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The high-temperature phase diagram of the UO,-ThO, system has been experimentally revisited in the
present study for the first time since 1970, using a laser heating approach combined with fast pyrometry
in a thermal arrest method. The melting/solidification temperature, which is of fundamental information
for a reactor design was studied here. It was found that low addition of ThO, to UO, would result in a
slight decrease of the solidification temperature. A minimum was found at 3098 K around a composition
of 5 mol% ThO,. The solid/liquid transition temperature was then observed to increase again with increas-

Key w ?def ing ThO, fraction. The literature value of pure ThO, (around 3630 K) was well reproduced here. Important
Actinide alloys and compounds . . . . . .
Ceramics experimental difficulties, stemming from the high temperatures reached during the measurements, as

well as a complete investigation with electron microscopy, Raman spectroscopy and powder X-ray dif-
fraction, are extensively discussed. These results show the importance of the high-temperature oxygen
chemistry in this actinide oxide compound.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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creativecommons.org/licenses/by/3.0/).

1. Introduction

There is a renaissance of interest in thorium based fuels as an
alternative to uranium based fuels in nuclear reactors. Thorium
has advantages in terms of proliferation, waste management, sup-
ply and safety [1]. However, there are still technical and safety
related issues to bring it to a fully commercial use [2-4].
UO,-ThO, mixed fuels (or (U, Th)O,; abbreviated here as TOX) have
advantages with respect to proliferation resistance for nuclear
weapons and long term waste concerns over pure UO, fuel [5-7].
One reason why the thorium containing fuels are possibly advan-
tageous compared to pure UO, are their material properties, more
specifically, the properties of ThO,. ThO, is a highly stable oxide,
not subjected to oxidation beyond the stoichiometric composition,
and its thermal conductivity is higher than that of uranium dioxide
[8]. These properties together with the very high melting temper-
ature of ThO,, constitute obvious advantages in terms of the in-pile
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fuel performance of TOX fuel [9] and also a rather stable and less
radiotoxic form for the waste with less minor actinides [10]. But
compared to UO, the (U,Th)O, mixed fuels are investigated rather
poorly. Especially the high temperature properties are only inves-
tigated in earlier research by Lambertson et al. and Latta et al.
[11,12]. Interestingly Latta et al. found a minimum temperature
around 5 mol% ThO,, but did not provide an explanation of this
surprising deviation of ideal behaviour. The end-members of this
system were studied more recently by Manara et al. (UO, [13])
and Ronchi and Hiernaut (ThO, [14]).

One of the main goals of the present work is to remeasure the
full UO,-ThO, pseudo-binary section, whereby the melting/solidi-
fication behaviour of these mixed oxides are studied by laser heat-
ing and fast pyrometry under controlled atmosphere. This setup
has been used for measuring some high temperature phase
changes of refractory materials (e.g. [13,15,16] revealing new
results on the melting behaviour. First studies in mixed actinide
oxide compounds, namely on mixed uranium-plutonium dioxides
revealed also large differences to earlier believed ideal behaviour
of this system at high temperatures [17]. New studies on the mixed
(U,Pu)0, system confirmed these observations of a minimum tem-
perature in the melting/solidification transition [18]. A conclusion
obtained of the latter work is that the high temperature phase
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transitions are sensitive to the oxygen potential and can be fully
understood only in the light of ternary systems of the mixed oxide
components [19,20]. ThO, in contrast is chemically more stable
and has a lower oxygen potential than the other actinide oxides
[21]. This makes it therefore chemically more stable also at high
temperatures. Under those conditions it was interesting to check
on one hand the high temperature behaviour of a nuclear fuel
material, as well as, on the other hand, fundamental aspects of a
system for which an essentially ideal solution behaviour can be
foreseen at high temperatures.

The results of the laser melting experiments are completed with
different methods as scanning electron microscopy (SEM), Energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and
Raman spectroscopy. Among these, Raman analysis of actinide
compounds is a rather original method to investigate the material
surfaces [22,23]. The UO,-ThO, pseudo-binary phase diagram was
finally refined with new experimental high temperature phase
change data.

2. Description of the experiments
2.1. Sample preparation

The UO,-ThO, mixed samples were prepared using a sol-gel external gelation
method with different molar fractions of ThO, (x(ThO-) = 0.05, 0.20, 0.40, 0.60, 0.80,
0.95, 1.00). The different samples were identified with the label TOX and the
amount-of-substance fraction x(ThO,)-100. Chemically, the samples contained
besides uranium and thorium negligible amounts of different metals (< 0.1 wt.%).
The powder/sol-gel beads were produced by precipitation of the U/Th solution in
small droplets. These beads were heated in air to remove the organics at 400°C.
Then the sol-gel beads were calcined in quartz crucibles at 800 °C in air to remove
the organics from the sol-gel process and convert the U-Th-hydroxide precipitation
to form the (U,Th)O,.,. After 2 h the gas is changed to Ar/H, to reduce the uranium
back to U". Finally, the powder is pressed to pellets of about 5 mm in diameter and
2-3 mm thickness. These pellets are sintered at 1650 °C for 8 h in Ar/H,to obtain a
O/M ratio of 2.00.

