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Abstract :

Highly reactive and nanosized 1Y xO,.42 or Ceglng0;9 mixed oxides were prepared

through the initial precipitation of hydroxide puesors which were further dried under
vacuum. Whatever the chemical system investigdtesl,characterization of the powdered
samples evidenced a rapid aging process leadihgd@ated oxides. The thermal behavior of
these samples was further investigated and fisivel a two-step dehydration process, with
the successive departure of adsorbed then constitwiater, both yielding a drastic drop of

the powders reactivity (i.e. decrease of the sjgesiirface area). Sintering experiments were
then undertaken by starting directly from raw porgdend revealed very rapid densification
kinetics. Highly densified pellets (above 95%TD)tlwia fine grain microstructure were

obtained after only 1 hour of heat treatment at0260 This easy and versatile process of
precipitation, that can be followed by direct déination of the powders, then appears as a

promising option for the elaboration of homogenoesamic electrolytes.
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1. Introduction

Due to the rarefaction of natural resources anthé considerable increase of the
world global demand, the cost of energy, and palgrty that of electricity, is planned to rise
during the next decad&. The development of innovative production soutbes appears as
one of the XXT' century top challenges, with the aim to providessie energy supply and
still assuming a sustainable politics for resouroesably through the choice of closed-cycles
that integrate the recycling of the fuels and uasionaterials involved. In this framework,
France already possesses a long-term experient@oimmain sectors thought to provide

promising answers to the energetic issues of tkedexades.

First, the historical knowledge acquired in the damof electronuclear energy is still
pursued through the development of new conceptseaftors, called as Generation IV
reactord?. The Sodium-cooled Fast Reactor (SFR) conceptmas particularly selected
to provide a sustainable politics regarding urannesources, for example through the use of
depleted uranium as fuel, with improve safety,atality and resistance to proliferation. In
this context, one of the correlated challengehérhaterial sciences domain is to assess the
peculiar chemistry of liquid sodium. Particulartyye oxygen content, which controls the
corrosion rate of the stainless steel claddifigsnust be kept under a specific value (usually
few ppm), and then monitored through the use okm@imetric sensors. Such systems
generally contain a ceramic electrolyte which mhbset compatible with sodium at high
temperature §400°C), mechanically resistant and purely ionic dzartor . In this aim,
several studies already suggested the use of mttfioped thoria (i.e. ThYOzx2) ©.
Indeed, the incorporation of*¥in the fluorite-type structure of Th@space group Fm-3m)
produces oxygen vacancies which turns the cerambican ionic conductdf! while doped
thoria was generally reported to be much less seadio sodium corrosion compared to
zirconia'®. 1t is thus interesting to study new ways of prefian for these mixed oxides, but
also to evaluate their ability to sinter in order dptimize their processing as a ceramic

material.

On the other hand, the development of fuel callsstitutes from many years a major
research effort. This interest has even grown tticene to the possible application of these
technologies in the automotive industry and in gioe devices. Among the numerous

concepts envisaged, Solid Oxide Fuel Cells (SORfgy anportant potentialities due to their



high electrical efficiency and their fuel flexiliji They also provide high electrical power (up
to 2MW) ! but remained associated to high temperatures efatipn that can reach 800-
1000°C!?. To lower this temperature, electrolyte materialsich can be seen as the heart of
the SOFC unit, are strongly investigated. One camiqularly retain fluorite-type materials
such as BiOs, ZrO, or CeQ !, which are usually doped with aliovalent cationider to
create oxygen vacancies : a good example is thstisutton of the host C'& by acceptor
cations such as ¥ (M = Ln, Y) *%. Once again, it then appears essential to deveigmal
ways of synthesis that offer the possibility togaee homogeneous mixed oxides and then to

proceed to their densification with the aim to cohtheir final microstructure.

