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Abstract Nanocrystalline ceria powders were prepared
by using citrate gel combustion. The influence of the
composition of the combustion mixture on the character-
istics of the final product was investigated. Ceria powders
obtained by calcining the combustion residue in air at
1073 K were characterized for their specific surface area
(SSA), X-ray crystallite size (XCS), bulk density (BD),
particle size distribution (PSD) and residual carbon. The
dependence of these properties on the fuel to oxidant ratio
(R) of the initial mixture was investigated. The mi-
crostructure of the calcined ceria powders prepared from a
mixture with R = 0.25 was investigated by using high
resolution transmission electron microscopy. All the cal-
cined powders were pelletised and sintered at 1473, 1673
and 1873 K, and their sinterability was compared by
measuring the density of the sintered pellets. A maximum
sintered density of 98 % theoretical density could be
achieved at a temperature as low as 1473 K for the first
time for the powder prepared from a mixture with
R = 0.75. The systematic dependence of the properties of
these powders on the composition of the initial mixture is
being reported for the first time. Powders obtained from a
mixture with an R value 0.25 showed a linear increase in
sintered densities with the sintering temperature. Other
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powders exhibited anomalous decrease in the sintered
density at high temperature, probably due to irregular grain
growth coarsening.
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1 Introduction

Cerium oxide (CeO,) is an important binary oxide that
finds applications that ranging from its use as a three way
catalyst (TWC) in automobile exhaust [1], to a solid
electrolyte in solid oxide fuel cell (SOFC) [2-4]. The
oxygen non-stoichiometry exhibited by this oxide owing to
the multiple valence states of cerium renders it suitable for
gas sensing [1, 5]. Studies on this oxide are of interest to
the nuclear industry for cerium oxide could serve as a
surrogate for PuO, owing to its chemical similarity to the
latter [6, 7]. Further it is one of the important fission
products that are found in significant quantities in the
irradiated nuclear fuel.

Studies on the synthesis and sintering of ceria in general
and nanocrystalline ceria in particular are relevant to the
above applications. Many methods have been used to
prepare nanocrystalline ceria that include solution com-
bustion synthesis [1], sol-gel processing [8], hydrothermal
[9], mechanochemical [10], sonochemical [11] and co-
precipitation [12] syntheses.

Among the above mentioned methods, combustion
synthesis is a simple and cost effective method for
preparing nanocrystalline cerium oxide with desired ma-
terial properties [13—18]. This method is particularly ad-
vantageous owing to its simplicity, low cost,
reproducibility and control over the stoichiometry [13—18].
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The properties of the nanocrystalline oxide powder ob-
tained through the combustion synthesis could be tailored by
varying the composition of the combustion mixture com-
prising a fuel (usually an organic compound) and an oxidant
(metal nitrate). The fuel as well as the composition of the
starting mixture is an important parameter in the combustion
synthesis. Chandramouli et al. [19] reported that the citrate-
gel combustion proceeds through a reaction which is mod-
erate unlike the combustion involving urea. Nanocrystalline
powders of urania, thoria and solid solutions of urania and
ceria and many rare earths have been successfully synthe-
sized [7, 19-21] in our laboratory through this procedure.
The investigations reported in the references [17, 22-25]
describe the strategies adopted by different authors for ar-
riving at the optimum composition of the combustion mix-
ture. Jain et al. [26] suggested a novel thermo chemical
method for calculating the stoichiometric fuel to oxidant
ratio for an exothermic reaction.