2.2. Laser melting experimental setup

The experimental apparatus used in this work is summarised in Fig. 1 and was
already described in detail elsewhere [13]. The sample was mounted in a pressur-
ized cell with a controlled atmosphere, which was inside an o shielding glovebox.
The contact between the sample and its mount was minimized by radially arranged
screws to hold the sample in place. With this approach the molten volume is con-
tained by the outer periphery of colder solid material, thus, preventing contamina-
tion by foreign material, hence can be described as quasi — containerless. The power
source for heating was a Nd:YAG continuous-wave laser radiating at 1064.5 nm.
The laser is programmable with a power/time profile of variable duration as short
as a few milliseconds and a maximum power of 4.5 kW. However the heating pro-
file was kept simple in order to separate better power changes from a thermal sig-
nal response.

The samples were preheated with low laser powers (45 W or 90 W) for 30 s to
reduce thermal shocks. After this time a sufficient steady state heat distribution
through the sample with a measured front surface temperature of 1500-2000 K
has established and the sample was brought to melting with pulses of different
length (100 ms to 1 s) at a constant power plateau (up to 600 W). The chosen power
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Sample
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depends also on the composition of the sample since ThO, is in the near infra-red
(laser wavelength) nearly transparent. This transparency is temperature dependant
and disappears at high temperature where absorption / emissivity values similar to
other actinide dioxides are reached [14].

After each pulse the power was set back to the preheating value to let the sam-
ple re-solidify and reach again a homogeneous state before the next pulse was
started. A maximum of 3 pulses were applied in a set of shots before letting the
sample cool naturally. Such heating cycles were performed under air for composi-
tions rich in ThO, and Ar for intermediate and UO,-rich compositions. The buffer
gas was slightly pressurized up to 0.3 MPa to reduce the vaporisation. The onset
of melting was detected by the appearance of vibrations in the signal of a probe
laser (Ar* cw 750 mW to 1.5 W) reflected by the sample surface (reflected-light-sig-
nal technique, or RLS) [24]. These vibrations disappear during the solidification pro-
cess at the thermal arrest and therefore establish the temperature at the thermal
arrest as the solidification temperature.

The surface radiance temperature in the centre of the heated zone was mea-
sured by a pyrometer operating at 652 nm and with a fast logarithmic amplifier.
The nominal spot size was approximately 0.5 mm in diameter. The pyrometer
was calibrated against a standard tungsten-ribbon lamp in the range 1800-2500
K, ensuring traceability to the International Temperature Scale of 1990 [25]. The
validity of the calibration, the quality of the optical windows, the alignment, and
the thermodynamic equilibrium conditions on the measurement spot were tested
by measuring in-situ the well established melting radiance temperatures of UO,
(3040 K [13]) and tungsten (3207 K [26]) close to 650 nm.

The true temperature was obtained by correcting the radiance temperature
with the measured of the normal spectral emittance NSE (&(4,T)). A further spec-
trometer, based on a linear array of 256 photodiodes, was used to record the sample
thermal radiance in the range of 488-1011 nm, whereby the time resolution is one
spectrum per millisecond at best. The photodiode at 649 nm was calibrated up to
2500 K using the tungsten-ribbon lamp and this calibration was transferred to a
tubular-cavity variable-temperature graphite blackbody furnace up to 3500 K.
The remaining photodiodes were then calibrated with this blackbody, allowing a
conversion of output signal to spectral radiance over the entire useful wavelength
range.

The measured radiance spectra can be fitted with two physically equivalent
methods: by a least-squares regression to Planck’s distribution law or by the radi-
ance temperature, T;, plotted as a function of wavelength, 7, assuming a grey body
with constant wavelength independent emissivity &(T). Both methods were suc-
cessfully applied on other actinide dioxides and are shown in detail elsewhere
[16,27]. For UO, the already published data is used [28], while the high temperature
value (0.870 + 0.044) obtained during the present work with both fits was adopted
for pure ThO,. This is in agreement with earlier results of ThO, [14,29] and is also
supported by analogy to emittance data of other similar dioxides [16,27]. The emit-
tance study could not be performed on all compositions. A linear interpolation
between the two NSE of UO, and ThO, was calculated, giving to the generic inter-
mediate composition a weighted value related to the amount of the two pure com-
ponents, which are shown in Table 1. This assumption seems reasonable especially
considering the close emittance values of the two end members and agreed well
with the calculated values for some intermediate compositions.

The sample surface was considered to be smooth, as supported by the good
repeatability of the measured radiance temperatures upon freezing. The freezing
temperature of TOX was determined from the cooling stage of the recorded thermo-
grams, locating the corresponding thermal arrest. As often observed in rapid laser-
heating experiments of such materials, and confirmed by numerical simulation
[16], the heating stage often occurs too quickly to reveal an observable melting
arrest during this phase of the thermal cycle but could be estimated with the help
of the RLS.