Strong similarities then arise between thé"(M")O,. electrolyte ceramic materials
used either in the field of nuclear industry or OFC units. An interesting point of
comparison lies in the preparation methods repairiethe literature for such compounds.
Indeed, powder metallurgy processes, which aredbasethe mechanical mixture of parent
oxide compounds and subsequent heat treatmensar&r, the most frequently uséd'.
Although, the homogeneity of the cation distribation the fluorite structure remains an
important parameter to consider if one wants tonupe the performances of the materials
within their life-cycle. As a matter of example etipresence of L¥enriched phases in
doped-ceria electrolytes can induce the formatibnomplex defects that tend to lower the
ionic conductivity™. Thus, even if the use of wet chemistry methodsdcensure the co-
precipitation of the various cations considerechamogenous precursor systems, it remains
poorly investigated so far. For actinide-basedesyst crystallized precursors precipitated at
room temperature or in mild hydrothermal conditievere particularly focused on the use of
oxalic acid as a complexing agéht. Similarly, attempts to prepare homogenous dopeidc
electrolytes mainly concerned sol-gel methdtf The development of new ways of
preparation based on the direct preparation of dike@des is thus an open field for
investigation.

On this basis, the preparation of ;MO (0.01< x < 0.22) and Cggl.np 019
solid solutions (with Ln = Nd, Sm, Gd) through apdioxide wet chemistry route was
considered in this work”™. On the one hand, several compositions of yttriloped thoria
were explored, both below and above the referemabgevof x = 0.15 corresponding to the
optimal ionic conduction reported in the literat{ré®. On the other hand ceria doped with
20 mol% in trivalent lanthanides were considereth&speculiar composition was frequently

investigated for electrode materidfs. The high tendency of tetravalent lanthanides and



actinides towards hydroxylation, which was earlpamred to result in the formation of

colloids in solution, further yielding nanopartislé® ' was used in this work to finally

obtain carbon-free and highly reactive oxide sdautions. After the description of the

preparation method, this paper reports the charaaten through various physico-chemical
techniques of the precursors at room temperatureetisas during heat treatment leading to
oxides. Finally, the densification of the sampletigh direct sintering of raw powders was
investigated through dilatometry and SEM observetio

2. Experimental section

Synthesis of powdered samples.

All  the chemicals used, including Th(N@4-5H0, Ln(NG;)s;-nHO and
Y(NO3)3- nH,O were of analytical grade and supplied by Sigmdrgh. As the nitrate salts
are known to be strongly hygroscopic, each powdes @issolved in acidic media (1M HNO
solutionprepared from concentrated 69.5% Hi\Qarlo Erba), in order to weigh the exact
amounts of cations. The final concentration of eeation (typically in the 0.5 — 1M range)
was finally determined by a colorimetric titrationethod already detailed in our previous
works!??,

The precipitation of hydroxide precursors was Hase the protocol already reported
for the preparation of USnH,O by Martinezet al. ?Y). In the case of GgLno 01 Samples
(Ln = Nd, Sm, Gd), the precipitation of the hydmbxiprecursors was performed by mixing
trivalent cerium and chosen lanthanide cation tricnacid, in the desired stoichiometric ratio
x = Ln/(Ce + Ln). The mixture of cations was thesuged into a large excess (400%) of 2M
NH4OH solution at room temperature, leading to theéamsneous formation of a yellowish
precipitate. This latter was further maintained emdnagnetic stirring for one hour.
Afterwards, the powders were centrifuged at 4500, rthen washed twice with deionized
water then once with ethanol in order to get riduoy traces of NFOH.

Finally, a mechanic treatment was applied to thepdes with the aim to avoid
aggregation of the powders that can further deeréaar sintering capability. Samples were
then mixed with 50 mL of ethanol, well-known solversed in de-agglomeration processes

221 "and poured into a flask. The suspension was $tiered mechanically at 40°C under



vacuum until the solvent was fully evaporated. fitr protocol was followed for the Th
Y xOs.o5amples series, starting with a mixture of Tdnd Y** in nitric acid media.

