
Journal of the European Ceramic Society 26 (2006) 1507–1515

Physical properties of 8 mol% Ceria doped yttria stabilised zirconia
powder and ceramic and their behaviour during

annealing and sintering

A.A. Bukaemskiy, D. Barrier∗, G. Modolo
Institut für Sicherheitsforschung und Reaktortechnik, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
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Abstract

The thermal behaviour of 8 mol% Ceria doped 16 mol% yttria stabilised zirconia (Ce-YSZ) powder, synthesised by the wet co-precipitation
method, has been investigated in details. The lattice parameter, mean crystallite size and lattice distortions have been determined as a function
of calcination temperature. After grinding by attrition followed by fractionating in acetone, the powders were compacted and sintered at
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600◦C in air for 5 h. The sintering behaviour of pellets was studied by dilatometry, revealing different sintering behaviour dependi
alcination temperature of the powders and the type of agglomerates. The influence of these latter parameters on the microstructu
as been investigated. The pellets produced from powders calcined at low-temperature, from 110 to 600◦C, present the highest densities

he best morphological structure.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, yttria stabilised zirconia has been con-
idered as an attractive matrix for nuclear application, such
s inert fuel for the destruction of excess of Plutonium or
good host material for nuclear waste storage.1–3 In fact,

his material has a high leaching resistance, a high radiation
tability, a small neutron capture cross section and a high
elting point.4,5 Furthermore, this system has the ability to

orm solid solutions, in a wide range of solubility, with com-
ounds such as UO2, ThO2 and PuO2.4 In ceramic research

hese radioactive oxides are substituted by surrogates such as
eO2 or other lanthanides.
The ternary system ZrO2–Y2O3–CeO2 has been studied

n detail.6,7 However, a lot of questions about crystallisation
eculiarities and evolution of crystal structure with tempera-

ure are not clearly understood.

∗ Corresponding author. Tel.: +49 2461 612752; fax: +49 2461 612450.
E-mail address: d.barrier@fz-juelich.de (D. Barrier).

Moreover, the influence of annealing and further prod
tion steps (milling, fractionating, pressing) on the mate
sintering behaviour and the properties of the final cera
have a great scientific and practical interest, particularl
nuclear applications, which require simple and dust-free
nological methods for ceramic production.1 In this case man
traditional powder technologies are either not efficien
need special adaptation. Therefore, “mild” methods of p
der preparation, such as grinding by attrition in solvent,
lowed by calcination at low temperature, are mainly con
ered for processing of radioactive materials.

In this context wet chemical processes of multication
ides, such as co-precipitation method, are attractive. In
in addition to their simplicity, the latter methods provid
considerable advantages of good mixing of the starting m
rial and excellent chemical homogeneity of the final prod
However, one main disadvantage of co-precipitation me
is that ultrafine particles undergo severe agglomeration
ing drying. These powders are very sensitive to the c
nation temperature, which increase their crystallinity
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.02.002
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lead to harder agglomerates that can strongly influence their
sinterability.8,9

In the present work, the possibility of producing pellets
with properties required for nuclear application using a sim-
ple and dust-free process, adapted for handling radioactive
material, has been investigated. The morphology of 8 mol%
Ceria doped 16 mol% yttria stabilised zirconia (Ce-YSZ)
powder, its thermal behaviour and the peculiarities of mate-
rial crystallisation have been investigated by scanning elec-
tron microscopy (SEM), thermogravimetry coupled with dif-
ferential scanning calorimetry (TG-DSC) and X-ray diffrac-
tometry (XRD). The influence of the calcination temperature
on the sinterability of pellets and the role of agglomerate type
during sintering was studied in detail using dilatometry.

2. Experimental procedure

2.1. Synthesis of Ce-YSZ powder and pellets

The Ce-YSZ powder was synthesised by the co-
precipitation method. The addition of 16 mol.% of yttrium
oxide to the system allows stabilisation of zirconia ma-
trix in cubic phase.6 ZrOCl2·8H2O, Y(NO3)3·6H2O and
Ce(NO3)3·6H2O supplied by Alfa Aesar with a purity of
99.9% were used as initial materials. The required quantity
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The crystal structure of the powders and sintered pel-
lets was investigated XRD using a Stoe Transmissions-
Diffractometer-System STADI (Co K�, λ = 0.178897 nm).
To evaluate the mean crystallite sizeL and the lattice distor-
tions〈ε2〉0.5 from XRD measurements, the Hall–Williamson
method was used12:

β cos(θ) = λ

L
+ 4〈ε2〉0.5

sin(θ) (1)

whereθ is the Bragg angle of diffraction,λ the wavelength of
incident X-rays (0.178897 nm) andβ is the peak half-width
corrected to instrumental widening.