Uncertainties of the measurements were calculated according to the
error-propagation law, taking into account the uncertainty associated to pyrometer
calibration, the emissivity, transmittance of the optical system and the accuracy in
detecting the onset of vibrations in the reflected light signal. The estimated
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Fig. 1. A schematic description of the used apparatus for the melting experiments.
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cumulative uncertainty is thus lower than +2.5% of the reported temperatures in
the worst cases for solidification temperatures and +3.5% for melting transitions
(calculated with a coverage factor k = 2).

2.3. Material characterisation

To check the composition, the material was investigated with different methods
before and after the experiments. First, secondary electron (SE) and backscattered
electron (BSE) images were recorded on a scanning electron micro-scope (SEM with
a Philips XL40®) operated at 25 kV.

Additionally, the samples were characterized with a Bruker D8 advance® dif-
fractometer (Cu Ko radiation), using a range of 10-120° with 0.009 steps. The pro-
cedure was later also conducted on re-solidified material to see a possible effect
from melting.

The third method used to see possible effects on the surface was Raman spec-
troscopy. Raman spectra were measured with a Jobin-Yvon® T64000 spectrometer
used in the single spectrograph configuration. The excitation source was a Coher-
ent®cw laser (Ar* or Kr*) radiating at wavelengths of 488 nm, 514.5 nm, 647 nm,
and 752 nm with a nominal power up to several 100 mW at the exit of the cavity.
The power impinging on the sample surface is lower by a factor 10 approximately
and is chosen at each measurement in order to optimise the signal/noise ratio (by
minimising the material fluorescence) and reducing undesirable oxidation/burning
effects on the sample surface. Spectra are measured in a confocal microscope with a
50x magnification and long focal distance (about 1 cm). This feature gives a good
signal / noise ratio independently of the surface shape, with a spatial resolution
of 2 x 2 um on the sample surface. The spectrograph angle is calibrated with the
T, excitation of a silicon single crystal, set at 520.5 cm~ .

3. Results of the melting experiments
3.1. Mixed uranium-thorium dioxide

Fig. 2 is an example of the recorded thermograms during the
heating and cooling cycles. A TOX 40 specimen is, as described
before, heated up to a temperature of about 1500 K in an Ar atmo-
sphere and then brought to melting with pulses of different dura-
tion. After the laser pulse the sample cools by radiation conduction
to the environment. This cooling process is interrupted by the
release of latent heat during solidification of the molten pool and
results in a short stabilisation of temperature. After 3 high power
pulses the sample is let cool to room temperature and another
set of 3 shots with longer duration are used to melt the sample
front side. In Fig. 2 thermograms of the pulses with the same
length are overlapped. Differences in the heating rate are mostly
attributed to crack formation in the sample disk and therefore
changes in the thermal conduction in the sample. The melting pro-
cess heals some cracks so that the cooling curves are repeatable
over successive shots with different lengths. This implies that the
samples are stable for numerous heating cycles and segregation
effects, due to non-congruent vaporisation and melting, do not
influence the solidification temperature in successive shots.

From these thermograms the solidification temperature is
deduced at the cooling stage at the peak of the thermal arrest.
An ideal flat arrest was not observed at constant temperature, since
the molten surface solidifies very quickly and builds a crust upon
the molten material in only a few milliseconds [18]. Therefore
the thermograms can be interpreted as follows: after turning off

Table 1

the high power pulse, the molten surface reaches a slight underco-
oling until a crust of re-solidified material starts to cover the melt.
During this solidification the latent heat, released during the crust
formation, serves as a power source and raises the temperature on
the surface. The temperature reaches a local maximum, while the
surface solidifies entirely and a trapped molten pool is left inside
the solid material. The re-solidification of the enclosed melt is con-
tinuous and releases heat to the surrounding material, up to the
sample surface. Therefore the cooling process at the surface is slo-
wed down until the melt in the inside has solidified at the last
inflection.

The reflected blue-light-laser (RLS) helps to identify this solidi-
fication, as well as the melting process. In Fig. 2 the 1st derivative
of the RLS of the first shot (black) is shown in blue. One sees clear
changes in the signal at the end of the laser pulse (end of heating)
and right afterwards at the same time as the local temperature
maximum at the thermal arrest. Also on the heating side one can
identify a weaker change, also described in earlier work
[13,16,24,27], at the same time as the sample surface reaches the
melting temperature.

Fig. 3 and Table 1 summarise the melting/solidification points
observed with the different (U, Th)O, compositions investigated
in this work. Within the experimental uncertainty the temperature
remain the same for the melting and solidification, which confirms
that segregation effects during the experiments, as described
before, seem to have a minor influence. One can also observe that
the (U, Th)O, pseudo binary system seems to have a minimum
melting/solidification point around 5 mol% ThO,.