Very recently, Banerjee and Devi [25] and Haribabu
et al. [14] have investigated the combustion synthesis of
nanocrystalline ceria by using a mixture of fuels. When
binary fuel mixtures are used usually the one with a higher
heat of combustion (glycine) and another with a lesser heat
of combustion (citric acid) are used in order to control the
exothermicity of the reaction [17, 22-25]. Hwang et al.
[15] synthesized ceria in bulk quantity through a “dry
powder” method and obtained a product with a high carbon
residue. In this method urea was used as the fuel and a
violent reaction was reported. Yuan [27] proposed the use
of an alcohothermal method in the presence of
poly(vinylpyrrolidone) as the stabilizer. This method could
not be scaled up for it is expensive and involves more
number of steps. Xu et al. [24] synthesized yttria doped
ceria by using a fuel mixture comprising citric acid and
ammonium nitrate. These authors did not attempt to opti-
mize their method. Purohit et al. [16] synthesized
nanocrystalline ceria by using glycine as the fuel. How-
ever, these authors did not carry out any investigation on
the systematic dependence of the properties of the product
on the composition of the combustion mixture.

Recently, Biswas and Bandyopadhyay [28-30] have
proposed the use of urea—formaldehyde gel combustion
method for synthesizing doped nanocrystalline ceria pow-
ders. Optical properties of these powders obtained through
the above said method were strongly influenced by the
concentration of the dopants (La’", Pr’™ and Nd>™).

Even though many authors had studied the preparation
of nanocrystalline ceria by combustion synthesis, no stud-
ies have so far been reported on either the optimized
conditions for the preparation or the sinterability of the
powders obtained. Hence, in the present investigation,
nanocrystalline ceria powders were synthesized by using
the citrate gel-combustion. The effect of the composition of
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the combustion mixture on the properties of the powder
was also studied.

2 Experimental Procedure
2.1 Starting Materials

Cerium nitrate hexahydrate of purity 99.9 % procured from
M/s. Loba Chemie Pvt. Ltd., India and citric acid of purity
99.5 % was obtained from M/s. Merck (India) Ltd, Mum-
bai, India were used in this study.

2.2 Powder Synthesis

In a typical experiment, appropriate amounts of the oxidant
(cerium(II) nitrate) and the fuel (citric acid) were weighed
and dissolved in a minimum quantity of distilled water. This
mixture was warmed on a hot plate in order to obtain a viscous
gel. The ratio of the number of moles of the fuel (F) to that of
the oxidant (O) was varied from 0.25 to 1.5 in steps of 0.25.
The powders thus synthesized were called “as prepared”
powders and these were calcined at 1073 K in air for4 hin a
furnace equipped with silicon carbide heating elements.

These samples were indexed as follows: “A” and “C”
were used to designate the “as prepared” and “calcined”
powders respectively. All these samples bore the prefix
“CC” denoting cerium oxide prepared by using citrate gel-
combustion, followed by numbers that indicated the fuel to
nitrate ratio in percentage.

2.3 Characterization of the Reactants, Powders
and Compacts

The purity of the starting materials was ascertained with the
help of chemical assay by using inductively coupled plasma
mass spectrometry (ICPMS model Elan 250 supplied by M/s.
Sciex, Toronto, Canada). The IR spectra of the reactants and
the products were recorded by using an ABB FTLA 2000
instrument. The bulk density of the “as prepared” and
“calcined” powders was estimated from the weights of a
known volume of these powders by using an electronic
balance supplied by M/s. Scaltec, GmbH, Germany. Surface
area of these powders was measured by using a Nelson—
Eggertson type continuous flow apparatus supplied by M/s.
Quantachrome Corp. Inc., USA (model: Monosorb). The
X-ray diffraction patterns of the ceria powder samples were
obtained by using an XPERT MPD X-ray diffractometer
(M/s. Philips, The Netherlands). The average crystallite size
of these powders was estimated by using the Scherrer as well
as Hall Williamson methods. The latter revealed additionally
the lattice strain in the crystallites. Standard single crystal
silicon was used in order to correct the diffractograms for
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instrumental broadening. The residual carbon present in
these powders and sintered pellets was measured by esti-
mating the amount of CO, that evolved during the oxidation
of these samples. The size distribution of particles in the
calcined powders was measured by using a particle size
analyzer supplied by Mastersizer, M/s. Malvern Instruments,
UK. The calcined ceria powders were compacted at 63 MPa
in a double action hydraulic press supplied by M/s Bemco
Hydraulics Ltd., Belgaum, India. These pellets were sintered
in air at 1473, 1673 and 1873 K for 4 h at a heating and
cooling rate of 300 Kh™'. The densities of these sintered
pellets were measured by using the liquid immersion tech-
nique, in which di-n-butyl phthalate was used as the
pycnometric liquid. Microstructural characterization of the
powders was carried out in a LIBRA 200FE (Carl Zeiss) high
resolution TEM operated at 200 kV equipped with energy
dispersive X-ray spectroscopy (EDS) analysis, scanning
transmission electron microscopy (STEM) and an in-column
energy filter. Samples for the microstructural analysis was
prepared by dispersing a few milligram of CC025C sample in
propan-2-ol followed by ultrasonication. A few drops of this
solution were dropped on a holy carbon grid.

