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Abstract

Mixtures of CeO, and Fe,O3 with Fe/Ce atomic ratios ranging from 0 to 0.2 were prepared by the conventional mixed-oxide
technique. Small amount of Fe doping (Fe/Ce<1%) significantly promotes the densification and grain growth of CeO, ceramic.
The results from the dilatometric measurement and SEM (scanning electronic microscopy) observation reveal that 0.5% Fe doping
reduces the sintering temperatures by at least 200°C. For the samples with a large amount of Fe,O3 (Fe/Ce>1%), however, above
1400°C the densification behavior deteriorates remarkably; the density decreases with increasing sintering temperatures due to
appearance of a lot of microcracks along grain boundaries. The so-called pining effect of second phase starts to take effect in the
samples with Fe content greater than 5%. Fe,O5 grains grow more quickly at a lower sintering temperature (< 1050°C), compared
with those of CeO,. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceramic matrix composites have been made tradition-
ally to improve micromechanics and mechanical beha-
vior of some structural ceramics, such as Al,O3, SiC and
SizN, and so on.! In the last 20 years, however, compo-
site electroceramics have been extensively investigated
and have found a wide application as resistors, sensors
and transducers. Many properties of a two-phase mix-
ture can be easily tailored by simply adjusting mixing
ratios and microstructure. For example, hot pressed
cristobalite-silicon carbide composite? and ZnO-NiO
mixtures®* exhibit a positive temperature coefficient of
resistivity, while the single phase of these materials dis-
plays a negative temperature coefficient of resistivity.
Park et al.” studied yttria stabilized zirconia (ionic)-NiO
(electronic) mixtures, which are potential electrode
materials for solid oxide fuel cells. They measured the
electrical conductivity and electronic transference num-
ber of the mixture, and observed, with increasing NiO
content a successive transition of conduction mechanism
from ionic to mixed, and finally to electronic. More

* Corresponding author. Tel.: +65-790-4614; fax: +65-793-5279.
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recently, Kim et al.® reported the electrical properties of
the composite of 8 mol% Y,Oj; stabilized zirconia (8%
YSZ) and Mn»O;. This composite is a mixed ionic-elec-
tronic conductor, which has the potential uses as elec-
trodes, electrocatalytic reactors and gas separation
membrances. The entire composition range in the 8%
YSZ-Mn,0; system was divided into three regions
based on activation energy and transference number.

In the present work, we focus on only the sintering
and grain growth of the CeO,—Fe,O3 system (0<Fe/
Ce<20%). A serial study on the electrical properties of
this system is under way. Cerium (IV) oxide (CeO») is a
very useful base material as catalyst supports, ion con-
ductors and gas sensors. It is well known, however, that
ceria based materials are difficult to densify below
1500°C.78 In order to reduce the sintering temperatures,
much attention has been paid to preparation of ultrafine
CeO, powders by chemical and physical methods.”~!?
For the large-scale industrial application, however, it is
useful to improve the sinterability of commercial CeO,
powder by using sintering promoters.

Iron (III) oxide (Fe>O5) has two modifications, i.e. the
v-type with spinel structure and the a-type with corundum
structure. We chose a-Fe,Oj as the electronic component
for the mixed conducting composites, because a-Fe,Oj is
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stable over a wide range of temperatures, and may pro-
mote densification of CeO, ceramic due to the effect of
severely undersized dopants.!> Moreover, from the per-
iodic properties of elements, Fe element is a neighbor of
Mn and Ni, and a-Fe>O; exhibits good gas-sensing and
catalystical properties.

Based on the literature reports, we know that the
solubility of Fe3* into CeO, is small (less than 1.0%
atomic ratio) in the range of room temperature to 1500°C.
For clarity, our experimental results are reported by two
subsections: one for the samples with Fe/Ce atomic
ratios less than 1% (which can be treated as the single
phase); the other for the samples with Fe/Ce atomic ratios
ranging from 1 to 20% (which can be treated as a two-
phase composite).

14,15

2. Experimental procedure
2.1. Preparation of samples

Fe-doped CeO, powders with atomic ratios of Fe/Ce
ranging from 0 to 20% were prepared by the conven-
tional mixed-oxide method from CeO; (>99.9% of pur-
ity) and Fe,O3 (>99.0% of purity). Both oxide powders
have approximately the same average particle size of
~0.4 um according to SEM observation and were dried
at 150°C for 12 h before weighing. The powders were
ground in ethanol by ball-milling using polypropylene
jars with yttria-stabilized zirconia balls for over 24 h.
After drying, the samples were pressed at ~50 MPa into
pellets using a stainless steel die with 10 mm in diameter.
Green densities are ~60% of theoretical.