3.2. Thorium dioxide

Melting experiments with pure ThO, were performed with the
current approach in air, showing a melting temperature of 3624 K
+ 86 K. This is in agreement, within the reported uncertainties,
with the established value in literature (3651 K + 17 K) [14]. Tests
in different atmospheres (air and argon) showed colour changes as
described by Ronchi and Hiernaut [14]. While the melted material
surface stayed white in experiments in air, in argon the sample
tended to become black after several shots. Preliminary thermo-
gravimetry tests showed a hypostoichiometric change of the black
material, confirming the existence of a link between oxygen losses
and change in colour of the specimen of a more metallic sample as
seen also before on calcium oxide [30]. However, the temperature
measured in the tests with Ar-atmosphere did not show a statisti-
cally significant difference, as one can expect from calculated
thermograms [21].

4. Discussion
4.1. Microscopy

The samples were analysed by secondary-electron-microscopy
at different magnifications. A typical microscope image (Fig. 4)

Normal spectral emittance (NSE), melting temperature detected by RLS and solidification points observed by thermal arrest analysis in this work on mixed (U, Th)O,.

Composition NSE No. of shots Melting temperature | K Solidification temperature | K
uo, 0.830 - - 3126 K+ 55 K [18]

TOX 5 0.832 9 3100 K £ 62 K 3098 K+ 54 K

TOX 20 0.838 11 3175 K+ 105K 3157 K+ 69 K

TOX 40 0.846 21 3371 K+ 68 K 3341 K+53K

TOX 60 0.854 9 3467 K+ 125K 3447 K+ 59 K

TOX 80 0.862 4 n.d. 3529 K+91K

TOX 95 0.868 4 n.d. 3584 K+67K

ThO, 0.870 11 3624 K £ 108 K 3624 K+ 86 K

Note: n.d. - not detected.
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Fig. 2. Thermograms recorded on a single TOX 40 (UggoTho.40)0> sample over 2
successive laser heating cycles. In each cycle the sample surface was hit by three
high-power laser pulses (starting at O s) separated by dwelling periods of several
seconds during which it was kept at an intermediate temperature around 1500 K in
order to minimise thermal shocks. The solidification temperature of TOX 40 at 3341
K is suggested by the horizontal line. The reflected-light-signal (RLS) of shot 4 is
shown below the corresponding thermogram indicating melting at about 0.08 s and
3370 K and solidification at 3341 K and 0.8 s.

shows the surface of a TOX 60 sample after the laser shots. One can
see the edges of the melted and re-solidified zone of different suc-
cessive shots. The EDX analysis showed no change of composition
along the surface from the centre to the outside within the uncer-
tainties of EDX. There is also no difference compared to the not
melted material surrounding the re-solidified zone. In all analysed
compositions there are no evident traces of segregation. The ratios
U/Th in the re-solidified areas remain very close to the not melted
one.

Since the EDX analysis has relatively large uncertainties (+10%
in composition), further investigations were performed with
Raman spectroscopy and powder X-ray diffraction analysis to con-
firm the absence of segregation effects.

4.2. Raman spectroscopy

Main purpose of the current Raman spectroscopy analysis was
the detection of possible segregation/oxidation effects in the mixed
oxide samples following the laser heating cycles beyond melting.

3700 4 @ Melting (on heating with RLS) 3700
m  Solidification (at thermal arrest)
3600 } I 3600
f 3500 I 3500
e
2 3400 I 3400
o
g
£ 3300 3300
o
[t
3200 4 3200
1
3100 % 3100
3000 - T T T T 3000
0.0 0.2 0.4 0.6 0.8 1.0
uo, x (ThO,) Tho,

Fig. 3. The melting/solidification temperatures observed in the present work with
help of RLS and thermal arrest analyses on different TOX samples. Vertical
uncertainty bands combine the intrinsic instrumental uncertainty (pyrometer
calibration, sample emissivity, transmittance of the optical system) with the
experimental data spread.

Some Raman spectra recorded in this work with a 514 nm laser
excitation source on mixed uranium-thorium dioxides are pre-
sented in Fig. 5.

The fluorite-like structures studied in this research (fcc, Fm3m)
have only one (triply degenerate) Raman active vibration (Tg),
which is taken as a reference peak for our investigation. In stoichi-
ometric urania the peak is found at 445 cm~! [31], in thoria at 465
cm ! relative to the excitation wavelength [31]. This vibration is
identified as zone “A” in the spectra reported in Fig. 5a. Zone “B”
contains a rather weak peak around 575 cm™!, which has been
attributed to a longitudinal optical (LO) phonon [32]. Its Raman
activity is linked to the presence of oxygen vacancies in the fcc
fluorite lattice [33]. This peak is visible rather poorly in all compo-
sitions. Zone “C” contains, essentially in TOX 5 and TOX 20, a weak
peak around 630 cm™!. This feature has been assigned to the for-
mation of oxygen interstitial clusters, resulting in the separation
of a M4Og super-symmetry within the fcc lattice [34]. The rather
irregular features observable in zone “D” of the Raman spectra of
Pure UO,, TOX 5 and TOX 20, correspond to vibrations of species
containing uranyl groups. These species (U30;, Us0g, UO3 [35])
can be easily formed on the sample surface in contact with air,
especially under the irradiation of the laser used as excitation
source for the Raman measurements. Obviously, the addition of
ThO, (a chemically very stable compound) to UO, has a stabilising
effect, with respect to the formation of these structures on the
sample surface in contact with the air, only for compositions
x(ThO,) > 0.2 approximately. Finally, the presence of a broad and
intense peak around 1150 cm™' is clearly observable in zone “E”
of the spectra measured in samples with x(ThO,) < 0.80. This peak
has been demonstrated to be an overtone of the 575 cm™' LO pho-
non [32,36]. Its intensity obviously changes with composition. This
peak was shown to be Raman resonant in uranium dioxide [32,36],
but not in thorium dioxide. This explains its composition depen-
dent behaviour in the current mixed oxides.