The precise chemical composition of the powderedpéas was further evaluated by
two different methods (Table 1). For the; kWO, Series, a small amount of powder was
first dissolved in aqua regia, then diluted in 194®4 before ICP-AES (Spectro Arcos EOP)
measurements (protocols for solution sampling amdhér analysis have been already
described in our previous publicatibif). The emission bands chosen were 401.913, 283.730
and 274.716 nm for thorium, and 371.030 and 324&2am for yttrium concentration
determination. For the @g.no O, o Series, the compositions were determined from Bnerg
Dispersive Spectrometry (EDS) analyses coupled thighSEM device, using a Bruker AXS
X-Flash 5010 detector. Each powdered sample wasedell in an epoxy resin, polished to
the 1 um grid and carbon coated prior analyses. EE3@ts were then obtained from around
10 different analyses. At least 400000 counts spewskre collected by the EDS detector
using routinely an optimal working distance of 1inth and an acceleration voltage of 15 kV.

Whatever the sample under consideration, weightcgmgéages of cations and
associated molar ratios were then determined anddfon very good agreement with the
values expected. One can then assume that thepipaion of both tetravalent and trivalent

cations was quantitative using the hydroxide rdotehe two systems investigated.

Table 1. Weight percentages of the cations and associateldrmnatios in the as-
synthesized Th\Y O, (ICP-AES measurement) andGenyO,.2 (X-EDS)
sample series.

) Th 1-xYx02-x/2 Xealc, Th (Wt-%) Y (Wt%) X exp.
% Ii(J 0.08 84.6+0.9 29+0.2 0.08 +£0.01
- 0.15 82.1+22 59+0.6 0.14 £ 0.02

n CQ)gLn 0_;01,9 Ln Ce (Wt%) Ln (Wt%) X exp.
[a) Nd 62.2+0.3 20.1+0.3 0.23+0.01
i Sm 65.9+0.5 19.0+1.5 0.21+0.02
Gd 63.4+1.8 19.1+25 0.21 £0.03

Characterization.

Powder X-Ray Diffraction (PXRD) diagrams were retmd with a Bruker D8
apparatus at Cudg » radiation A = 1.54184 A). Patterns were collected in thec28 < 120°

domain, with a step size &(20) = 0.03° and a total counting time of about 2.%urso



Rietveld refinement were further performed with tGex-Hastings pseudo-Voigt profile
function® of the Fullprof_suite prograffr’.

Scanning Electron Microscope (SEM) observationspofvders were performed
directly on raw samples using a FEI Quanta 200 &pps. High vacuum conditions and low
accelerating voltage (2 — 3.1 kV) were selectedltain high resolution images. In parallel,
TEM observations and EDS analyses were performat wi JEM-2200FS microscope
coupled with a JEOL SDD 30 nfntlyperNine (138 eV) spectrometer. Sample preparatio
consisted in the deposition of a drop of powdepsusion in ethanol on a carbon copper grid.

Finally, specific surface area of the samples waasuared by the BET method using a
Micromeritics Tristar 3020. Samples were first agged at 90°C under vacuum for 4 hours

before measurement.
Thermal analyses and sintering.

Thermogravimetric analyses and dilatometric measards were conducted on
Setaram Setsys Evolution apparatus. For TGA, aBOuing were placed into an alumina
crucible, then weight loss was recorded betweemrtanperature and 1000°C (heating rate :
10°C.min%) under air. For dilatometry, heat treatment wasntamed up to 1600°C then a
dwell time of 30 minutes was applied. In each casanples were cooled down to room
temperature at 30°C.min

Finally, the densification state of the pellets westimated through geometrical
measurements. The average of at least ten valugsllefs thickness and diameter, obtained
thanks to a precision calliper, was considered dlzutate the relative density, which is

correlated to the global porosity of the samples.