The valuesβ cos(θ) calculated for each peak were plotted
as a function of sin(θ). The linear regression of the obtained
data allows the determination of the mean crystallite sizeL
and lattice distortions〈ε2〉0.5.

The mean crystallite size of amorphous powders were de-
termined by using the Scherrer formula applied on the diffrac-
tion plan〈1 1 1〉,13 whereK is a shape factor (K = 0.9):

L = Kλ

β cos(θ)
(2)

The morphological structures of powders and pellets were
investigated by (SEM). The particles size distribution was
studied by laser granulometry (Quantachrom, Cilas 920)

The pellets densities were determined by the geometrical
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f the chemicals was dissolved in deionised water at r
emperature. On stirring, ammonia gas was used for th
recipitation. The same procedure was used for obta
Zr0.84Y0.16)O1.92 (16-YSZ) reference powder.

The precipitates were separated and carefully wash
eionised water until ammonium, nitrate and chloride w
ompletely eliminated and finally dried at 110◦C for 24 h. Af-
erwards the powders were calcined in air at calcination
eratures (TC of 350, 500, 600, 800, 950, 1400 and 1600◦C).

Before sintering, the powders were ground by attri
sing a Mortar Grinder KM 100 from Retsch. To prev
ust formation, grinding was performed in acetone. T

he powders were eventually fractionated in acetone an
lomerates with an equivalent diameter less than 4�m were
ollected.10

Finally the powders (approximately 1 g) were compa
y cold uniaxial pressing into cylindrical pellets of 10 m
iameter. The range of pressures used varied from 3
000 MPa depending on the powders calcination tem

ure. For each powder, the optimal compacting pressure
etermined as reported in previous work.11 The pellets wer

hen sintered in a resistance heated furnace at 1600◦C in air
tmosphere for 5 h, using a heating rate of 3 K/min.

.2. Characterisation

Thermal behaviour of the powders during heating f
oom temperature to 1400◦C was investigated by TG-DS
n air or nitrogen with a heating rate of 10 K/min usin
etzsch STA 449C Jupiter apparatus.
ethod for the green bodies and by the hydrostatic weig
ethod in water for the sintered bodies. The theoretical

ities of the materials (ρT) were calculated from the resu
f the XRD measurements.

The sintering behaviour of the pellets was studied
ilatometry (Netzsch DIL 402C). After compaction, the p

ets were heated from room temperature to 1600◦C, with a
eating rate of 3 K/min.

. Results and discussion

.1. Physical properties of the powder

After drying the 16-YSZ and Ce-YSZ powders are w
nd yellow, respectively. After grinding by attrition in a

one and drying at 110◦C, the morphology of Ce-YSZ pow
er was analysed by SEM, which revealed agglomerates

rregular shape and variable packing density of their prim
articles (Fig. 1). According to literature,14 these agglom
rates can be classified as “soft” or “hard”, the “hard”
lomerates consisting of close-packed particles with
ensities.

After drying at 110◦C in air for 12 h the Ce-YSZ an
he 16-YSZ reference powders were investigated by the
nalysis (TG-DSC) in air (Fig. 2). During heating from 25 t
60◦C a significant mass loss (12.2%) was revealed. F
5 to 370◦C, it is accompanied by the heat consump
hich corresponds to the elimination of adsorbed gase
orbed and crystal water. In the temperature region from
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Fig. 1. SEM image of Ce-YSZ powder after drying at 110◦C and grinding
by attrition.

to 660◦C, the mass loss is accompanied by complex exo-
effects (Fig. 2).