2.2. Sintering experiment

The samples were heated up to a desired temperature in
a furnace in air at a heating rate of 15 K/min and then held
at this temperature for 1-5 h. The samples were naturally
cooled to room temperature. Some sintering studies were
performed in a vertical dilatometer (Model: Setsys 16/18,
Setaram, France) in air with a constant heating rate
(CHR). The dilatometer allowed continuous monitoring
of the axial shrinkage. During the CHR experiments, the
sample was heated at a constant rate of 10 K/min to the
desired temperature and then cooled to room temperature.

The isotropic shrinkage of the sample was confirmed
by measuring the radial and axial shrinkage. The time-
dependent density, p, therefore, was calculated from the
following equation:'®

3
p= (%) o )

where Ly¢ is the final length of the sample, L, is the time-
dependent length equal to the value of (Ly—AL,) (Lo is

the original length of the sample and AL, is the dis-
placement of the sample at a certain time, ¢) and pyis the
final density obtained from the mass and dimension of
the sample.

2.3. characterization of samples

The phase identification of samples was performed
using X-ray diffraction (XRD) (Model: XRD-600, Shi-
madzu, Kyoto, Japan) with Cuk, radiation. Densities of
sintered pellets were measured using both the Archimede
method with water and calculation from the mass and
the dimensions of the samples. It was found that both
methods gave almost the same value. Microstructures of
the samples, i.e. fracture surface or/and well-polished
surface after thermal etching, was observed using scan-
ning electron microscopy (SEM) (Model: JSM-5410.
Oxford, UK). The distribution of iron element was
detected using energy dispersive X-ray analysis spectro-
scopy (EDS). Grain sizes were measured from SEM
micrographs of the etched samples by the linear intercept
technique described by Mendelson.!” The average crys-
tallite size, D, was obtained as follows: D=1.56 L,
where L is the average grain-boundary intercept length
of a series of random lines on the SEM micrographs.

3. Results and discussion

3.1. CeO; doped with a small amount of Fe;O3 (0< Fe/
Ce <1%)

Due to the isotropic shrinkage of samples, the relative
density (R.D.) as a function of temperature for different
Fe contents can be calculated according to Eq. (1) and is
shown in Fig. 1. The sintering curves for CeO, doped
with more than 0.5% Fe nearly identical to that of 0.5%
Fe-doped sample, for clarity, were omitted. In the tem-
perature range used (i.e. room temperature to 1550°C),
the density of pure CeO, increases with increasing tem-
perature. Pure CeO; has only about 92% R.D. at 1550°C.
This sintering behavior is very similar to the results
reported by Zhou.'® However, upon adding Fe,O; into
CeO,, the sintering behavior changes greatly. The sam-
ple with 0.5% Fe doping has ~92% R.D. at ~1280°C,
and reaches almost full densification (>99.0% R.D.) at
1400°C.

Fig. 2 shows densification rate (1/p) (dp/dt), as a
function of temperature for the samples with different
Fe contents. It is observed that with an increase in Fe
content there is an obvious decrease in the temperature
of maximum densification rate (Tyay). For example,
Tmax changes from 1430°C for pure CeO, to 1225°C for
0.5% Fe doping. The difference in the values of Thjax
for both samples is more than 200°C. The result sug-
gests that Fe doping reduces the sintering temperatures
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Fig. 1. Relative density vs temperature for (a) pure CeO,, (b) 0.25%
and (c) 0.5% Fe-doped CeO, at a heating rate of 10 K/min.
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Fig. 2. Densification rate against sintering temperature for (a) pure
CeO,, (b) 0.25% and (c) 0.5% Fe-doped CeO,.

dramatically. This reduction in the value of Ty.x takes
place mainly in the samples with Fe content ranging
from 0 to 0.5%. No significant shift of Ty, towards
lower temperature region can be observed in Fe content
range greater than 0.5%. For clarity, only three curves
of pure CeO,, 0.25 and 0.5% Fe doping are shown in
Fig. 2. It can be seen from this figure, on the other hand,
that the densification rate increases significantly with Fe
doping.