3. Results and discussion

Characterization of the powdered samples.

Powder samples prepared from the co-precipitativough the hydroxide route of
thorium and yttrium, on the one hand, and of ceramd trivalent lanthanides, on the other
hand, were first characterized by PXRD analysegufiéi 1). For both samples series, the
patterns exhibited all the PXRD lines of the fluetiype structure (cubic, Fm-3m space
group) which is characteristic of Th&® and Ce®@ *? compounds. The synthesis process
then did not end up with the formation of Th- or-Kssed hydroxides but with the
precipitation of hydrated oxides. In the case ofitm, and more generally for all tetravalent
actinides, similar results were already reportethanliteraturé?”), and described as the initial
formation of hydroxide colloid¥®, followed by an aging step leading to hydrateddexi
compounds as follows, eventually through the foramatof AnO(OH)».nH,O as an

intermediaté®® :
An** + 4 OH & An(OH); & AnO,. xH,0 + (2-x) HO (1)

When dealing with Ce-based samples, several au#ttersmentioned the formation of
hydrated cerium oxides, for example from the thétmydrolysis of C&" in aqueous solution.
Quite similarly to tetravalent actinides, intermegdi complexes with the form
[Ce(OH)(H20),]“™* are formed and further give rise to Ga®,O °. However, it is
important to note that this process is much movedeable for C& ions compared to Cé
(due to the more important tendency of the formee t hydrolyse considering its higher
charge and smaller radius size). On this basis nitore likely that, in our system, the reaction
first proceeded through the oxidization of*Cimto Cé&*, then through the hydrolysis of this
latter. Such oxidization was already reported touodor trivalent cerium in aqueous solution,
in presence of various complexing and/or shapingnegy such ammonia, urea or
hexamethylenetetramiri&’.

For all the prepared samples, the PXRD lines etddba large width, associated to a
poor crystallization state and/or to a particleesia the nanometer range. Indeed, Rietveld
refinement of the PXRD patterns generally led toaaerage crystallite size (i.e. coherent

length domains), of about 1-2 nm. Also, it is impot to note that no additional PXRD lines



were detected in the patterns, such as those giLsesquioxide$*?, indicating that the
trivalent elements considered in this work (i.€" ¥r Ln®") were co-precipitated along with
Th*" and C&" then did not segregate during the aging of thedxide colloids.

(a)
*
* *
x=0.22
&ﬂ/\vm‘N ‘ -
. x=0.08
LRGN B L B B BN B BB B
10 20 30 40 50 60 70 80 90 100
2009

*
MWWWWW Cey:Gdy,054
WWNWM Ce4Smy 0,

Ce Nd .O

0.8 02719

Figure 1. PXRD patterns of the as-synthesized samples inTthgY«O..x2 () and
Ceyglnpg 019 (b) series (* symbols mark the PXRD lines of themple
holder).

The morphology of the (Ce,I'y and (Th,Y) hydrated oxides was then explored by
both scanning (SEM) and transmission (TEM) electnaoroscopies. For the two sample
series considered, SEM micrographs (Figure 2) éxaibimilar habit, with the powders being
composed of very small particles. Due to the rdswiulimit of the SEM apparatus in the

observations conditions, it was not possible tcigedy estimate their size, which obviously
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remained lower than 10 nm. Moreover, despite tlygndrstep performed under vacuum, one
can still observe the formation of large aggregatesbout 10-20 pm. Nevertheless, they
could arise from the deposition of the powders arban sticks prior to observation and/or
from the high vacuum conditions used during imagmrding.

In spite of this partial aggregation, the very higractivity of the samples was
confirmed by specific area values which all rangedween 130 and 180°g* for the
Cey.gLng01 ¢ NHO compounds, while they could reach up to 230gthfor the Th-based
samples. However, it appeared difficult to estdblés clear trend between the chemical
composition of the samples and their specific f@farea. Most probably, the surface is
essentially dependent on the drying process peddramder vacuum, and can vary sensibly
from one batch to another. Nevertheless, all thedistl samples presented a surface
significantly higher than 100 T, which can be used to improve the sintering prigeof
these compounds and control their final microstret typically to obtain dense and fine-

grain microstructure’s>.

