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The sintering and resulting microstructure of nano-grained CeO2 ceramics were investigated as functions
of the spark plasma sintering (SPS) parameters. Ceria powders could be sintered to a relative density over
97% with a grain size of about 30 nm. The applied uniaxial pressure during sintering had a significant
effect on densification. The combination of high pressure and fast heating rate produces a marked reduc-
tion in the sintering temperature to densify CeO2 with very limited grain growth. Heating rate and hold-
ing time, however, had insignificant effect on density but a measurable effect on grain size.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

In contrast to zirconia, ceria (CeO2) is stable in the cubic fluorite
structure from room temperature to its melting point (�2750 K). It
is an important ceramic for various applications such as electrolyte
in solid oxide fuel cells (SOFC) [1], oxygen sensor material [2], cat-
alytic support [3], and as oxygen storage capacity material in auto-
mobile exhaust systems [4]. It has also been investigated as
surrogate material for plutonium oxide in mixed oxide (MOX) fuels
since its properties are similar to those of PuO2 [5,6]. Also, its use as
a surrogate has the advantages of well-established synthesis meth-
ods, good resistance to radiation damage, and compatibility with
reactant coolant [7].

The sintering of pure and doped CeO2 has been investigated on
powders synthesized by various methods. Chen and Chen [8] pre-
pared ceria by a precipitation method and showed that the pow-
ders could be sintered to near full density at 1250 �C in 6 min.
No information on the grain size was reported, but an estimate
of the size could be made from the micrograph provided in this pa-
per as roughly 1 lm. Using an electrochemical method of prepara-
tion, Zhou et al. [9] synthesized powders with an average grain size
in the range 10–14 nm. Samples having a density of 99.8% and
grain size of 0.35 lm were obtained by sintering at 1300 �C for
2 h. Undoped ceria was also prepared by a polymeric organic
complex method with the smallest grain size being in the range
8–12 nm [10]. The sintering temperature and the density and grain
size of samples made by variations in this method depended on the
degree of agglomeration of the powders. Powders with low
ll rights reserved.
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agglomeration could be sintered at 1250 �C for 10 h to produce
samples with a density of P98% and an unspecified sub-microme-
ter grain size. Higher temperatures are required to densify powders
with a higher degree of agglomeration [10].

In the most recent study on the sintering nanometric ceria pow-
ders, Kinemuchi and Watari [11] showed a dependence of the final
density on the green density of the samples. But the density of
their consolidated samples did not exceed about 90%, regardless
of the initial green density. These authors also reported a bimodal
shrinkage behavior for nanopowders, in agreement with prior
observations by Zhou and Rahaman [12] and Ozawa [13]. In the
former it was concluded that ceria released oxygen above
1200 �C and in the latter it was reported that two temperature
ranges exist for this phenomenon, 700–800 �C and >1600 �C. In
both studies, it was concluded that sintering is enhanced by the
loss of oxygen, i.e., by

CeO2 ¼ CeO2�x þ ðx=2ÞO2 ð1Þ

xOo ¼ xV��o þ 2xeþ ðx=2ÞO2 ð2Þ

where the Kröger–Vink symbols V��o and Oo represent a doubly
charged oxygen vacancy, and oxygen on its sublattice, respectively.

In Ozawa’s work [13], the occurrence of a higher shrinkage rate
concomitantly with the loss of oxygen at low temperatures (700–
800 �C) was observed only in the sintering of nanometric powders.
Observation similar to that of Ozawa has been reported when ceria
is used in catalysis [14], two peaks of oxygen release were re-
ported, at 500 and 750 �C, and were attributed to reduction of sur-
face and bulk oxide, respectively. Kinemuchi and Watari reached
the same conclusion, except that the reduction at these two loca-
tions takes place at different temperatures, depending on the green
density of the nanopowder sample. It was suggested that oxygen
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vacancies resulting from the loss of O2 enhance grain boundary dif-
fusion and hence densification.

In all of the studies referred to above, sintering was carried out
by conventional methods and the samples needed to be heated to a
minimum temperature of 1000 �C to achieve high densities (>95%).
At this and higher sintering temperatures, the samples exhibited
considerable grain growth with the smallest grain size being in
the sub-micrometer range (0.35 lm) [9]. Generally similar results
were obtained with yttria-, and gadolinia-doped ceria when con-
ventional sintering methods were used [15,16]. In a more recent
study, Mori et al. [17] investigated the sintering of dysprosia-
doped ceria by conventional and spark plasma sintering (SPS)
methods and found that a combination of these two methods gave
the best results: 95+% dense samples with a grain size of <300 nm
were obtained.

