CeO; as a function of the sintering temperature, and (c) elastic modulus for Ca-doped CeO; as a function of the dopant concentration. Short lines in (b)

and (c) denote the average values of the data points.
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table, Ca-doped CeO; appears to be a tougher material than
RE-doped CeO;, showing a higher fracture toughness when
the doping amount is within the solution limit (Iess than 20%).
Beyond this, however, CaO will be formed in the system, which
negatively affects the toughness since CaO itself is a much less
tough material (Kjc, ~0.75 MPa m'/2) 37 In fact, these revealed
properties make the currently developed Ca-doped CeO, even
comparable to a commercialized electrolyte material, 8 at.%
Y;0s3-stabilized ZrO;, which normally shows a fracture tough-
ness around 2.71 MPam!2.'7 By way of adding trace elements
or adopting rapid sintering techniques, %383 it is possible to fur-
ther improve the mechanical performance of Ca-doped CeO;,
enhancing its chance as a cost-effective electrolyte material for
SOFCs.

4. Conclusions

The following conclusions can be made on the differently
sintered Ce;—,Ca,Oz—, (x=0.05, 0.1 and 0.2):

(1) It is found that multiple Ca-doped CeO, phases may exist
in the seemingly one single Ca-doped CeO, system; this
multiple-phase coexisting phenomenon may be also realiz-
able for other doped CeO, materials that with large lattice
deviations resulted from the element doping.

(2) The chemical state of the Ce element is less dependent on the
sintering temperature, while increasing the sintering temper-
ature may cause segregation of the Ca element in the outside
layers of the sintered Ca-doped CeO».

(3) Ca-doped CeO, demonstrates a high elastic modulus around
250 GPa and a high fracture toughness around 3.4 MPam'/2,
showing a better fracture resistance when compared to RE-
doped CeO,. Its hardness and elastic modulus decrease
slightly with the increasing sintering temperature.
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