Th0.92Y0.0801.96 ThO 78Y0 2201 89

i.

,1

M‘- ]5..\.‘.-“ & P I I

0.5pm 0.5pm ‘ .USNm
Ce.30Ndp 2001 50 Cep.80SMg.2001.50 Ceo.soGdo.zooLso

Figure 2. SEM micrographs of as-synthesized powders in the,M,O,,., and
CexLnO,.4» Series.

Finally, additional TEM micrographs were recordadorder to precisely estimate the
size of the elementary particles constituting thengles and their chemical composition
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(Figure 3). All the images collected accounted rfanosized powders in the two series of
samples prepared. Indeed, the crystallites gegerdiched 2 to 5 nm and further aggregate to
form agglomerates of about 10-20 nm. This resuitlwa considered to be in good agreement
with those obtained through PXRD Rietveld refinem@&wing to the uncertainties of both
techniques.

Qualitative EDS analyses were also performed orctistallites, and confirmed the
simultaneous presence of tetravalent (i.€"" &1 Cé™) and trivalent (¥ or GF*) elements.
This result confirmed that the protocol developedthe preparation of the powders led to the
co-precipitation of the cations as hydrated basedles solid solutions without any
segregation of the trivalent cations. One can #grect the formation of very homogenous
compounds after sintering, which in some casesatalpe obtained by other wet chemistry
routes. As a matter of example, the preparationTlof.YO,.x» Oxides was frequently
reported through an initial step of oxalic preafiitn **. However, for x > 0.15, polyphase
oxalate systems can be obtained and further Idteterogeneities in the cation distribution
after conversion at high temperatli®. The use of the so-called hydroxide route coukhth
be considered as an easy and direct path towagidyhieactive and homogeneous oxide
based powders with the general formul®{ MM" ,O5..

Figure 3. TEM micrographs of Tdw2Y 0080196 NHO (a) and CgsGdy01.9 NHO (b)
samples.
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Thermal behaviour.

The second part of this work was devoted to thevemion of hydrated precursors
into anhydrous ThYxO.x2 and Cegglng 019 Oxides through heat treatment at high
temperature. In this aim, all the prepared samplee first analyzed by TGA in order to
estimate their initial hydration state and to assbe dehydration process. Whatever the type
of sample studied and its chemical composition, gleeeral aspect of the thermograms
remained very similar (Figure 4). Indeed, the weigls systematically appeared to be very
progressive up to 500-600°C, where the anhydroudeoform is obtained, even if a more
rapid dehydration was observed at the onset ofi¢tad treatment, i.e. from room temperature
to 200°C. Such behavior is consistent with previaisdies performed on MH,O
compounds with M = U, Th or Ce, which also exhibifgogressive dehydration rather than

sharp transition from the hydrated oxide precutsdahe final anhydrous forfi®.

(b)

100 4 100

95

954

904

904

Weight loss (%)
Weight loss (%)

85 |
x=0.08
x=0.15
Sm

804 Nd
- 85
x=0.22 Gd

T T T T T T T 1 T T T T T T 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700
Temperature (T) Temperature (T)

Figure 4. TG analyses recorded for T}Y Oz NHO (a)and Cgglng 019 NHO (b)
samples.