3 Results and Discussion
3.1 Assay of Ceria

The results obtained in the chemical assay of the cerium
nitrate used in this study are given in Table 1. This indi-
cates the presence of trace levels of rare earth elements like
lanthanum, gadolinium, europium and ytterbium. Since the
concentrations of these impurities are insignificantly low,
their presence is unlikely to influence the sinterability of
the final product.

3.2 The Gel Combustion Synthesis

The aqueous solution got dehydrated upon heating fol-
lowed by frothing and finally the mass decomposed
through a self sustaining reaction yielding the “as pre-
pared” ceria powder. Since this reaction was carried out in
an open glass bowl over a hot plate, the actual mean
temperature of the reacting mass could not be reliably
measured. The ceria powders obtained in this study were
found to be granular and free-flowing. The relative pro-
portion of the oxidant to the fuel in the combustion mixture

Table 1 Chemical assay of cerium nitrate

was found to influence the combustion process as well as
the characteristics of the product.

Two types of exothermic decompositions were observed
during the combustion process, viz., one that was accom-
panied by a flame in the case of CC025A, CC050A, CCO75A,
CC100A and CCI125A and another that was flameless
(CC150A) that proceeded with smoldering. From these ex-
periments it is evident that the duration of the combustion
reaction increases with the value of R with an attendant re-
duction in the degree of exothermicity. In the mixtures with
R = 0.25, the reaction was found to be most vigorous and the
gaseous products were expelled from the reacting mass in a
sudden bout resulting in spurting that threw the powder off
the combustion bowl. The combustion reaction of both the
mixtures with R = 0.25 and 0.50 yielded a fluffy and volu-
minous product. All the other mixtures exhibited reactions
with moderate vigour and spurting.

The yellow color of these ceria powders deepened with
the value of R between 0.25 and 1.00 and remained con-
stant thereafter. The coloration was probably due to vary-
ing degrees of oxygen non-stoichiometry or due to color
centers in the product. The lattice parameters of these
powders did not evidence significant oxygen sub-
stoichiometry (Table 4; Fig. 4). Attempts were not made to
determine the valence of cerium by measuring the resultant
oxygen substoichiometry through chemical assay. How-
ever, the lattice parameters of these powders were esti-
mated from their X-ray diffractograms.

3.3 IR Spectroscopy of the Reactants and Products

The infra-red spectra of the reactants and the product
CC100A and CC100C are shown in Fig. 1. The presence of
a weak absorption minimum at 1200-1700 cm™ " in the as-
prepared powders could be attributed to the C-O stretch of
the carbonate. A similar observation was reported by
Haribabu et al. [14]. The absorption minimum at
3400-3500 cm ™" observed in the sample CC100A could be
assigned to the O—H stretch due to the residual moisture
[14]. Since CC100A and CC100C did not reveal signatures
pertaining to the reactants, it is reasonable to assume that
the combustion reaction had proceeded up to completion.