In contrast, Anselmi-Tamburini et al. [18], using a high pressure
modification of the SPS method and starting with nanopowders
(�8 nm), were successful in sintering pure and samaria-doped cer-
ia to densities of >98% and with grain sizes of about 12 and 17 nm,
respectively. In this work we investigate systematically the sinter-
ing of pure ceria as a function of the SPS parameters of tempera-
ture, pressure, heating rate, and dwell time.
Fig. 2. Schematic of a double-acting die for high-pressure sintering in the SPS.
2. Experimental materials and methods

The spark plasma sintering method has been used extensively
in the past few years because of demonstrated advantages over
conventional sintering methods. A detailed description of the
method and examples of recent investigations utilizing it are given
in a recent review [19]. We utilized this method in the present
study using a Sumitomo Coal Mining Co., Model 2050 SPS appara-
tus. A schematic of the apparatus is shown in Fig. 1. We utilized a
pulsing pattern of 12-2, i.e., 12 pulses on and 2 pulses off. Each
pulse has a duration of 3.3 ms. In order to apply very high pres-
sures, we developed a double-acting die, a schematic diagram of
which is shown in Fig. 2. With this device we can routinely achieve
pressures from 400 to 700 MPa and up to 1 GPa on a sample 5 mm
in diameter and around 1.5 mm thick, while maintaining the abil-
ity of fast heating rates. The device is composed of an external
Fig. 1. Schematic diagram of the spark plasma sintering (SPS) apparatus.
graphite die, very similar in shape to a traditional SPS die. Two pro-
tective discs of pure, fully-dense tungsten carbide are placed at the
end of each plunger. The low-pressure (outer) section of the die
was made out of high-density graphite, while the high pressure
(inner) section was made out of silicon carbide and tungsten car-
bide. Temperatures were measured using a shielded K-type ther-
mocouple inserted in the lateral wall of the external die. The
actual sample temperature was determined through a calibration.
The calibration involved placing a second thermocouple in the cen-
ter of the samples and establishing a calibration curve that covers
the ranges of temperature and pressure used in this study.

High purity commercial nano-sized CeO2 (Aldrich Chemical Co.,
99.9% pure) was used as the starting materials. The particle size of
Fig. 3. TEM image of commercial nano-CeO2 powder.



Table 1
SPS conditions, relative density, and grain size of sintered CeO2.

Material Starting powder
grain size (nm)

Temperature
range (�C)

Pressure range
(MPa)

Heating rate
range (�C min�1)

Holding time
range (min)

Relative
density (%)

Grain size (nm)

CeO2 25 650–700 500 130 5 �97 28–54
650–700 400–700 130 5 93–98 40–63
780 400 78–330 2 �98 88–113
780 400 130 0–10 �98 104–263
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this powder is about 25 nm as can be seen by the TEM image of
Fig. 3. About 0.15 g of powders were poured into a double stage
die, and pressed under a pressure of 150 MPa before heating. The
sintering process was investigated as a function of temperature,
pressure, heating rate, and holding time. The sintering temperature
was in the range 650–780 �C and the applied pressure ranged from
Fig. 4. Temperature dependence of relative density and grain size of CeO2 at
constant pressure (500 MPa), heating rate (130 �C min�1), and holding time (5 min).

Fig. 5. SEM images of fracture surfaces of CeO2 sintered at different temperatures: (a) 6
time: 5 min).
400 to 700 MPa. The temperature was increased linearly using
heating rates ranging from 90 to 330 �C min�1. The pressure was
rapidly increased to its final value before reaching the final sinter-
ing temperature. The holding time was varied from 0 to 10 min. Ta-
ble 1 shows the SPS parameters, relative density, and grain size of
the sintered samples.

The density of the sintered samples was determined by the
Archimedes method. The grain size in sintered samples was deter-
mined from SEM observations on fracture surfaces (Philips FEI XL-
30). The grain size was determined from at least 100 grains using
the software AnalySIS (Soft Imaging System Corp., Lakewood,
CO). X-ray diffraction (XRD) was used to identify the phases and
to also calculate the grain size by the Williamson–Hall method
[20]. XRD was performed using Scintag XDS 2000 X-ray powder
diffractometer.