A plot of the dependence of the T, peak position with the ThO,
content is shown in Fig. 6 and in Table 2. The average of several
measurements on not melted and re-solidified material at the sur-
face is shown with a combined uncertainty with a 2-k coverage
factor resulting in a total uncertainty of 2-3 cm~!(with a spectral
uncertainty of +1 cm™'). The T,e Raman shift clearly tends from
urania to the thoria value following the amount of thoria in the
material. This peak tends also to sharpen at increasing ThO, con-
tent, probably due to a decrease in oxygen defect concentration.
The measurements were conducted on different spots at the
surface showing no consistent (in-/decrease) and systematic
(centre to outside) difference to each other on the same surface.

Fig. 4. Secondary electron image of a broken TOX 60 sample, with defined re-
solidified zones from different successive shots.
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This homogeneity of the surface could originate from the very fast
formation of the crust combined with slow diffusion in the solid.
No full analytical relation between the composition and the T,
peak Raman shift has been determined for this system. The T,g
peak wavenumber increases with an approximately linear trend
only from pure UO, to 80 mol% ThO, for the not melted material.
For higher thoria contents, this Raman mode keeps very similar
to the one of pure ThO,, both in peak position and intensity. This
behaviour is probably attributable to the resonant nature of the
T,, Raman active mode in thorium dioxide, and its much higher
scattering efficiency compared to UO, [37,38]. One can see that
the re-solidified material has a consistently higher T,, peak posi-
tion than the not melted material, though very little around the
end-members (UO, and ThO,). An increase in the Raman shift
would indicate a composition shift towards ThO, on the surface
of the re-solidified material, compared to the not melted material
for the intermediate compositions (with 20, 40 and 60 mol% ThO,).
There are different effects which might play a role in the current
observations with Raman spectroscopy: (i) high temperature lat-
tice disorder, as Frenkel pairs in the oxygen sublattice [39],
quenched to room temperature, could have an increasing effect
on the peak shifts of the re-solidified material, (ii) changes of the
material fractions as a result of different surface tensions in the
melt or (iii) segregation can occur during the rapid heating/cooling
cycles across the non-congruent melting transition, resulting in
compositional shifts in the quenched solid, also (iv), the T,; Raman
scattering efficiency of ThO; is higher compared to UO, [37,38].
In order to detect possible effects of high-temperature surface
oxidation or oxygen defect formation Fig. 5b shows the comparison

(a)

Intensity / arb. u.

400 500 600 700 800 900 1000 1100 1200 1300

Raman shift from 514 nm / cm™

( ) TOX 60
— not melted
5 - - - re-solidified
£
<
2
‘»
o
2
£
°
@
2
©
E
S
P4
T o T - T T
400 600 800 1000 1200

Raman Shift / cm™

Fig. 5. Raman spectra recorded with a 514 nm excitation laser: (a) comparison of

not melted samples with different ThO, content, and (b) comparison of a re-
solidified and not melted TOX 60 sample.

between a broader Raman spectrum recorded with a 514 nm exci-
tation laser on a re-solidified and a not melted TOX 60 sample. The
most appreciable difference between the two spectra is the slight
shift in the T, peak (see inset), corresponding to the difference
in its position reported in Fig. 6. As mentioned above, such differ-
ence can be related to both a local enrichment in ThO,, probably
due to segregation during the melting/freezing process, and the
formation/annihilation of oxygen defects. However, the slight dif-
ferences in the spectral zones C and D of Fig. 5a, between 600
and 950 cm~!, seem more reasonably attributable to variations
in the background noise than to any clear formation or annihilation
of oxygen defects during the thermal cycles beyond melting. It can
be concluded that no obvious oxidation effects on the re-solidified
surface could be detected by the current Raman analysis. Instead,
this analysis revealed the occurrence of some segregation leading
to non-negligible ThO, enrichment, with respect to the initial sam-
ple composition, in re-solidified samples with intermediate values
of x(ThO,). The lower relative intensities of the Raman peaks at 575
cm~!and 1150 cm™! in the re-solidified sample (Fig. 6) confirm the
same trend, when compared with the spectra displayed in Fig. 5a
for the various UO,-ThO, compositions. Such segregation, occur-
ring during the fast heating/cooling cycles, can be limited to the
very external part of the sample surface. This part has been shown
to be the first to solidify from the liquid forming a thin crust in con-
tact with the external atmosphere [18]. It is the most likely to dis-
play segregation phenomena, due to slow diffusion in the solid
[13,18]. However, its exact thickness has not been determined.