According to literature, the thermal effects observed on
the DSC curve at 370–660◦C can correspond either to a crys-
tallisation of material15,16 or to a valence change of cerium
(Ce(III) → Ce(IV)).17 In order to determine whether the latter
mechanism is prevailing, thermal analysis of the powder was
performed in this temperature range in inert atmosphere (ni-
trogen). The DSC curve reveals between 370 and 660◦C two
similar exo-effects as observed in air. So it can be concluded
that both exothermic peaks do not correspond to a valence
change but are correlated to a crystallisation of material.

The crystallisation of the Ce-YSZ system include two
exothermic peaks, respectively characterised by their specific
heatsQ1 andQ2. As described inFig. 2, the first effect is de-
tected between 370◦C (T1) and 502◦C (T3) with a maximum
at 445◦C (T2). The second effect is detected between 502◦C
(T3) and 660◦C (T5) with a maximum at 568◦C (T4). The
specific heat of the first peak (Q1 = 33.9 J/g) is higher than
the specific heat of the second peak (Q2 = 20.7 J/g).

.

The thermal behaviour of the reference sample 16-YSZ
was also investigated and is similar to that of the Ce-YSZ
powder. The only difference appears in the temperature range
of crystallisation. The DSC curve of the reference sample
presents only one exo-effect between 420◦C (T R

1 ) and 525◦C
(T R

3 ). The maximum of this effect is detected at 458◦C (T R
2 )

and the total specific heat of the effect has a value of 111.3 J/g.
During subsequent heating from 660 up to 1400◦C, for

both materials, no thermal effects were observed on the DSC
curves. On contrary, in this temperature range, the mass of
the sample still slowly decreases until 1265◦C and then re-
mains constant until 1400◦C. The mass loss in the temper-
ature range from 370 up to 1265◦C can be associated with
elimination of OH-groups from material.18

According to the TG and DSC results, the Ce-YSZ powder
was calcined at 370, 450, 500, 550, 600, 800, 950, 1400 and
1600◦C before XRD analysis. The yellow colour character-
istics of the cerium addition remains for all calcination tem-
perature. For powders after drying and calcination at temper-
atures below 370◦C (T1), no diffraction peaks are observed
on the XRD spectra inFig. 3; the powders are amorphous.
At temperatures higher thanT1, the diffraction peak of XRD

Fig. 3. Powder X-ray diffractograms for Ce-YSZ powders after drying at
110◦C and calcination at 370, 500, 600, 800, 950 and 1400◦C.
Fig. 2. TG and DSC curves of Ce-YSZ powder in air atmosphere
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Fig. 4. Dependence of the lattice parameter with the calcination temperature
(a) and the mass loss (b).

spectra reveal that the material crystallises in a face-centred
cubic fluorite-type structure. For powders calcined from 450
to 950◦C, diffraction lines are wider and shifted in the smaller
angels region compared to those for the powders calcined
at 1400 and 1600◦C. At temperatures higher than 1265◦C,
the material transforms into a stable solid solution. In the
following this temperature (1265◦C) will be termed asTss
(temperature of stable solid solution formation).

The dependence of the lattice parametera of Ce-YSZ and
16-YSZ on the calcination temperature (Fig. 4a) and on the
mass loss (Fig. 4b) was investigated in details.

For both materials, the lattice parameter decreases with
increasing calcination temperature (Fig. 4a) and the mass
loss (Fig. 4b). At the temperature higher thanT3 = 502◦C
andT R

1 = 420◦C for Ce-YSZ and 16-YSZ, respectively, the
lattice parameter has a linear correlation with the sample mass
loss (MT1 − MT )/MT1 (Fig. 4b). In this formula,MT is the
sample mass at the temperatureT andMT1 the sample mass at
the beginning of the phase transition (T1 = 370◦C for Ce-YSZ
system orT R

1 = 420◦C for the reference sample). This linear
correlation confirms that the lattice parameter is determined
by the presence of OH-groups in the material.18

In contrast, the Ce-YSZ samples calcined at the lower tem-
peraturesT2 = 450◦C andT3 = 502◦C do not follow the above
tendencies with the calcination temperature and the mass
loss (Fig. 4a and b). Their lattice parameters (a = 5.162Å

andaT3 = 5.174Å) are significantly lower than the values ex-
trapolated from the higher temperatures (aext

T2
= 5.185Å and

aext
T3

= 5.182Å). Moreover, after calcination at 450◦C, the val-
ues of the lattice parameter of Ce-YSZ and 16-YSZ (a = 5.162
± 0.016Å and aR = 5.154± 0.009Å, respectively) are very
similar (Fig. 4a and b).