3. Results and discussion

The effect of sintering temperature on the relative density and
grain size of ceria is shown in Fig. 4. The samples were sintered
at the indicated temperatures for 5 min under a uniaxial pressure
of 500 MPa. The heating rate was 130 �C min�1 for all cases. For
all samples, the density was high, exceeding 98% even for those
sintered at the lowest temperature, 650 �C. Such a high density
was not obtained in previous studies unless sintering was carried
out at much higher temperatures. In the study by Zhou and Rah-
aman, powders with an approximate grain size of 25 nm required
50, (b) 680 and (c) 700 �C (pressure: 500 MPa; heating rate: 130 �C min�1; holding
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a sintering temperature of about 1150 �C to achieve a density of
about 95% [12]. And similarly in the study by Duran et al. to
achieve a density of 98%, samples had to be sintered at 1250 �C
for 10 h [10]. As can be seen from Fig. 4, an increase in temperature
(from 650 to 700 �C) had a small effect on density. However, it had
a significant effect on grain size, which increased from about 27 to
55 nm. The grain size values plotted in Fig. 4 were determined
from measurements on SEM images of fracture surfaces of samples
sintered in this range, Fig. 5.

In the present work, the combination of fast heating rate and
high pressure produces a marked reduction in the sintering tem-
perature, as we reported in the cited earlier study on yttria-stab-
lized zirconia [18]. Faster heating rates have been shown to
enhance densification by by-passing the non-densifying mecha-
Fig. 6. XRD patterns of CeO2 samples sintered at different temperatures (pressure:
500 MPa; heating rate: 130 �C min�1; holding time: 5 min). Numbers indicate grain
sizes calculated from line-broadening.

Fig. 7. Effect of pressure on relative density and grain size of CeO2 sintered at
constant temperature (680 �C), heating rate (130 �C min�1), and holding time
(5 min): (a) relative density and (b) grain size.

Fig. 8. SEM images of fracture surfaces of CeO2 sintered at 680 �C under different pressures: (a) 400, (b) 500, (c) 600, and (d) 700 MPa (heating rate: 130 �C min�1; holding
time: 5 min).
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nism of surface diffusion and by creating an additional driving
force due to large thermal gradients [21]. When powders are sin-
tered under a high applied pressure, greater densification is
achieved at a constant temperature. There are numerous examples
based on the use of hot-pressing investigations [22]. The pressure
has a mechanical role as well as an intrinsic role. Mechanically the
pressure has a direct effect on particle re-arrangement and the
destruction of agglomerates, particularly in the case of nanometric
powders.

The grain size was also calculated from XRD patterns shown in
Fig. 6, using the Williamson–Hall method [20]. The calculated val-
ues are indicated on the patterns of the figure. These values, rang-
ing from about 25 to 34 nm as the sintering temperature was
increased from 650 to 700 �C, are lower than those obtained from
SEM measurements. When compared with the grain size of the ini-
Fig. 9. Effect of heating rate on relative density and grain size of CeO2 sintered at
constant temperature (780 �C), pressure (400 MPa), and holding time (2 min).

Fig. 10. SEM images of fracture surfaces of CeO2 sintered at different heating rates: (a) 9
holding time: 2 min).
tial (unsintered) powder, these results show very limited grain
growth during the sintering to obtain high densities under the
SPS conditions.

The effect of applied pressure on the density and grain size was
investigated. Fig. 7a shows the effect on density and Fig. 7b shows
the effect on grain size at the three sintering temperatures. The rel-
ative density increased with increasing applied pressure over the
temperature range 650–700 �C, with the most significant increase
occurring between 400 and 500 MPa. These results clearly show
that the pressure has a significant effect on densification at con-
stant temperature, thus making possible the goal of achieving
smaller grain size in dense samples. Similar observations were
seen in the SPS sintering of nanopowders of yttria-stabilized zirco-
nia [18]. As indicated above, the pressure can have an extrinsic
influence (e.g., particle re-arrangement and break up of agglomer-
0, (b) 130, (c) 230, and (d) 330 �C min�1 (temperature: 780 �C; pressure: 400 MPa;

Fig. 11. The effect of holding time on relative density and grain size of CeO2

(temperature: 780 �C; pressure: 400 MPa; heating rate: 140 �C min�1).