3.4 Characterization of the Powders

The characteristics of the powders obtained in this study
viz., bulk density (BD), specific surface area (SSA), X-ray

Elements Na, Al Ca, Cr, Fe, Zn

Sr, Ba La Gd, Eu, Yb

Quantity 2-8 ppm 1-5 ppm

0.1-0.5 ppm ~200 ppb ~50 ppb
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Fig. 1 IR spectra of starting materials and ceria

crystallite size (XCS) and the quantity of the residual
carbon are presented in Table 2.

3.4.1 Particle Size Distribution (PSD) and Bulk Density
(BD)

The variation in the bulk density of these powders could be
represented by expressions (1) and (2).

BDcc2sc <BDccsoc <BDcec7sc (1)

BDcci0oc =2 BDcc12sc > BDccisoc (2)

The relative distribution of sizes among particles in the
powders obtained in this study is presented in Table 3 and
the same is graphically represented in Fig. 2. The bulk
density of the “calcined” powders was found to be higher
than that of the “as prepared” powders. The bulk density of
these powders was found to increase with the value of “R”.

Table 2 Characteristics of the ceria synthesized by “gel-combustion”

The bulk density increased linearly with R, when the latter
was varied from 0.25 to 1.00. Further increase in the value
of R to 1.25 and 1.50 did not lead to any significant
increase in the bulk density.

The powders CC025C, CC0O50C and CCO75C exhibit a
bimodal distribution of particles while a trimodal distri-
bution was observed in the powders CC100C, CC125C and
CCI150C. In the first three powders with a bimodal distri-
bution, there is a progressive increase in the relative frac-
tion of the coarser fraction when the value of R is increased
from 0.25 to 0.75. The increase in the values of the bulk
density of these powders could be attributed to the in-
creased quantity of the coarser fraction. The powders
CC100C, CC125C and CC150C which exhibited a tri-
modal distribution, possessed higher bulk densities than the
first three. This could be attributed to a better packing in
these powders with multiple size fractions. Among these
powders CC100C possessed the highest bulk density as
compared to CC125C and CC150C. Quite similar to the
first three powders, the bulk density of these powders bears
a direct correlation with the relative quantity of the fraction
with a mean size greater than 100 pm. From the foregoing

Table 3 Size distribution of particles of calcined ceria powders

Sample Particle size distribution (vol%)

10 vol% of 50 vol% of 90 vol% of

sample has size sample has size sample has size

less than (pm) less than (pum) less than (pm)
CC025C 0.16 16.81 47.04
CC050C 0.17 22.49 57.28
CC075C 0.18 24.66 60.13
CC100C 0.14 22.63 84.36
CC125C 0.10 0.41 50.15
CC150C 0.15 48.66 202.95

Sample CA/NO3 F/M M/F Bulk density

Specific surface X-ray crystallite size

X-ray crystallite size Strain Residual carbon

Mg m~%) area (mz/g) by Scherrer method by HW method (nm) (x 107%) content (ppm)
(nm)
AP CP AP CP AP CP AP CP AP CP AP CP
CCO025 0.25 0.75 133 0.60 0.62 559 22.8 10 24 13 27 2.07 036 2137 759
CCO050 0.51 1.53 0.65 0.67 071 299 8.0 11 30 10 34 145 032 1625 476
CC075 0.76 228 044 075 0.77 19.6 38 13 27 19 26 191 020 1362 304
CC100 1.02 3.06 033 092 095 263 11 14 26 16 24 1.14 021 1355 626
CCl125 1.27 3.81 0.26 090 094 19.1 10.1 16 26 15 23 0.24 0.34 1148 498
CC150 1.53 459 022 090 091 179 9.8 17 26 16 26 0.26 0.11 1096 635

CA citric acid, HW Hall-Williamsom, AP “As-prepared” powder, CP calcined powder, M Ce(NO);-6H,O
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it is clear that polymodal distribution as well as a higher
quantity of the larger size fraction lead to a higher bulk
density. In general powders derived through the citrate gel-
combustion show a bimodal distribution. The lower size
fraction is due to the self attrition of the larger agglomer-
ates. The relative quantities of these two sizes depend upon
the strength of these agglomerates. The observations made
in this study are similar to those reported by Gu et al. [18]
for nanocrystalline ceria obtained by the gel combustion of
cerium containing citric acid-glycol mixture.

