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A laser heating technique is employed to study the melting behaviour of
cerium dioxide, CeO,, a refractory compound with very high oxygen pres-
sure. The strong tendency of cerium dioxide to reduce to hypostoichio-
metric compounds, even in the presence of trace amounts of oxygen, leads
to discrepancies in the measured melting temperature depending on
whether an oxidising, neutral or reducing atmosphere is used during the
experiment.

The purpose of this study is to measure the melting temperature of
initially stoichiometric CeO, under different controlled atmospheres:
reducing or oxidizing. A high pressure cell was used to limit the oxygen
losses while measuring the melting behaviour of initially stoichiometric
cerium dioxide samples.

The results confirm a strong influence of the atmosphere on the melting
temperature: when reducing conditions were simulated a melting temper-
ature of (2675 £ 47) K was measured, in oxidizing conditions it was mea-
sured (2743 £+ 33) K. The measured values are in line with existing
literature data obtained under different conditions. Only under a high buf-
fer gas pressure, He at 15 MPa the highest reported temperature of 3000 K
was observed here, although with poor repeatability.

Keywords: Cerium dioxide, Laser heating, Refractory compound, Oxygen vacan-
cies, High pressure, Melting temperature.
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1 INTRODUCTION

CeO, has a fluorite-like crystalline structure, in which the main defects are
oxygen vacancies. These vacancies increase the catalytic activity [1, 2], mak-
ing ceria one of the most studied compounds for the implementation of solid-
oxide fuel cells [3].

Another important application of CeQ, is as a surrogate for plutonium diox-
ide in the nuclear research activities [4—6], which permits to estimate the prop-
erties of the latter without radioactivity and radiotoxicity issues. In particular,
affinities between CeO, and PuO, have been observed in the metal-oxygen
phase diagram in the region of hypostoichiometric-stoichiometric dioxides [7]
(fig. 1a and b). In this part of the Ce-O and Pu-O phase diagrams, the types of
defect and the related Gibbs free energy for the fluorite phases are similar.
These aspects are described in detail elsewhere [7, 8].

The Ce-O phase diagram is still a matter of discussion. The latest revision by
Zinkevich et al. [9] highlighted the complexity of the hypostoichiometric CeO,
region at low temperature where the appearance of defects in the fluorite struc-
ture stabilises many superstructures of fluorite-type lattice, Ce, 0,2, Further-
more, at high temperature, close to the melting temperature of CeO,, the
refractory nature of the compound and the tendency to reduce are emphasised.
The melting temperature of CeOQ, is still not well established because of these
issues, and different values are reported in the literature. Under reducing atmo-
sphere a value of 2670K [10] was measured. Foex [11] obtained a higher value
of 2753 K using a solar furnace in air. Values of 3073 K and (3000 + 20) K were
attained respectively by Tromble [12] and Brewer [13], although no details
about their experimental approaches are available. The former performed the
experiments under 16 atm of buffer gas whilst the latter used a pure O, atmo-
sphere (at an unspecified pressure).
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FIGURE 1

a) Phase diagram of the Ce-O system at 0.1 MPa [9]. b) The Pu-O system close to the stoichio-
metric PuO, region [4].
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The goal of the present work is to study, by laser heating, the very high
temperature behaviour of CeO,, measuring its melting temperature in differ-
ent controlled atmospheres (reducing and oxidising). Tests have also been
performed with a high overpressure of He (up to 15 MPa), aimed at maintain-
ing CeO, as close as possible to stoichiometry upon melting by slowing the
vaporisation kinetics. Finally, a general overview of the high-temperature
behaviour of ceria under different conditions is given, for the first time, in a
single experimental investigation. Interesting analogies between the systems
Ce-O and Pu-O are pointed out even in the current high-temperature range.

2 MATERIALS

Commercial Alfa Aesar® 99.998% pure CeO, powder was pressed into
pellets (§ mm diameter and 2 to 4 mm thick) and sintered under air for 6 h at
1800K. Samples were then stored under inert atmosphere (dry argon or vac-
uum) until their melting/freezing point measurements.

Given the low level of impurities in the initial powder, their effect on the
melting behaviour, at least within the uncertainty limits of the current
approach (see section 3.2), is here considered to be negligible.

X-ray diffraction (XRD) was performed before and after the annealing
procedure. The crystalline structure and lattice parameter remained the same
in the two cases (5.4080 A before sintering, 5.4079 A after sintering) so no
changes in the structure or stoichiometry were measurable.

The XRD instrumental details used in this work are reported in section 3.3.