Fig. 12. SEM images of fracture surfaces of CeO2 sintered for different holding times: (a) 0, (b) 2 (c) 5, and (d) 7 min (temperature: 780 �C; pressure: 400 MPa; heating rate:
140 �C min�1).
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ates) and it can also have an intrinsic effect, by a change in the
chemical potential and through plastic flow. The presence of
agglomerates in nanopowders is a common occurrence and has
been identified as an important cause of the difficulty in sintering
these powders to high densities at relatively low temperatures. The
nature of these agglomerates (soft or hard) is dictated by the type
of bond between grains: van der Waals in soft agglomerates and
solid necks in hard agglomerates, the latter may form during sub-
sequent processing, e.g., calcination. In a recent publication, Bala-
krishnan et al. [23] showed that agglomerates made of nano-
grains exhibit higher strength than those made of micrometric
grains. From a simulation of uniaxial compaction they demon-
strated that adhesion forces between grains are responsible for
the commonly observed difficulty in compacting nanopowders
and for the nonuniformity in microstructure in the powders prior
to consolidation.

The effect of pressure on grain size for samples sintered in the
range 650–700 �C is also shown in Fig. 7. Relatively small changes
in grain size are seen, with the size increasing by less than a factor
of two. At the highest sintering temperature (700 �C), the samples
were still nanometric with a grain size of about 70 nm. SEM
images, Fig. 8, also show no significant increase in grain size with
an increase in pressure.

The effect of heating rate on densification and grain growth for
sintering at 780 �C with zero hold time is shown in Fig. 9. As the
heating rate was increased from 90 to 330 �C min�1 the density
showed no change. Similarly, the heating rate had a relatively
small effect on grain size, decreasing it from 113 to 88 nm over
the range of heating rate investigated. The SEM images of samples
sintered at different heating rates are shown in Fig. 10. It should be
noted that, expectedly, the grain size of samples sintered at this
temperature (780 �C) is much larger than that for samples sintered
at 700 �C. Thus the heating rate has an effect on grain growth, al-
beit not large.

The work of Shen et al. [24] on alumina showed that heating
rate had little effect on the density up to a value of about
350 �C min�1 and then had a negative effect on the final density
with higher heating rates (the density decreased as the rate in-
creased up to 600 �C min�1). The grain size, however, showed a
dependence which was strongest at lower heating rates (the grain
size decrease was significant as the heating rate increased between
50 and 200 �C min�1).

Fig. 11 shows the relative density and grain size of ceria as func-
tions of holding time. All relative densities exceeded 98% for all
holding times, increasing only by a small amount as the holding
time is increased from 0 to 10 min. The behavior of grain size, how-
ever, was different, remaining constant for times of up to 2 min
(with a value of about 100 nm) then increasing significantly for
holding times up to 10 min to 260 nm. Fig. 12 shows SEM images
of fracture surfaces of sintered samples with different holding
time. As can be seen from these images, little change takes place
between 0 and 2 min and then grain size increases significantly
at longer holding times. These observations indicate that during
the first 2 min, densification took place with no grain growth; grain
growth was most evident for holding times between 5 and 10 min.
The interpretation of these results focuses on the presence of
porosity. During the initial 2 min, when the density is �99% or less,
pores act to retard grain growth, as has been observed by Marder
et al. [25] on their investigation on the sintering of nanometric
Y2O3 (18 nm) powders under SPS conditions at 1100 �C. This con-
clusion was validated by theoretical calculations on grain growth.
That isolated nanopores exist at grain boundaries has been demon-
strated by TEM observations on densified nanostructured oxides,
including cubic yttria-stablized zirconia [25–27]. When the density
increases to near theoretical value, the concentration of pores be-
comes exceedingly small and their role in grain growth retardation
becomes insignificant. At this point, grain growth becomes active,
as we believe is the reason for the increase in grain size after the 2-
min sintering time, as seen in Fig. 12.

4. Conclusions

The sintering behavior of ceria ceramics with nano-sized grains
was investigated systematically as a function of the spark plasma
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sintering (SPS) parameters of temperature, applied pressure, heat-
ing rate, and holding time. Ceria could be consolidated to a relative
density above 97% with nano-grains at a temperature as low as
650 �C under high pressure (500 MPa), high heating rate
(130 �C min�1), and short holding time (5 min). The high applied
pressure and fast heating rate promoted densification of CeO2

ceramics at much lower temperature for very short holding time
with very limited grain growth. Furthermore, the results show that
control of microstructure with a desired the grain size is possible
through proper choice of SPS parameters.
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