3.4.2 Specific Surface Area

The dependence of the SSA area of these powders on the
value of R is presented in Table 2. It shows that the SSA
decreases upon calcination. This could be due grain
coarsening during calcination with attendant pore
elimination [18]. The specific surface area bears an inverse
correlation with the value of R. The SSA of the powders
CCO025A and CCO025C are maximum compared to that of
the other products. Gu et al. [18] have obtained powders
using citric acid and mixed fuel (citric acid and glycol)
with a SSA of 37 m* g~' which is comparable to that of
powder CC025C (obtained in this study).

Purohit et al. [31] synthesized nanocrystalline ceria from
oxalate and hydroxide precursors as well as by using citrate

Particle size (Lm)

gel combustion. These authors reported a very high value
of SSA (127 m* g~ ') for the citrate gel combustion derived
ceria. This value is rather high compared to those reported
by others [32]. Further, these authors did not make any
attempt to study the systematic dependence of SSA on the
value of Chinarro et al. [32] synthesized ceria doped with
aliovalent cations (Ca, Sm, Gd, Y) by citrate gel combus-
tion. CC025C was a fluffy, fine powder, the most volu-
minous among all. During calcination, surface activated
sintering would take place leading to a decrease in the SSA
of the calcined powder. Chen et al. [17] had observed that
salt-assisted synthesis prevents the agglomeration of pow-
ders. The specific surface area reported by these authors are
significantly higher (about three times more) than the val-
ues obtained in the present work.

3.4.3 Residual Carbon

In general, the residual carbon content in the “as prepared”
powders tends to increase with the fuel content. In the
present study, the residual carbon content decreased with
an increase in R. This could be a sampling artifact. How-
ever the carbon content of the calcined powder was lower
than that of the “as-prepared” powder as expected.
Haribabu et al. [14] showed that the presence of residual
carbon in the “as prepared” powder was present in the
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Relative intensity (Arbitary units)

Fig. 3 XRD pertaining to “as-prepared” and “calcined” ceria
powders

form of carbonates, which present an IR spectrum similar
to those obtained in this study. The quantity of the carbon
residue present in the calcined powders was about
300-750 ppm.

3.4.4 Phase Identification and XCS

The X-ray diffractograms (XRD) of the “as-prepared” and
“calcined” powders are depicted in Fig. 3. The X-ray
crystallite size of the “as-prepared” samples was found to
be less than that of the corresponding calcined powders.
The crystallite size of all the calcined powders was found
to fall in the range of 20-35 nm. A comparison of these
diffractograms with the corresponding JCPDS files indi-
cated that the products obtained were fluorite CeO, pow-
ders. The size of the crystallites (“as prepared” powders)
observed in this study is considerably larger than those
reported by Purohit et al. [31]. Hwang [15] have reported
that nanocrystalline ceria with a crystallite size ranging
from 10 to 25 nm could be synthesized by a dry route.
However this product comprised a high amount of carbon
residue viz., 0.07-2.51 wt%. Yttria doped ceria synthe-
sized by Xu et al. [24] were found to have crystallites with
a size range 5-15 nm. However, the TEM analysis of this
sample revealed that the crystallite size was in the range of
5-40 nm. From the above it is evident that the powders
obtained in this study had reasonably small crystallites and
contain minimum carbon residue.