3 EXPERIMENTAL METHODS

3.1 Laser heating technique

The technique employed is laser heating coupled with fast pyrometry [14].
This technique has already been applied to the study of many radioactive and
non-radioactive refractory materials [15-17].

An overview of the experimental set-up is shown in fig. 2.

The sample is mounted in a small autoclave closed by a 10 mm-thick gas-
proof quartz window and is held in place by three or four graphite screws to
obtain quasi-containerless conditions in order to reduce or avoid interaction
with the containment. With this facility, during the laser heating experiments
samples are held under a slight overpressure (up to 0.3 MPa) of a controlled
atmosphere. The chemical environment (reducing, oxidizing) can thus be
imposed for each test, while overpressure is needed in order to slow the
vaporization kinetics and avoid massive vaporization from the sample surface
following the very fast heating process. Oxidizing conditions were produced
by filling the autoclave with compressed air. In order to obtain slightly
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FIGURE 2
Experimental set-up employed in this work.

reducing conditions, instead, compressed argon was mostly used. Such inert
gas can be seen as a slightly reducing environment when compared with the
high oxygen pressure of ceria.

The heating agent is a Nd: YAG 4.5 KW laser radiating at 1064 nm, cou-
pled to the experimental cell with optical fibers. The laser beam impinged on
the sample surface on an approximately circular area of 6 mm in diameter.
The thermal analysis was performed on the cooling stage of the cycle after
switching off the laser beam.

The sample radiance temperature was measured on a spot of 0.5mm in
diameter at the center of the laser-heated area by means of a fast pyrometer
equipped with a logarithmic amplifier (settling time of about 10 ps to 1% of
log output) and operating at 650nm [14]. To obtain the true temperature a
spectro-pyrometer is employed to calculate the Normal Spectral Emissivity
(NSE). The spectro-pyrometer, based on a linear array of 256 Si photodiodes,
was used to record the sample thermal radiance in the range 488 nm —
1011 nm. This instrument allows a more complete spectral analysis, whereby
its main disadvantage is in the poorer time resolution (one spectrum per mil-
lisecond at best). Due to low signal-to-noise ratio, moreover, only the range
of 550 to 920 nm was useful for the current measurements. Radiance spectra
recorded on CeO; in the vicinity of the melting/solidification point were fitted
by least-squares regression to Planck’s distribution law for blackbody radi-
ance, modified by a wavelength- and temperature-dependent function
assumed to represent the NSE. Although this approach has been proven to be
numerically unstable [18], it can be reasonably trusted in electrically insulat-
ing materials, like cerium dioxide at high temperature, for which the NSE can
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be assumed to be wavelength independent (grey body behaviour). More
details about the technique employed are discussed elsewhere [14].

Compared to other techniques, employing a high power laser has the
advantage of shortening the time of the experiments and thus reducing vapor-
ization and chemical instability of the compounds.

3.2 High pressure cell

In order to check the highest melting temperature reported in literature for
cerium dioxide (around 3000K under a high, but not specified, pressure of
oxygen [12, 13]), a high-pressure facility similar to the one described in [14]
was also used. The idea here is to slow as much as possible vaporization
kinetics, as described in [14].

The high pressure cell consists of a cylindrical steel container designed to
withstand an internal pressure of up to 4000 bar. The vessel contains a pres-
surised chamber of 1cm?, where the specimen is located, connected with the
high pressure gas feed system. On top, the chamber is closed by a 1-cm thick
sapphire window. The high pressure cell was filled with helium, as it has the
best optical characteristics among the inert gases at high pressure [19].
Further details on the high pressure equipment are described elsewhere [20].

3.3 Post-melting sample characterization

Scanning electron microscopy and X-ray diffraction were used to character-
ise CeO, samples after the laser heating/melting/freezing cycles. Melted
specimens were recovered for post-melting analysis by SEM (Philips model
XL40) and energy-dispersive X-ray spectroscopy (EDX). Cross-sections
through melted surfaces were prepared for microstructural analysis and
imaged unetched. X-ray diffraction (XRD) was performed in this work using
a Bruker® D8 Advance diffractometer (Cu-Kal radiation) with a 20 range
of 10°-120° using 0.009° steps with 2 s of count time per step at operating
conditions of 40KV—40 mA. The XRD instrument was equipped with a
Lynxeye® 3° linear position sensitive detector.