The total weight loss recorded for the various damptudied also appeared to be in
the same range of magnitude, between 13 and 20%. For they@e :01.9-NH,O series, it
corresponds to a value of n = 3 — 3.5, which doss&m to be strongly dependent on the
trivalent dopant. Conversely, the hydration stdtéhe Th .Y xO..x--NH,O oxides was found
to slightly vary with the amount of yttrium inconaded; the n value increasing from 3.5 for x
= 0.08 to 4.4 for x = 0.22. Nevertheless, it istde that the total amount of water measured
in the hydrated oxides exceeds from far what ctnélcexpected from the aging of an initial
hydroxide compound. Indeed, as described in equétiy the maximum value of n should be
2, while the various works reported on tetravabetinide oxides frequently reported samples
with the general formula AhO,.H,0 or An¥0,.2H,0 B\, On this basis, two types of water
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molecules could be present in our samples. Onreehand, adsorbed water is expected to be
present due to the very high specific surface afé¢he samples, and is probably eliminated in
the first part of the heat treatment, i.e. belo@’ZD On the other hand, constitutional water,
which comes from the aging process of the initiarbxide, is probably eliminated at higher
temperature, typically between 200 and 600°C. Haweas the weight loss was found to be
very progressive, it was not possible to discrierend to quantify these two kinds of water
content in this work.

The variation of the crystal structure was furth@mitored versus temperature. In this
aim, a heat treatment of 6 hours was performegiabws temperatures on thegbhY 0.0601.96
sample (Figure 5). As already described in the Bection, the PXRD pattern recorded at
room temperature only presented broad peaks,c$tdlacteristic of the ThObased solid
solutions. After heating at 500°C, i.e. after tloenplete dehydration of the sample, the same
PXRD peaks were observed, although the departureonstitutional water is likely to
provoke a slight shift in their position. Also, igrsficant decrease of their FWHM, indicating
an increase of the average crystallite size (cohetemain length) was observed. Indeed,
growth phenomena can proceed even at low temperdtur example from the mechanical
rearrangement of adjacent crystallites, frequergfgrred to as ‘oriented attachment’ (OA)
38 Oriented attachment is further probably stillp@ssible for the narrowing of PXRD lines
observed up to 1000°C.

”\JLM MJ’L A L oMM he M. 1500C

W DORR. VORI S o 1000C
—

Figure 5. Variation of the PXRD pattern of §BY0.0601.06 NHO versus the heating
temperature.
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For higher temperatures, the decrease of the FWHi8l @wven more pronounced and
was once again correlated to an increase of theageecrystallite size due to solid state
diffusion processes. Indeed, OA and diffusion ma@ras were recently reported to occur
successively during the sintering of Ge@nd ThQ microsphered®® and probably act
similarly during the heat treatment of ;Y xO,.» and Cegl.ng 01 o solid solutiond*?’.

The growth of the crystallites within the powdemgdes during heat treatment was
also correlated to the variation of the specifidate area, evaluated by the BET method after
firing at various temperatures (Figure 6). One ceme that specific surface drastically
decreased between room temperature and 500°C, wiald>XRD pattern only exhibited
moderate narrowing of the FWHM. Hence, the decredgsbe specific surface area in this
temperature range is surely linked to a strongaggration of nanometric particles under
dehydration. The growth of the particles, whichuwrscat higher temperatures due to oriented
attachment and diffusion mechanisms, then accdianta smaller decrease of the specific

surface area, typically from about 30 to less thanf.g™* between 500 and 1500°C.

250
(=)
200}
F"cp E
é 150—-
5 ]
(]
S
o
S 1004
:
L2 ]
S 50
g ] e
(%))
E (€]
04 (2]
(I)' ' '2(I)O' ' '4(I)O' ' 'GCI)O' ' '8(I)0' ' 'lOIOO' ' '12IOO' ' '14I00' ' '16IOO
Temperature (T)
Figure 6. Variation of the specific surface area versusihgaemperature obtained for

Tho.92Y 0.0601.06: NHO .

Sintering capability.