It is known that ceria forms a homogeneous solid solution
with yttrium fully stabilised Zirconia6 and that the lattice pa-
rameter of the [(Zr0.84Y0.16)1−yCey]O2−x system increases
linearly with the addition of ceria following the Vegard’s
Law3,19 also after calcination at lower temperatures.20 So,
it can be concluded that the low value of the lattice parameter
at temperature lower thanT3 is connected with the deficiency
of ceria in the crystallised material.

Hence, taking into account the TG-DSC and XRD results,
the following sequence of material crystallisation can be as-
sumed: predominant crystallisation of zirconia–yttria matrix
with the ceria deficiency in the temperature range fromT1
to T3 (first exo-effect) and incorporation of the rest of ceria
in the crystal lattice in the temperature range fromT3 to T5
(second exo-effect).

According to the work of Kinoshita et al.,21 Ce-YSZ sys-
tem crystallise in fluorite structure, independently of the oxi-
dation degree of cerium, if the ceria content is less than 15 mol
%. However, Ce(III) was detected in the Ce-YSZ system only
i case
o pa-
r ned
b
A n
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Y rys-
t is-
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c
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F n
(
T2
f it is sintered in reducing atmospheres. In the present
f the 8 mol% Ceria doped 16-YSZ powder, the lattice
ameter of this material is located on the straight line defi
etween the lattice parameter of YSZ and pure CeO2 (aCeO2,

˚ = 5.4113± 0.0012).22 This fact confirm that Ce(IV) is i
ajority present in the 8 mol% Ceria doped 16-YSZ syn

ised material.21

The mean crystallite size and the lattice distortions of
SZ were also determined from XRD results. The mean c

allite sizeL increases from 2 to 135 nm while the lattice d
ortions〈ε2〉1/2 decrease from 0.5 to 0.04% with increas
alcination temperature (Fig. 5). After drying at 110◦C, the
rystallite size is very small (L ∼ 2 nm) and represents the p

ig. 5. Evolution of the mean crystallite size (�) and the lattice distortio
�) as a function of the calcination temperature.
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mary particle size produced by the co-precipitation method.18

During the drying step, the particles form large agglomerates
due to their high adhesion activity after the evaporation of
water (Fig. 1).

During the phase transition from amorphous to crystallite
which occur atT1–T5, the mean crystallite sizeL increases up
to ∼8 nm. In this temperature region, the material is charac-
terised by a high level of lattice distortion〈ε2〉0.5∼ 0.4–0.5%,
which is due to the presence of OH-groups in the matrix and
the lattice rearrangement from amorphous to crystallite state.

Heating the material above 800◦C is responsible for the
material recrystallisation, which results in a steep increase
of the crystallite size up to 135 nm and decrease of lattice
distortion. Heating the material at temperature higher than
Tss results in lattice stress relaxation and in crystallisation
of the material in to a stable phase. This reduces the lattice
distortions to virtually zero.

3.2. The physical properties of the pellets

To study the influence of calcination temperature on the
compressibility of powders, they were first ground by attrition
in acetone and then pressed into pellets at different pressures.

At fixed pressure (for example, inFig. 6, P = 1020 MPa),
the density of the green bodies linearly increases from 0.45
t the
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c
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s he
p

he
d tem-
p tter
s er-

F e cal-
c

Fig. 7. Dependence of relative sintered densities of Ce-YSZ pellets made
from ground (�) and fractionated (♦) powder, on calcination temperature.

ature (from 110 to 600◦C). In this case the density of pellets
reaches a value of 0.92 TD. On contrary, if the powder is cal-
cined at 800◦C and higher, the density of the sintered pellets
decreases to 0.84 TD.

Fig. 8. Evolution with the annealing temperature of the relative densityRd

(a) and its derivative d(Rd)/dT (b) of Ce-YSZ pellet, made from powder
calcined at 600◦C, ground by attrition (full line) or ground and fractionated
(dotted line).
o 0.69 of the theoretical density (TD) with increasing
owders calcination temperature from 110 to 1400◦C. This
ffect can be associated to the evolution of particle morp
gy resulting from the elimination of OH-groups and the
rystallisation of material during calcination.