3.4 Uncertainty analysis

The most significant uncertainty sources have been combined, according to
the independent error propagation law [14], and expanded to yield relative
temperature uncertainty bands corresponding to 2 standard deviation (k = 2
coverage factor). These uncertainty components stem from our current tem-
perature scale definition 8T (i.e. the uncertainty in the pyrometer calibration),
the NSE assessment 0T, and the experimental data scatter on the current
phase transition radiance temperature data 8T\, the latter being the main
source of uncertainty:

8T, = J6T* + 6T + 4T, (1)
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The resulting uncertainty is of the order of 30K at 3000 K. Exact uncertainty
values are reported for each measurement in this work.

4 RESULTS

4.1 Laser melting under 0.3 MPa

The present radiance spectra analysis yielded an average value of 0.90 for the
NSE of freezing ceria (figure 3b). This value has then been used to convert
the radiance temperatures measured by the pyrometers into real temperatures.

A typical real temperature thermogram measured on CeO, is shown in
fig. 3a.

During the laser pulse, the temperature rose up to a maximum value of
3200K. When the laser was switched off, the temperature rapidly decreased
producing a clear freezing thermal arrest.

The vessel was filled with argon or air in order to reproduce reducing or
oxidising conditions respectively.
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FIGURE 3

Main experiments carried out on sample 2rf. a) Typical thermogram obtained during a laser heat-
ing experiment; b) Measurement of normal spectral emissivity (NSE). Each full black circle
corresponds to the measurement of a radiance spectrum. Fitting radiance spectra yields the NSE
values represented by empty circles in the second part of the experiment. Spectra in the first part
of the experiment were very noisy (due to significant vaporisation at high temperature), and
could not be fitted successfully. ¢) Experimental thermal arrests obtained under air at 0.3 MPa; d)
Experimental thermal arrests obtained under Ar at 0.3 MPa.
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FIGURE 4

Summary of the results obtained in this work on specimen 2rf. Each experimental point is
labelled with the atmosphere used during the shot. For comparison, the references melting tem-
perature are reported in the figure, in oxidizing condition (2753 K [11]), reducing (2670K [10])
and the higher value reported in literature (3000K [13]).

The experiment reported in fig. 3¢ was performed using compressed air at
0.3 MPa as buffer gas. The freezing/melting temperature in this experiment is
comparable with Foex’s results [11].

When argon instead of air was used as buffer gas, lower freezing tempera-
tures were systematically observed. The solidification arrests visible in
fig. 3d, for example, occur at a temperature reasonably comparable to the
result reported in Mordovin’s work [10].

A rather consistent trend for the current CeO, data can be observed in
fig. 4.

When a sequence of shots under reducing conditions was performed, the
temperature tended gradually to reach the value found in Mordovin’s work
under reducing conditions [10], as indicated by the dashed line. When oxidis-
ing instead of reducing conditions were used, the transition temperature
tended to the value reported in Foex’s work [11].

In the sequence of shots shown in fig. 4, the same trends were reproduced
even when alternating the reducing/oxidising atmospheres in successive sets
of three to five shots. In some cases two to three shots were needed to stabi-
lise the observed solidification temperature. This confirms even further the
systematic effect of the vessel atmosphere, with which the specimen reacts
over successive shots until stationary conditions are fully reached resulting in
repeatable solidification temperatures from one experiment to the next.

The melting temperatures suggested in this work are (2675 + 47)K and
(2743 £+ 33)K for the experiments carried out at 0.3 MPa in Ar and air,
respectively.
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FIGURE 5
Thermogram showing the solidification arrests obtained under a 15 MPa-He-overpressure.

4.2 Laser melting under higher buffer gas pressures

Measurements of the sample surface temperature were more difficult and
uncertain under higher buffer gas pressure due to the more complex set-up
and the presence of the thick vessel window. For this reason, the melting/
freezing temperatures measured under high pressure do not show a specific
and well defined trend as the “low” pressure results.

Nonetheless, as expected due to slower vaporisation, phase transition-induced
thermal arrests were observed here at higher temperature under high buffer
gas pressure, compared with results obtained at pressures close to atmo-
spheric.