It is evident from this Table 2 that the crystallite size of
the “as prepared” ceria powders increased upon calcina-
tion. The maximum enhancement in the crystallite size was

@ Springer

Table 4 Lattice parameter of ceria powders

Sample Lattice parameter
AP (A) c CP (A) c
CC025 5.40488 0.0784 5.40412 0.0513
CC050 5.39368 0.2033 5.38908 0.1900
CCO075 5.40061 0.1078 5.40296 0.0231
CCO0100 5.40962 0.0338 5.40545 0.0149
CCO0125 5.40521 0.0472 5.4023 0.0380
CC0150 5.40341 0.0515 5.4082 0.0385
5.412 ;k
AN N occisc g
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Fig. 4 Variation in the lattice parameter with O/Ce

found for the powders CCO50A. The lattice parameters of
the calcined powders decreased with an increase in the
value of O/Ce (Table 4). However, significant oxygen
substoichiometry was not observed in these powders
(Fig. 4).

3.4.5 Microstructural Characterization of CC025C

TEM images of CC025C are depicted in Fig. 5. Selected
area electron diffraction (SAED) image pertaining to this
sample reveals that this powder comprised nanocrystallites
of the dioxide with the fluorite structure. Further it is evi-
dent that nucleation and partial grain growth takes place
during calcination which is substantiated by the presence of
faceted crystallites. Both the bright field as well as dark
field images of this sample reveal the presence of crystal-
lites with a size of about 20-50 nm. This is in agreement
with the values of crystallite sizes obtained by the HW
analysis of the XRD data.
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200 nm

Fig. 5 Microstructural characterization of CC025C powders: a SAED image, b, ¢ bright field images revealing faceted grains, d dark field image
revealing crystalline characteristics, e HRTEM image, f IFFT image, g typical faceted grain

Table 5 Characteristics of the pellets

Sample Green density (Mg m™>) % TD Sintered density (Mg m™>) % Theoretical density
1473 K 1673 K 1873 K 1473 K 1673 K 1873 K

CC025C 3.41 47.36 6.84 6.96 7.11 94.34 96.51 98.63
CC050C 3.71 51.32 7.01 6.45 6.82 96.14 89.48 94.55
CCO075C 3.88 53.99 7.14 6.60 6.62 98.35 91.46 91.74
CC100C 3.81 52.81 6.98 6.62 6.74 96.26 91.76 93.38
CC125C 3.87 53.71 6.97 6.65 7.02 96.04 922 97.30
CC150C 391 53.75 6.96 6.70 6.90 96.13 92.86 95.69

TD theoretical density

3.5 Characteristics of the Pellets
3.5.1 Densities of the Green Pellets

The densities of the green pellets (63 MPa) obtained in this
study are given in Table 5. There is no significant variation
in the green densities of the pellets with an increase in the
value of R. Almost all the green pellets exhibited a density
of about 50 % TD except CC025C which was found to
have the lowest green density of 47 % TD. This reduction
in the green density is probably due to increased magnitude
of interparticle friction or due to the presence of harder
agglomerates in this powder [19]. CC150C yielded pellets

with the highest green density as compared to the other
powders. Both the presence of multiple size fractions of
agglomerates and lower strength of these particles would
have helped an efficient compaction leading to a higher
green density.

3.5.2 Densities of the Sintered Pellets

The densities of the sintered pellets obtained in this study
are given in Table 5 and their variation with temperature is
depicted in Fig. 6. A comparison of both the sintered
density with bulk density is presented in Fig. 7. The var-
iation in the sintered density with temperature and the

@ Springer
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value of R is given in Fig. 8. The sintered densities of these
pellets range from 92 to 98 % TD. The ceria powder
CC025C showed a linear increase in the sintered density
with the temperature of sintering whereas the others pow-
ders showed a complex dependence. The decrease in the
sintered density observed at a higher temperature (1673 K)
could be due to irregular grain coarsening [33, 34] ob-
served in nanocrystalline ceramics. All the compacts (ex-
cept CC025C) exhibited a minimum in the values of their
sintered density at 1673 K (Fig. 6). Probably the threshold
temperature beyond which this phenomenon takes place
lies in between 1473 and 1673 K. Further investigations
are required in order to find out this threshold temperature.