The sintering of the samples was finally invedegan a last step, in order to prepare
dense ceramic materials with fine grain microsticet Indeed, densities above 97% are

generally required to ensure good electrical prigee((i.e. to avoid undesired resistivity due
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to closed porosity) while submicrometric grains fregjuently correlated to good mechanical

properties. Owing to the direct precipitation o¢ ttamples as hydrated mixed oxides, on the

one hand, and to the loss of reactivity observashugeating, particularly through the drastic

drop of the specific surface area, the sinteringhef powders was performed without any

preliminary heat treatment. Raw powders were theaped as cylindrical pellets (d = 5-8

mm) by uniaxial pressure (600 MPa), leading to grdensity of about 40 to 50 % of the

theoretical value.

Dilatometric analyses were then performed in order estimate the sintering

temperature of the pellets prepared (Figure 7). téllea the chemical composition of the
sample considered, both within the"GgLn" O, or the Th.Y O..«» series, the linear

shrinkage systemically exhibited two different ste@he first one, starting from the

beginning of the heat treatment to about 500°C, w@selated to the dehydration of the

powders. It resulted in

a linear shrinkage of atbd@-15%, corresponding to a significant

volume shrinkage which might lead to the formatadrcracks within the pellet. Hence, the

heating profile must be thoroughly adapted to emshe complete dehydration of the oxide

samples without compromising the mechanical intggri the pellet.

100 -
95 -
90
85

80 -]

Relative linear shrinkage (%)

754

] ce Nd O

704

1 Th, .Y, ..O

085 ' 0.15 1925 1600
1400
1200
0.8 02719

1000

800

600

Temperature (T)

400

200

T T T T T T T T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140

Time (min.)

Figure 7. Dilatometric curves obtained for EgNdy 019 (green) and TdwsY0.1501.925
(black) samples.

The second shrinkage step was found to be vexyrgssive and started slightly above

1000°C. One can then assume that it correspontistbahe densification of the pellet and to

grain growth processes which are enhanced dueetmahnosized character of the starting
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powder. Also, one can note that between 1200 af®°lh the densification of Ce-based
solid solutions proceeded faster than for thorisebamaterials, which can be assigned to the
higher sintering temperature generally reportedTo®; (i.e. in the 1500-1600°C rande’)
compared to CeQ(around 1400°¢*?). However, the densification of both samples wais n
completed at 1600°C, meaning that higher tempe¥atir heat treatment and/or longer
holding time are required to obtain highly densagias.

On this basis, the sintering conditions leadinth®full densification of the pellets, as
well as the associated microstructure in term afrgsize, were more specifically investigated
for the Th.YxO,.x2 samples series. In this aim, pellets were heatelb@0°C or 1600°C,
considering holding times ranging between 1 ando8r&1 Moreover, heating rate of
5°C.min* as well as a 2 hours dwell at 300°C were consitéseprevent the formation of
cracks in the pellets. As expected from the dila&bio study, the relative density of the
samples was found to increase with the heating fonghe two temperatures considered
(Figure 8). Nevertheless, heat treatment at 1608p&lly led to highly densified samples, i.e.
typically with d > 95% TD, even though if the higie/ttrium content studied was initially
associated to significantly lower density valuesibably due to solute drag effects slowing
down the motion of grain boundariéd.

100

95

Relative density (%)

85

80

(@]

— L e e e o e e e e e e L e e e |
0 1 2 3 4 5 6 7 8 9

Heating time (hours)

Figure 8. Evolution of the relative density of ThsY 0.1501.025 (black) and Th7gY 0201 .89

(red) samples during their sintering at 1500°C fogymbols) and 1600°C (full
symbols).
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This result can be compared with those recentlyonted for the sintering of
ThixYxO.x2 powders initially prepared through oxalic co-prétpon and subsequent
thermal conversioff?. In the present study, the initial important reatt of the hydrated
oxide powder did not lead to a significant decrezfsthe sintering temperature. Nevertheless,
the density achieved after only 1 hour of heatttneat at 1600°C already reached more than
95%TD while it was below 90% for the powders preplafrom oxalic precipitation. On this
basis, the very high specific surface area offdsgdhe hydroxide route led to the strong
increase of the densification kinetics during thestfhours of heat treatment at high

temperature.