In fig. 5 a solidification curve is shown, recorded on a CeO, sample laser
melted under a He pressure of 15 MPa. Due to the rather poor repeatability of
such complex cooling curves, uncertainty bands could not be rigorously
defined for the transition temperatures observed in them. However various
inflections are visible here, which are interesting in indicating the material
behaviour under these conditions far from the ambient ones. The first inflec-
tion occurs around 3026 K, and can reasonably be attributed to freezing. It is
in fact very unlikely to observe a boiling/condensation transition under this
high pressure. The boiling/condensation transition occurs in cerium dioxide
at different temperatures depending on the composition of the condensed
phase and it is therefore extremely difficult to estimate and observe. The
Pu-O phase diagram reported in figure 1b [7], shows that plutonia is expected
to boil around 3300K at the congruent melting composition, which is cer-
tainly hypostoichiometric with respect to PuO, . By analogy of behaviour, a
similar boiling temperature can be assumed, in a very first approximation, for
ceria. One should however bear in mind that solid/liquid/gas equilibria can be
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very complex and largely depend on the experimental conditions in these
compounds for which high-temperature phase transitions are strongly non-
congruent. This type of complex behaviour in fluorite-like oxides has been
recently assessed only for uranium dioxide [21].

A second inflection appears at 2906 K and finally a long plateau at 2679 K.
Although the attribution of the last two inflections is difficult, they can
certainly be related to the complex Ce-O phase diagram, where the forma-
tion of several similar oxygen-deficient phases have been assessed up to
high temperatures [9]. It should be noted that such inflections cannot be
directly related to the phase boundaries reported in figure 1a, because these
have been optimised with an equilibrium total vapour pressure of 1 bar
(0.1 MPa). The current results have been obtained under a much higher
buffer gas pressure, where phase transitions can occur at considerably dif-
ferent compositions and temperatures. The present data points, in this
respect, are more indicative of these trends of the phase boundaries, and
should be compared with those obtained, for example, by Tromble [12] and
Brewer [13].

5 DISCUSSION

The current results confirm in a clear way that the melting behaviour of
cerium dioxide is strongly influenced by the environment and the experimen-
tal conditions in which melting occurs. Results obtained under oxidising and
reducing atmospheres at pressures slightly exceeding atmospheric confirm
those already obtained by Foex with a solar furnace technique [11]. It was
already observed in the current investigation, that the resulting melted and
refrozen area on the specimen was black, as in all the shots where the melting
temperature was exceeded (figure 6b). Figure 6a shows pieces of unmolten
sample, of a bright white colour. This behaviour, already observed in other
high-melting oxides such as CaO [22] can be ascribed to the formation of
oxygen defects, probably related to oxygen losses also leading to some
changes in the crystalline structure of the specimen.

The fact that some thermal arrests occur around 2570K (first tests in fig-
ure 4, before stabilisation of the melting/freezing temperatures), close to the
monotectic temperature reported in figure 1a for melting CeO, in an equi-
librium total vapour pressure of 1 bar (0.1 MPa) might be not accidental.
However, it should be pointed out once more that the present experimental
results should not be directly compared with the phase diagram of figure 1a.
Like the earlier results by Mordovin [10] and Foex [11], they rather give an
idea of how the phase boundaries might evolve when the experimental
boundary conditions are changed, with respect to those of figure 1a, in the
sense of stabilising a melting oxide composition closer and closer to the
O/Ce = 2.00 stoichiometry.
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FIGURE 6
CeO, sample (fragment) images. a) fresh CeO,; b) molten CeO,

The main goal of the current high pressure melting experiments was to limit
the formation of oxygen defects, and particularly of the related oxygen losses.
For safety reasons, laser heating experiments could not be carried out under
an oxygen-containing buffer gas at very high pressure. Such an atmosphere
would compensate for oxygen losses, as reported by Tromble [12], although
in [12] there is only a scanty description of experimental details. In the pres-
ent investigation it was considered that a similar effect could be obtained with
high enough pressure of inert gas, acting in the sense of slowing the vaporisa-
tion kinetics and therefore limiting the oxygen losses and the formation of
defects during the experiment. The example thermogram recorded under
helium pressurised at 15 MPa (figure 5) shows that a solidification arrest is
actually observed at a much higher temperature in this case, exceeding
3000K. This thermal arrest temperature can be compared with the value
given by the Clausius Clapeyron equation for the coexistence of liquid and
solid in CeO,:

a1, _ _AH, 2)

dP T, -Av,
In (2), T, is the melting/freezing temperature, P the pressure, AH, the
melting enthalpy and Av,, the specific volume change upon melting. By sub-
stituting literature values [9] for these parameters one can easily estimate that
the melting point increase due to an overpressure of 15 MPa in CeO, should
be limited to a few degrees, assuming, as is implicit in Clausius-Clapeyron’s
equation, that the compound melts congruently. However, the melting point
increase recorded here amounts to a few hundreds K. Such an observation
constitutes evidence that near-stoichiometric CeO, does not melt congruently
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FIGURE 7

SEM back scattering electrons image showing the border between molten (right hand side) and
unmolten (left hand side) CeO, sample. In red the areas and points measured by EDX analysis
and reported in Table 1

TABLEI1 1
EDX analysis for melted and unmolten CeO,. The positions of the EDX spectra (1)—(4) are
reported in figure 7.