Selected microstructures of undoped, 0.5, and 1% Fe-
doped CeO, sintered at 1300°C and 1500°C for 1 h are
shown in Fig. 3(a)—(f), respectively. As shown in Fig. 3 (a),
undoped CeO; ceramic sintered at 1300°C for 1 h is very

porous (~82% R.D.), the grain size is ~0.6 um, which is
slightly larger than that of raw powder (~0.4 pm).
However, the sample with 0.5% Fe doping sintered at the
same conditions has a bigger crystallite size (~6.4 um
and reaches over 99.0% of relative density [Fig. 3(c)].
Moreover, it can be seen that 0.5% Fe-doped sample
sintered at 1300°C [Fig. 3(c)] is much denser and exhi-
bits a bigger grain size than that of pure CeO, sintered
at 1500°C [Fig. 3(b)]. This result confirms that a small
amount of Fe doping reduces the sintering temperatures
by at least 200°C, which is in good agreement with that
obtained from the dilatometer measurement. The darker
grains shown in Fig. 3(c) and (e) by arrows are Fe,O5 as
confirmed by EDS analysis.

Fig. 4(a) and (b) shows the effect of sintering tem-
peratures on density and grain size for the samples with
Fe/Ce=0, 0.5 and 1% sintered at 900-1670°C for 1 h,
respectively. The curves of relative density versus tem-
perature below 1400°C for 0.5 and 1% Fe-doped samples
show almost the same change trend [Fig. 4(a)]. In the
temperature ranging from 1400 to 1670°C, the density of
0.5% Fe-doped sample shows a slight increase up to
1670°C, while that of 1% Fe-doped sample decreases
from ~99.2% R.D. at 1400°C to ~90% R.D. at 1670°C.
By examining the microstructure of 1% Fe-doped sam-
ples sintered above 1400°C as shown in Fig. 3(f), it is easy
to understand that this decrease in density is due to the
appearance of lots of microcracks along grain boundary,
which leads to an expansion of the samples, thus gives a
lower relative density. This phenomenon becomes severe
with increasing both Fe/Ce atomic ratios and sintering
temperatures. The density of pure CeO, increases as the
sintering temperature increases, it reaches ~98.7% R.D.
at 1670°C. From the morphology of fracture surface for
undoped and 0.5% Fe-doped samples sintered at 1670°C
for 1 h, we can find microcracks along grain boundary and
holes in triple point junctions for pure CeO, ceramic,
while none of these flaws can be found in 0.5% Fe-
doped sample. These flaws lead to a slow densification
of pure CeO, during final-stage sintering. It is observed
from Fig. 4(b), on the other hand, that 0.5 and 1% Fe-
doped samples have almost the same grain growth
trend; a rapid grain growth starts above 1300°C, which
corresponds to over 99.0% R.D. (~6.3 pm in grain
size). It means that the densification is almost complete
below 1300°C for both doped samples. Further increase
in temperatures leads to only grain growth. For exam-
ple, the grain size increases from ~6.3 um at 1300°C for
both to ~68.6 um for 0.5% Fe doping and ~78.2 um for
1% Fe doping at 1670°C. In addition, it seems that the
microcracks along grain boundary in 1% Fe-doped
sample have no effect on the grain growth.

Pure CeO, exhibits a rapid grain growth above 1500°C,
in which it has ~95% R.D. (3.9 um in grain size). Unlike
the densification behavior of Fe-doped samples in the
1300 to 1670°C region as shown in Fig. 4(a) and (b),
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Fig. 3. SEM micrographs of undoped, 0.5 and 1% Fe-doped CeO, sintered at 1300 and 1500°C for 1 h, respectively: [1300°C: (a) pure CeO,, (c)
0.5% Fe doping, (e) 1% Fe doping; and 1500°C: (b) pure CeO,, (d) 0.5% Fe doping, (f) 1% Fe doping].

both the grain size and density of pure CeO, keep
increasing as the temperature increases from 1500 to
1670°C. Moreover, the grain size of pure CeO, sintered
at 1670°C is ~30 um. This is just half the grain size of
Fe-doped samples sintered at the same condition. Such
these big differences between pure CeO, and Fe-doped
CeO, are due to two main reasons:

1. The early-stage sintering mechanisms for doped and
undoped samples are completely different. In our
another report,’” we confirmed that pure CeO,
exhibited volume diffusion-controlled sintering,
which dominated the densification up to 78% R.D.,
while 0.5% Fe-doped sample exhibited viscous flow,
which dominated the densification up to 87% R.D.
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Fig. 4. Effect of sintering temperature on (a) relative density and (b) grain size of the samples doped with (@) 0, (O) 0.5 and (x) 1% Fe.