Each powder was pressed at an optimal compacting
ure, determined experimentally11 and the pellets were the
intered at 1600◦C for 5 h. For a better dehydration of t
ellets, a slow heating rate of 3 K/min was used.

After sintering, all pellets have a pale yellow colour. T
ependence of the sintered densities on the calcination
erature (Fig. 7) clearly shows that the powder has a be
interability when it was calcined at low calcination temp

ig. 6. Relative green density of Ce-YSZ pellets in dependence on th
ination temperature. All pellets were compacted at 1020 MPa.
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The density evolution, during sintering, of pellets made
from powder after different calcination temperatures, was
additionally studied by dilatometry. The relative density of
pellets and the densification rate were computed from the
experimental linear relative shrinkage23 with an additional
mass loss correction (TG data). The representative case of
powder calcined at 600◦C is reported, as an example, in full
line in Fig. 8a (relative density) andFig. 8b (densification
rate). It can be seen that the relative density curve presents a
bend at∼1320◦C.

The sintering of powder starts at 900◦C, which corre-
sponds to the beginning of recrystallisation process in ma-

terial. Above 900◦C the densification rate increases reach-
ing a maximum at 1230◦C. However, at temperature higher
than 1230◦C, the densification rate is decreasing abruptly
(Fig. 8b). All pellets, independently of their calcination tem-
perature, show similar behaviour during sintering.

The peculiarities of the morphological structure of pellets
after sintering at different temperature were investigated by
SEM, which revealed differences in densification of “hard”
and “soft” agglomerates (Fig. 9). As shown inFig. 9a, the
annealing of pellets up to 1230◦C is accompanied by a full
densification of “hard” agglomerates. They consist of close-
packed particles with an average size of 0.3�m. It seems

F
t

ig. 9. SEM photographs of “hard” (a–c) and “soft” (d–f) components of C
emperature at 1600◦C for 1 h.
e-YSZ pellet after shock sintering at 1230◦C, 1600◦C and after holding the
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that the material sintering at low temperatures is determined
by the high initial density of “hard” agglomerates, the small
crystallite size (L ∼8 nm at 600◦C) and the active surface of
initial particles. On contrary, the annealing of soft agglomer-
ates up to 1230◦C, also results in increase of particle size to
0.3�m, but only in minor increase of the agglomerate density
(Fig. 9d).

Subsequent heating up to 1600◦C is accompanied by a
significant increase of crystallite size up to 2–4�m for both
types of agglomerates (Fig. 9b and e). Moreover, the soft ag-
glomerates form typical necks. During heating, the different
sintering behaviour between the soft and hard agglomerates
is responsible for elongated pores formation along the hard
agglomerates borders (Fig. 9b). These pores remains during
the sintering stage along the grain boundaries (Fig. 10a).

Annealing at 1600◦C for 1 h is accompanied by densifi-
cation of material due to the sintering of “soft” agglomerates,
which leads to a dense structure with closed submicron pores
(Fig. 9c and f).

F
g

According to these results and the literature,24 the bend
observed in the densification curve (Fig. 8a) for powder af-
ter grinding by attrition can be explained in the following
way. At temperature up to 1230◦C the material densifica-
tion takes place mainly by sintering of “hard” agglomerates
and formation of a “rigid” skeletal structure in material. Dur-
ing following heating, the presence of this rigid framework
hampers the sintering of “soft” agglomerates.

Therefore, to avoid the limitation of the sintering ability
of powders by the “hard” agglomerates, pellets made from
fine powders, containing a majority of “soft” and small ag-
glomerates have been studied. Fine powders were produced
by a fractionating method. The investigation of powder mass
distribution by laser granulometry has shown that, after frac-
tionating, 95 wt.% of agglomerates has an equivalent diame-
ter less then 4�m. Pellets produced from these powders had
a density of 0.95–0.97 TD (Fig. 7).