The penetration depth for the current Raman analysis can be
conservatively assumed with the Lamber-Beer law to be 0.5 yum
to a few um (depending on the ThO, content)[40,41], compared
to melted depth of at least 20 um [16]. Therefore the analysis is
certainly limited to a superficial layer considerably thinner than
the whole melted pool and to a thinner layer than an EDX analysis,
which has an emission depth of about 5 pum. It is not obvious to
conclude whether the Raman-analysed part is smaller or bigger
than the superficial crust initially formed upon solidification. Inde-
pendently, it is plausible to assume that segregation effects
observed by Raman spectroscopy in melted samples with interme-
diate x(ThO,) values can be limited to an external layer of the
refrozen pool. There, a composition enriched in ThO, can be
formed and quenched at the beginning of the fast solidification
process, according to the UO,-ThO, solidus-liquidus phase
boundaries.

In order to investigate the occurrence of similar segregation and
additional oxidation phenomena in the whole mass of not melted
and re-solidified material, powder X-ray analysis was performed.
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465 l % E- 465
£ 460 | I # L 460
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5 455 4 I - 455
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g I
§ 450 - 450
m %
5 % % A resolidified | **°
¢ not melted
440 - T T T T - 440
0.0 0.2 0.4 0.6 0.8 1.0
uo, x (ThO,) Tho,
Fig. 6. Dependence of the Raman T, position on molar fraction of ThO,.
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Table 2
The evolution of T, positions and lattice parameter with ThO, content.

Composition ~ Raman shift/cm™! Lattice parameter/A

Not melted Re-solidified Not melted Re-solidified

[S[6)} 444 - 5.4708 -

TOX 5 4451 445.1 5.4775 5.4780
TOX 20 448.1 453.0 5.4985 5.5031
TOX 40 452.9 458.6 5.5243 5.5245
TOX 60 458.3 461.7 5.5501 5.5513
TOX 80 463.5 464.5 5.5735 5.5747
TOX 95 461.3 462.4 5.5898 5.5900
ThO, 463.0 463.5 5.5971 5.5972

4.3. Powder X-ray diffraction

Table 2 shows the measured lattice parameters obtained by
powder X-ray diffraction (PXRD), while Fig. 7 shows the difference
of the lattice parameter to the interpolation (Vegard’'s law)
between the pure components ThO, and UO,. One can easily see
that the re-solidified and not melted material shows nearly identi-
cal lattice parameters. As well, no other (higher oxide) phases as
the fcc Fm3m phase of the solid solution of (U, Th)O, - even on dif-
ferent samples in the uranium rich part - were seen in the diffrac-
tion patterns. The lattice parameter agree well with the parameters
of Cohen and Berman [42] or Hubert et al. [44], except a slight
deviation in Cohen and Berman’s work from Vegard’s law, showing
a minimum at 2 mol% ThO,. A small phase separation was seen for
the re-solidified TOX 40, with a higher lattice parameter (5.5489 A;
+0.0288 A away form Vegard’s law), which is probably formed
while cooling. Such segregation is explained in the next section
in more detail with the help of the phase diagram.

The slight deviation to Vegard’s law here can be attributed to
uncertainty (of approximately 2%) in the initial composition or a
slight change of the O/M ratio, although it is not possible to distin-
guish between these two effects only by the lattice parameter.
Compared to the results from mixed (U, Pu)O, [43] or from hyper-
stoichiometric studies on (U, Th)O, [42], the change in O/M can be
assumed to be small in this work. There is no study so far to the
knowledge of the authors, which addresses the reduction of (U,
Th)O,. It is not surprising that due to the low oxygen potential of
ThO, shifts in the lattice parameter caused by stoichiometric
changes would be small. In some compositions an increase of the
lattice parameters in the re-solidified material suggests a shift
towards ThO,, but is still within the uncertainty range and rela-
tively small compared to the shifts indicated by Raman spectros-
copy in this work. One has also to bear in mind that these
measurements were done at room temperature and even though
the samples are cooled down from high temperature very quickly
and structures might be quenched, changes cannot be ruled out
during cooling. Also, any local differences within the re-solidified
zone are not seen by PXRD and are maybe averaged, especially
since in the analysis no distinction of material close to the surface
and “deeper” material can be made.

Finally, PXRD analysis confirms, with the before mentioned
constraints, that the shift observed in the T,; Raman peak of sam-
ples with intermediate x(ThO,) values are probably attributable to
UO,-ThO, segregation limited to a very shallow region starting
from the most external crust of the melted and re-solidified sur-
face. The remaining re-solidified bulk maintains, within the exper-
imental uncertainties, the initial composition even after the laser
heating cycles beyond melting.