Furthermore, the sintering temperatures to achieve
the above-mentioned densities, i.e. 78% and 87%
R.D., were 1430°C for pure CeO, and 1225°C for
0.5% Fe-doped sample, respectively. A rapid densi-
fication rate of Fe-doped sample in the lower tem-
perature range increases the contact area of particles
in a compact, which will promote the diffusivity rate
of matrix and thus enhances the grain growth.

2. The size (0.67 A) of Fe3* ion is severely undersized,
compared with that (0.97 A) of Ce*" ion. Based on
the report by Chen and Chen,!* Fe** ions have a
tendency to enhance grain boundary mobility,
probably due to the large distortion of the sur-
rounding lattice that facilitates defect migration.

3.2. CeO;, mixed with a large amount of Fe;O3 (1< Fe/
Ce <20%)

The results from XRD analysis indicate that under
the present experimental conditions no binary com-
pounds, such as FeCe,O4 and FeCeOs3, can be formed in
the CeO,—Fe,03 system. As stated before, the samples
with Fe/Ce>1% can be treated as a two-phase compo-
site due to the solubility of small amount of Fe3*' in
CeO, crystallites. In addition, the densification behavior
deteriorates remarkably for the samples with Fe/
Ce>1% sintered above 1400°C. In this section, there-
fore, we concentrate on only the sintering behavior of
the samples sintered below 1400°C. Fig. 5 shows SEM
micrographs of the samples with Fe/Ce=3 and 15%
sintered at 1350°C for 5 h. Compared with micrographs of
the samples doped with Fe/Ce <1% as shown in Fig. 3(a)
and (e), we can see that the number and size of Fe,O3
grains increase with increasing Fe content. For the sam-
ples with Fe/Ce>10%, most of Fe,O;3 grains grow more
rapidly than those of CeO, as shown in Fig. 5(b).
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Fig. 5. SEM micrographs of the samples with (a) Fe/Ce=3 and (b)
15% sintered at 1350°C for 5 h (dark grains are o-Fe,O3).

In order to clarify the densification of the two-phase
composites, i.e. CeO, and Fe,O;, we studied the grain
growth and microstructure of the samples with Fe/
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Ce=3 and 15% sintered at 1050-1350°C. Fig. 6 shows
the effect of sintering temperature on the grain sizes of
Fe,05 and CeO, in the sample with Fe/Ce=15%. The
average grain sizes for both constituents keep increasing
simultaneously. However, at 1050°C «-Fe,O3 has a big-
ger grain size (> 1 um) than that (~0.4 um) of CeO,. It
means that Fe,O3 grains grow fast even at a lower sin-
tering temperature, which is closely connected with the
nature of Fe,O3. Bonnet et al.?° studied the sintering of
the SnO,—CuO system, and observed that the diffusion of
copper ions on SnO, grains occurred during the previous
calcination treatment at 400°C. Gouvea et al.?!
observed the segregation of MnO, on SnO, grains dur-
ing the sintering of MnO,-doped SnO,. From the peri-
odical properties of elements, Fe element should have
similar property to that of the above-mentioned two
elements (i.e. Mn and Cu). It is reasonable to assume,
therefore, that Fe ions are easy to be dispersed onto
CeO, grains at a lower sintering temperature (e.g.
~500-700°C); at a slightly higher sintering temperature
which is far less than 1050°C, Fe?** ions will nucleate
and grow into bigger grains because well-dispersed
Fe?" ions on CeO, grains have an easy mass transpor-
tation channel (i.e. along grain boundary of CeO,). This
may be used to explain why Fe,O3 grains grow fast at a
lower sintering temperature, although further study is
still needed. The effect of Fe content on CeO, grain
growth was also investigated in this study, and this is
presented bellow. In addition, it seems that Fe,O5 dis-
tribution in Fig. 5(b) is very inhomogenous. As a mater
of fact, it is due to this micrograph with a large magni-
fication. By observing the micrographs with a small
magnification as shown in Fig. 7, we can see that the
distribution of Fe,O5 grains in CeO, matrix is random
and homogenous.

Grain size (um)
N w H w
1 1 1 1

-
1

0 T T T
1000 1100 1200 1300 1400

Sintering temperature (°C)

Fig. 6. The variation of grain sizes vs sintering temperature for the
sample with Fe/Ce=15% (@ a-Fe,O3 and O CeO,).