The maximum sintered density that could be obtained
was 98.4 % TD. for the composition CC075C at a tem-
perature as low as 1473 K which is much higher than the
values of sintered densities reported by Purohit [31] for the
ceria powders obtained through citrate gel combustion.
Chyi and co workers [15] had obtained a maximum sin-
tered density of about 92 % TD by sintering nanocrys-
talline ceria powders at 1523 K. This augurs well with the
observation made in this study. Possibly, the threshold
temperature beyond which the irregular grain coarsening
[33, 34] would have taken place is between 1523 and
1673 K. Further comparison of sintered density of ceria
and doped ceria obtained through various methods is pre-
sented in Table 6.

4 Conclusion

Free flowing, granular nanocrystalline ceria powders with
moderate specific surface area (9.8-22.8 m> g~') and a
high sinterability could be produced by the citrate com-
bustion synthesis. The yellow color of these ceria powders
deepened with an increase in the R ratio from 0.25 to 1 and
remained constant thereafter. The bulk density of the as
prepared powders increased gradually with increase in R
ratio. The carbon residue present in “as-prepared” powders
decreased with an increase in R ratio. However the carbon
residue was effectively oxidized during calcination as
evidenced by the diminished quantity of residual carbon in
the calcined powders. No significant variation in specific
surface area was observed with the value of R. It was
demonstrated that nanocrystalline powders of ceria with
about 25 nm crystallite size and minimum amount of car-
bon residue could be synthesized by using citric acid as a
fuel. The studies on the sinterability of these powders re-
vealed that the threshold temperature beyond which ir-
regular grain coarsening [33, 34] would takes place lies
between 1523 and 1673 K. Sintering of powders at 1473 K
revealed that the powders obtained with R ratio 0.75 were
found to possess highest sintered density (98.4 % TD).
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Table 6 Comparison of sintered densities of ceria reported in the literature
Preparation method Calcination (K) Pressing method Sintering temperature SD (% TD) Reference
CS (dry route) Cp 1523 K; 1 h ~92 [15]
CS (Yttria doped) Uniaxial O/F 1473 K; 4 h ~ 64 [13]
0.5 1523 K; 4 h ~70
1573 K; 4 h ~75
1623 K; 4 h ~78
1673 K; 4 h ~83
1.0 1473 K; 4 h ~71
1523 K; 4 h =77
1573 K; 4 h ~80
1623 K; 4 h ~85
1673 K; 4 h ~89
1.5 1473 K; 4 h ~78
1523 K; 4 h ~ 86
1573 K; 4 h ~90
1623 K; 4 h ~9%4
1673 K; 4 h ~95.1
CS 823K;1h Cp 1523 K; 1 h ~94 [16]
CD 973 K Isostatic 1273 K; 2 h >99 [35]
OD 873K;1h Uniaxial 1523 K; 1 h 90 [31]
HD 1523 K; 1 h 84
CS 1523 K; 1 h 96
CD (Yttria doped) 893 K Hot pressed 1623 K; 30 min 99.4 [36]
CS (Yttria doped) Uniaxial 1523 K; 4 h ~90.5 [24]
1573 K; 4 h ~91
1623 K; 4 h ~9%4
1673 K; 4 h ~95
1723 K; 4 h ~93.5
OD (mixed oxalate) 623 K 1273 K; 1 h 30 min 83 [37]
OD (rare earth doped) 873 K CIP 1473 K; 4 h 95 [38]

CS combustion synthesis, CD carbonate decomposition, CP cold pressed, HD hydroxide decomposition, OD oxalate decomposition, CIP cold

isostatic pressing, SD sintered density, O/F oxidant to fuel ratio

Sintered density of CC025C powders was found to increase
linearly with sintering temperature.
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