4.4. Melting temperature results

The melting point for ThO, is here measured to be 27 K lower
than formerly measured and published by Ronchi and Hiernaut

[14]. With the considered uncertainties, the difference is largely
covered. In fact, by reinterpreting the solidification temperatures
of Ronchi and Hiernaut on the basis of their published thermogram
in the same way as thermograms in this work have been inter-
preted, one reaches a temperature of 3639 K + 42 K (only the data
spread with a 2-k coverage factor is considered), which is even clo-
ser to our result of 3624 K. Other effects as the reported pre-melt-
ing transition were not seen in the current study. Generally, small
enthalpy changes are not expected to be seen with the experimen-
tal approach in this work, due to the different sample geometry
and heat loss balance with respect to Ronchi and Hiernaut’s work.

The interpretation of the thermograms has been already dis-
cussed in a previous work with the help of Phase-Field simulations
[18], which show that the complex shape of the thermal arrest
comes from rapid solidification of the surface rather than a soli-
dus/liquidus transition in thermodynamic equilibrium. Compared
to the diffusion rates of actinide oxides [43] the solidification pro-
cess in these experiments is very fast, so that an exact identifica-
tion of the liquidus (first appearance of solid in the molten zone)
and solidus (solidification of the last molten material) tempera-
tures becomes very difficult [45]. With the help of the reflected
light signal, the melting transition could be identified in some
measurements and was found to be close to the solidification tem-
perature as one can see in Fig. 3 and Fig. 8. The differences are still
within the uncertainty bands. The most likely explanation for this
melting/solidification difference is parasite reflections of the heat-
ing laser into the pyrometer.

The UO,-ThO, system is an isomorphous binary phase diagram.
In this kind of system only one solid phase exists at the equilibrium
and the two endmembers exhibit a complete solid solubility. If one
assumes ideal solid and liquid solutions for every composition, sol-
idus and liquidus can be calculated solely based on the thermody-
namic data of the two end members recently reviewed by Konings
et al. [46] and considering only ideal configurational entropy con-
tributions. The resulting solidus and liquidus plots are shown in
Fig. 8 together with the current and literature experimental data.

The minimum melting temperature found in this work for 5
mol% ThO, contradicts a fully ideal solution in the domain of melt-
ing (as already graphically assumed by Belle and Berman [5]). The
work of Lambertson et al. [11] showed a total miscibility of the
components in all proportions. Latta et al. [12] focused their atten-
tion on the region below 20 mol% ThO,, for which a minimum at 5
mol% ThO, was also observed. The melting temperatures in that
study are similar to this work in the uranium rich part, but differ
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g
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Fig. 7. Difference between lattice parameters of the samples (+0.002 A) and
Vegard’s law interpolation between the endmembers in dependence of the ThO,
content. The black line represents Vegard's law between the stoichiometric UO, and
ThO,. The dotted lines suggest non-stoichiometric changes from hyperstoichio-
metric studies on (U, Th)O, [42] and hypostoichiometric studies on (U, Pu)O, [43].
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in the intermediate compositions. In the thorium rich part of the
phase diagram data are more rare, so that a direct comparison of
each composition is not possible. This deviation from ideal behav-
iour close to UO,, the chemically less stable oxide, emphasises a
stabilizing effect of ThO, in mixed actinide oxides [42]. The repro-
ducibility by laser containerless heating of older data with a high
content of thoria confirms that the oxygen potential is indeed a
crucial parameter determining the reactivity of these oxides with
the containment.

With the used characterisation methods, small variations
between the re-solidified and the not melted material can be
linked to segregation on the most external part of the freezing sur-
face. According to the phase diagram the composition formed at
the liquidus temperature upon solidification of the sample surface
corresponds to the solidus point of another composition enriched
in ThO,. This latter surface composition is likely to be quenched
to room temperature almost unchanged, due to slower mass diffu-
sion in the solid. Therefore it is suggested to move the observed
solidification points of the intermediate compositions (20, 40 and
60 mol% ThO,) towards the ThO, side of the phase diagram (see
Fig. 8), although the shift could not be exactly quantified. Thus,
ideal solution behaviour can be approximated for most of the
compositions.

Calphad optimisation of phase diagrams of actinide oxides sug-
gest a non-congruent (slightly hypostoichiometric) melting for
dioxides [21,19], and oxygen potential studies of hyperstoichio-
metric (U, Th)O, suggested a non-ideal hyperstoichiometric system
[47].