Fig. 7. SEM micrographs of the sample with Fe/Ce=15% sintered for
S hat (a) 1050°C and (b) 1350°C (dark grains are o-Fe,0;).

The variation in sintered densities (at 1050 and
1350°C) of the samples exhibits the similar trend. The
sintered densities increases rapidly upon the addition of
Fe,0;, and reach a maximum at ~0.5% Fe doping, then
decreases with increasing Fe content. It seems that a
higher Fe content decreases the density of the samples.
We should note, however, that the samples with Fe/
Ce>1% can be treated as a two-phase composite. So the
theoretical density of samples should change with the
compositions due to the difference in both theoretical
densities. For this case, the relative density of samples
with different Fe contents can not be calculated using the
theoretical density of pure CeO, for reference. The theo-
retical density for each composition can be calculated as
follows:

0s = pcVe+ pEVE (@)
and
Ve+ V=1 3)

where ps, p. and pg are the theoretical densities of sam-
ples, CeO, and Fe,Os;, respectively, V. and Vg are the
volume fractions of CeO, and Fe,O;. Supposing the
solubility of Fe into CeO, is ~0.5% below 1350°C,
which is reasonable based on XRD measurement and
SEM observation.!*!> According to formula (2), we
obtain the theoretical density (ps) for each composition.
The relative density for each composition can be calcu-
lated using ps for reference and is shown in Fig. 8. This
figure clearly shows that the relative density keeps
almost unchanged as Fe content increases in the range
of 1-20%, for both the sintering temperatures. It means
that below 1400°C, the densification of the samples with
a large amount of Fe,O3 does not deteriorate.

The influence of Fe content on grain size at 1350°C is
shown in Fig. 9. A rapid increase in grain size occurs in
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Fig. 9. Dependence of Fe/Ce atomic ratio (%) on grain size of sam-
ples sintered at 1350°C for 5 h in air.

the range of 0-0.5% Fe doping level. The grain size has
then little change up to Fe/Ce=15%. Subsequently a
rapid decrease in grain size takes place in the 5-7% Fe
content region, finally, grain size becomes smaller and
smaller with increasing Fe content. As above-mentioned,
the samples with Fe/Ce > 1% are a two-phase composite.
In a two-phase ceramic, second-phase particles have
been used to inhibit grain growth and produce a fine-
grain composite. Various studies have shown the grain
growth of both phases in the zirconia-alumina system is
significantly reduced.?>?? The existing models?*~2¢ for
explaining the pinning effect of second phase (B) on
matrix phase (o) have been built up, supposing the grain
size of second phase () kept unchanged, to study the
grain growth of matrix. For example, Smith and

Zener?* predicted that a pinned growth state occurs at
D/r < 1/f, where D is the diameter of the matrix grain, r
is the radius of the pining particles and f is the volume
fraction of pinning particles present.

No grain growth of second-phase particle coarsening
models, however, has been set up to study a simulta-
neously coarsening of o and B phases. In our case, grain
size of matrix (CeO,) and pinning phase (Fe,O3) grows
simultaneously, i.e. small D/r ratios. The increase in
both the number and size of Fe,O3 grains do not affect
the grain growth of CeO, in Fe content range of 1-5%.
So-called pinning effect of second phase starts to take
effect in the samples with Fe/Ce> 5%. At the present
stage, a detailed explanation on this situation is not
available.

4. Conclusions

A small amount of Fe doping significantly promotes
the densification and grain growth of CeO, ceramic.
0.5% Fe-doped CeO, sintered at 1300°C for less than 1
h has ~99.2% R.D. (~6.4 um in grain size), while
undoped CeO, sintered under the same conditions has
~82.6% R.D. (~0.6 pm in grain size). The samples with
Fe/Ce < 1% exhibit a rapid grain growth above 1300°C.
For pure CeO,, however, a rapid grain growth occurs
above 1500°C. It is assumed that different early-stage
sintering mechanisms and the effect of severely undersized
dopants are responsible for such these big differences in
undoped and Fe-doped CeO,.

Although so-called pining effect of second phase
starts to take effect in the samples with Fe/Ce > 5%, the
densification of the samples with Fe content ranging
from 1 to 20% does not deteriorate when the sintering
temperature is less than 1400°C. For the samples with
Fe/Ce>1%, above 1400°C the densification behavior
deteriorates remarkably; the density decreases with
increasing sintering temperatures due to the appearance
of lots of microcracks along grain boundaries.
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