CeO, EDX O (at.%) Ce (at.%)
Melted area (1) 38 62
Melted point (2) 34 66
Unmolten area (3) 63 37
Unmolten point (4) 61 39

(it loses oxygen), even in the current high-pressure experiments. Some oxy-
gen losses and the formation of oxygen defects occur even under these last
experimental conditions, as corroborated also by the once more dark colour
of the melted/refrozen zone. This is confirmed also by a scanning electron
microscope — energy electron spectroscopy (SEM EDX) analysis performed
on a ceria sample melted under high pressure of He (Fig. 7). In fig. 7 one can
see the boundary between a melted/refrozen zone and the unmelted bulk.
Back-scattered electron image and EDX analysis show, qualitatively but con-
sistently, that the melted region is depleted in oxygen with respect to the
unmelted one (Table 1).
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The presence of three successive thermal arrests in the high pressure
experiments can then be interpreted in the light of the Ce-O phase diagram
discussion reported by Zinkevitch [9]. Zinkevitch showed that the equilib-
rium phase diagram is strongly dependent on pressure. Therefore, it is pos-
sible that under the current conditions, as opposed to atmospheric pressure
heating, part of the investigated material stays closer to the O/Ce = 2.00
stoichiometry throughout the melting/freezing process. This gives the solidi-
fication arrest observed in fig. 5 at 3023 K. It should be noted here that there
is no way, with the current experimental approach, to prove whether this
compound solidifying at the highest observed temperature was actually stoi-
chiometric (O/Ce = 2.00) or not. It is likely, although not certain, that even
higher solid/liquid transition temperatures could be obtained under higher
pressures or in highly pressurised oxygen (like in the work of Tromble [12]).
It is also worth noticing that this solidification arrest at more than 3000K is
poorly repeatable, consistently with the poor chemical stability of CeO, at
very high temperature. Such material coexists in fact with more reduced
phases (lower oxygen content), freezing at lower temperature and giving,
upon solidification, the further arrests visible in fig. 5. The final plateau would
correspond to the solidification arrest of the most reduced CeO,., phase,
already observed in the low overpressure melting experiments (fig. 3).

Unfortunately, a sound identification of these reduced ceria phases by
XRD or other materials characterisation techniques has not been possible in
the present work, because of the tiny amount of them produced during the
melting/freezing experiments. These phases are mostly cubic and similar in
their structure [9]. This makes their identification in the little melted and
refrozen material a particularly difficult task, which might be the subject of a
further study.

In summary, the present investigation confirms in a single study that the
solid/liquid transition occurs in CeO, in a non-congruent fashion, accompa-
nied by oxygen losses or, at least, a considerable formation of oxygen
defects. These phenomena are strongly dependent on the chemical environ-
ment (reducing, oxidising) and the external pressure, and characterise the
equilibrium between solid and liquid. As a result, the melting/freezing tem-
peratures are also strongly dependent on pressure and chemical environ-
ment. CeO, displays therefore in a particularly remarkable way, due to its
high oxygen potential [9], a melting behaviour which has been recently
proven to be typical of other similar metal-oxygen systems such as Ca-O
[22], Np-O [15] and Pu-O [16]. The current results confirm therefore that
many similarities exist between the system Pu-O and the system Ce-O, even
in the very high temperature behaviour. In particular, based on the present
investigation one can expect that neptunium dioxide and plutonium dioxide
display slower vaporisation/reduction if heated under a high buffer gas
pressure than observed at atmospheric pressure. Further research is needed
to confirm this assumption.
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6 CONCLUSIONS

The melting behaviour of CeO, was investigated here by laser heating under
different controlled atmospheres and buffer gas pressures. The effect of the
experimental conditions on the detected melting temperature was highlighted.
When reducing conditions were used, at pressures close to atmospheric, a
melting temperature of (2675 + 47)K was obtained. When oxidising condi-
tions were adopted instead, a melting temperature of (2743 + 33)K was
obtained. The change in the colour of the molten zone may be the post-melt-
ing trace of the strong tendency towards reduction of CeO,. This effect was
confirmed even in laser melting experiments performed at high buffer gas
pressure up to 15 MPa. In this latter case, however, solidification arrests were
obtained at much higher temperatures (around 3026 K), showing that condi-
tions closer to congruent melting could be attained.
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