The SEM micrographs recorded on polished sectibssmples sintered at 1600°C for 4 and
8 hours confirmed the very good densification stsitehe pellets (Figure 9). Indeed, no
significant porosity was observed at the surfacéhefsamples, neither in intra- nor in inter-
granular position. Moreover, the grain size wasvested by image analysis of all the sintered
samples and was typically found between 100 and B60 whatever the chemical
composition. It did not seem to significantly ewlwhen increasing the heating time at
1600°C. Once again, these values appear to beeisame order of magnitude than those
reported when working with oxalate precursﬁ?k This observation thus confirms that the
sintering process is rapidly marked by a strongnggaowth step, which probably proceeds
concomitantly to the densification. Once the grdirgsenough (i.e. tens of nanometers), their
growth kinetics probably slowed down and becamepamable to that observed on similar
systems prepared through alternative chemical soute

Also, it is to note that the initial nanosize clwes of the grain did not generate an
enhanced migration of the trivalent elements to drein boundaries. Indeed, this typical
behavior was frequently reported during heat treatnof MY,.,M",0,.» (with MY = Ce,
Th and M" = La-Yb) fluorite-type solid solution¥, and resulted in solute drag effect that
can slow down, if not hinder, the sintering andirgrgrowth processes. In our study, the
important occurrence of grain boundaries in thetist powdered compact did not result in
such an effect since a full densification of thégie was stated after heating at 1600°C. On
this basis, the initial co-precipitation of tri- cirtetravalent lanthanide and actinide cations
through the hydroxide route successfully allowed tlirect sintering of the as-synthesized
powders and ended up with ceramics exhibiting nsicuztural features of interest for their

application as electrolyte materials, i.e. highsigmnassociated to submicrometric grain size.
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Figure 9.  SEM micrographs of TgssY 0.1501.925and Th 78Y 0.2001 89 Sintered samples.
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4. Conclusion

Highly reactive and nanosized L)Y O,.2 or Ceglng019 mixed oxides were
prepared through the initial precipitation of hyxide precursors which were further dried
under vacuum. Whatever the chemical system invagsiil) i.e. ThyY xOz.x2 or Ce gl.ng 01 9,
the characterization of the powdered samples euvetera rapid aging process leading to
hydrated oxides. Moreover, the precipitation appeédo be quantitative and no segregation of
the trivalent cations was pointed out, either byRIEXor by EDS analyses conducted during
TEM observations. The thermal behavior of such atgit oxides was further explored and
first showed a two-step dehydration process, withduccessive departure of adsorbed water
up to 200°C, followed by that of constitutive wateming from the aging of initial hydroxide
colloids, both yielding a drastic drop of the powglesactivity (i.e. decrease of the specific
surface area).

Sintering of the samples was then undertaken bfiregefrom raw powders in order to
preserve their reactivity. Such a process, compdsethe direct shaping of the samples
followed by their heat treatment at high tempemtidhen eliminates potential preliminary
steps, such as firing or milling, which can ledstfety or pollution issues when handling
radioactive materials. Dilatometry experiments dedpto SEM observations and density
measurements then pointed out the very rapid deasdn kinetics. Indeed, if the sintering
temperature (1600°C) was not significantly modifeaanpared to other wet-chemistry routes,
highly densified pellets above 95%TD were obtaiafdr only 1 hour of heat treatment. The
initial preparation of nanosized powders also ledatfine grain microstructure, which is
frequently linked to improved physico-chemical pedpes in use of the ceramics. This easy
and versatile precipitation process that can Hevi@d by direct densification of the powders,
then appears as a promising option for the elalooraif homogenous ceramic electrolytes.
The associated electrical properties are then wtlyreinder investigation to assess their
potential utilization in SOFC units or in oxygemsers.
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