It is important to note that after “mild” grinding by attri-
tion, the weight fraction of fine powder strongly depends on
the calcination temperature. So, after calcination at 110◦C,
the fine powder fraction is 66% against 40% after calcination
at 600◦C. However, when the powder is calcined at 1400◦C,
the fine powder fraction drastically decreases to 2%. This is a
consequence of the increase of agglomerates strength during
the recrystallisation of material. Therefore, additional frac-
tionating of fine agglomerates has a practical sense only for
p
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ig. 10. SEM photograph of Ce-YSZ pellets made from ground (a) and from
round and fractionated powder (b).
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owders after low calcination temperature.
The density evolution of pellets made from fractiona

owder after calcination at 600◦C (Fig. 8a) during sinter
ng was also studied by dilatometry. The relative den
nd densification rates, as a function of the temperatur
eported in dotted lines inFig. 8a and b, respectively.
his case, the sintering also starts at 900◦C and then th
ensity continuously increases between 900 and 145◦C.
nly minor decrease of densification rates is observed a
450◦C (Fig. 8b). Moreover, the final density of pellets ma

rom fine fractionated powder is higher, although the
ial density was lower then that of the agglomerated pow
Fig. 8a).

Apparently, during “mild” grinding by attrition of powde
he “soft” agglomerates mainly broke down. And, due to t
ower effective density compared to the hard agglome
hey concentrate in fine part powder fraction.

Moreover the absence of coarse “hard” agglomerat
he powder after fractionating leads to the absence o
ores in the sintered material (Fig. 10a). Therefore fin
owders and “soft” agglomerates have similar sintering
aviour and the sintered material possesses a dense str
ell-formed grains and boundaries and homogeneously

ributed submicron pores (Fig. 10b).
The densification behaviour of fine powder calcine

ifferent temperatures (from 110 to 950◦C) was studied b
ilatometry. The densification curves as a function of the
erature are displayed inFig. 11. All curves can be divided i

hree temperature regions: from room temperature to 50◦C,
rom 500 to 900◦C and from 900◦C to 1600◦C.
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Fig. 11. Evolution with the annealing temperature of the relative density of
Ce-YSZ pellet made from ground and fractionated powders calcined at 110,
350, 500 and 800◦C.

In the first region, from 200 to 500◦C, the density of pellets
made from powders calcined at 110◦C or 350◦C, increases.
This can be associated with the elimination of water from ma-
terial which is responsible of a strong decrease of the pellets
volume.

When the temperature increases from 500 to 900◦C, the
pellets made from powders calcined at 110, 350 and 500◦C
show a linear densification behaviour, which is associated
with the material crystallisation and subsequent elimination
of crystal water.

At the temperature of 900◦C and above, all powders den-
sify similarly. The pellet densification is associated with re-
crystallization and sintering of material.

4. Conclusions

The thermal behaviour and the physical properties of the
Ce-YSZ system as a function of the calcination temperatures
were investigated in details.

After the synthesis by co-precipitation, the powder con-
sists of “hard” and “soft” agglomerates with irregular shapes.
Heating the powder between 370 and 660◦C transforms the
system from an amorphous to a cubic face centred structure.
This phase transition has a “stepwise” character and is accom-
panied by a double exothermic effect. The first exothermic
e YSZ
w ed to
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l sses
( alci-
n stal
s

ring
a ds
l tive
m , the
p

600◦C, present the best sinterability. Their small mean crys-
tallite size (L) and high-level of lattice distortions (〈ε2〉0.5) de-
termine their high activity during sintering process. On con-
trary, after a calcination at temperatures higher than 600◦C,
the recrystallisation process takes place and lead to agglom-
erates hardening. The powders consist of a majority of hard
agglomerates and the dilatometry studies have demonstrated
that the hard agglomerates control the sintering. They sinter
at low temperatures (from 900 to 1230◦C) and then form a
“rigid” skeletal structure which is hampered by the sintering
of “soft” agglomerates at higher temperature. This sintering
behaviour leads to the formation of cracks and pores along
the grain boundaries.

So to avoid the limitation of sintering ability, pellets were
performed from powder fractionated in acetone. The powder
consists of a majority of soft agglomerates with an equiva-
lent diameter of 4�m. They form during sintering a dense
microstructure with closed submicron pores. However, the
fractionating method has a practical sense only after low cal-
cination temperature because of the lower strength of ag-
glomerates, which can be so broken more easily.

These different properties are interesting from a techno-
logical point of view. In fact, to obtain pellets with good prop-
erties, a low calcination temperature should be employed,
simplifying the grinding step and increasing the rate of frac-
tionating step.
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