Almost ideal solid solution behaviour has been observed in
most compositions in this study, especially for thorium rich com-
positions. The slight deviation from the ideal solution leading to
a minimum melting point in the UO,-rich part can be fairly repro-
duced by using a polynomial formalism of the type proposed by
Pelton and Thompson [48], with one adjustable parameter for
describing the excess Gibbs energy AG®‘ in the solid:

AG* = x(U02)4 -x(ThO) - A (1)
A is a parameter, assumed to be temperature-independent, repre-
senting the interaction between the components in the solid solu-
tion. The exponents with which the molar fractions of urania and

3700 4 o solidus (lit. [11,12]) r 3700
& liquidus (lit. [11,12])
® melting (this work)
3600 1 m solidification (this work) - 3600
---- ideal liquidus / solidus 9
—— liquidus, solidus with A H (this work) __-
v 3500 - L I 3500
< liquid
2 3400 - I 3400
o
@
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g 3300 - - 3300
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Fig. 8. High temperature phase diagram of the pseudo-binary UO,-ThO, system.
Results of this work are shown together with the ideal solution binary solidus and
liquidus (solid lines) and data from earlier measurements [11,12]. With grey arrows
a suggested shift of the obtained melting/solidification temperatures is shown
qualitatively. The solid solidus and liquidus lines take into account deviations from
the ideal solution behaviour. They have been calculated by considering a mixing
enthalpy in the solid solution, whose values reported in the inset have been
optimised in order to best fit the current experimental data with a polynomial
formalism.

thoria (x(UO,) and x(ThO,) respectively) appear in Eq. 1 account
for asymmetry in the model, consistently with the most relevant
deviations from ideality observed in uranium-richer compositions.
In this first-approach excess parameter optimization, the liquid
phase is still treated as a fully ideal solution. Best fit of the experi-
mental solidification data (considered as solidus points at composi-
tions corrected for eventual segregation effects) was obtained for A =
25 k] mol~'. The resulting solidus and liquidus lines are also
reported in Fig. 8 (solid curves). They do match a minimum melting
point for low thoria contents. They also seem to be more consistent
with the mentioned shifts induced in intermediate compositions by
segregation effects during the melting/freezing process and with
earlier solidus data [11,12]. A plot of the relative solid mixing
(excess) enthalpy AnmixH vs. composition is reported in the inset of
Fig. 8. These results are obtained in a first-approximation approach,
and should therefore be considered as purely indicative of general
trends. Nonetheless, they do give a rough quantification of devia-
tions from ideal solution behaviour concentrated in urania-rich
compositions. Such deviations can be certainly related to the forma-
tion of lattice defects for high UO, contents. In these compositions,
the formation of both oxygen interstitials and vacancies is very likely
due to the possibility for uranium to assume, in the oxide, the
valence states +3, +4, +5 and +6, whereas thorium is stable only in
the form Th** [43]. This is also in line with the current Raman anal-
ysis, which showed that further oxidised structures of UO, are more
easily formed on the surface of samples with nominally 5 and 20
mol% ThO,, i.e. for the lowest ThO, contents investigated here.

Interestingly, a small addition of ThO, to UO, seems to still per-
mit the formation of these structures rather than hindering it. The
uranium rich part of the system can therefore be fully assessed
only as a ternary U-Th-0. This behaviour can also be described,
in a first approximation, as a binary non-stoichiometric phase dia-
gram as shown in [18]. In the light of such behaviour, it is easier to
understand the anomalous melting point deviation from the ideal
solidus and liquidus lines in mixed uranium-thorium dioxides
with low thorium content.

5. Conclusions

Following novel results in disagreement to earlier data found
for pure and mixed actinide oxides with containerless laser heat-
ing, this study re-analysed ThO, and the mixed system (U, Th)O,.
Several conclusions can be drawn from these experiments:

e With respect to the high temperature interaction between sam-
ple and containment, the reproducibility of earlier results seems
to be better in compounds like ThO,, with a low oxygen poten-
tial. Earlier results were reproduced within the uncertainty
bands, confirming a minimum melting point in the UO,-ThO,
system around 5 mol% ThO, and 3098 K.

e The (U, Th)O, system should be described, in the uranium rich

part, rather as a ternary U-Th-O system than a purely

pseudo-binary UO,-ThO,. The performed material analyses

(SEM, Raman spectroscopy, XRD) support this interpretation,

by showing the formation, on the very surface of the re-solidi-

fied sample, of species with a higher oxidation state only for

thorium dioxide concentrations lower than approximately 20

mol% ThO,. More effects at high temperature, as e.g. defect for-

mation and O/M variations, may play a further role, but could
not be identified with the current analysis methods at room
temperature.

Ideal solution behaviour can be reasonably hypothesised

around melting for intermediate and ThO,-rich compositions.

Based on material characterisation results, segregation effects

cannot be excluded on the observed melting/solidification

temperatures of intermediate compositions (20, 40 and 60
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mol% ThO,). These compositions show by bulk and thermal
analysis only minor differences between re-solidified and not
melted material. Surface analysis (Raman spectroscopy) reveals
possible composition shifts, difficult to quantify. These shifts are
probably limited to the very surface of the re-solidified sample
and are in line with a quenching solidification process in the
phase diagram.

The current results help to understand the high temperature
behaviour of a refractory material in terms of basic research and
also in terms of safety and security of a possible nuclear fuel in
accidental or operating conditions.
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