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ARTICLE INFO ABSTRACT

Keywords: We compare typical reductive sintering conditions for U, Pu mixed oxides (4 h at 1700 °C in Ar/6 % Ha + 1200
MOX . ppm H»0) with lower temperature and mildly oxidative conditions (2 h at 1200 °C in CO/CO; = 1/9) and report
Sintering on the resulting microstructures and homogeneity. We show that lower temperature and mildly oxidative con-
g;?i:;}fua ditions, without cover gas change, can give close-to stoichiometric, crack-free MOX pellets with a relative density

of ~ 95 %, and we propose ways to improve the homogenisations of PuO; and UO; and increase the grain size.

1. Introduction

Uranium-plutonium mixed oxide (MOX) pellets are currently used as
fuel in several nuclear reactors, as a way to reutilise plutonium produced
during commercial operation [1,2]. They are also the reference fuel for
most European fast neutron reactor demonstrators and prototypes [3].
Like UO9, MOX fuel is manufactured by ceramic powder technologies,
involving three steps, (i) powder production, (ii) forming of green pellets
and (iii) sintering. This last step is particularly energivorous, as it re-
quires reaching temperatures in the order of 1700 °C over several hours.
Hydrogen and optionally traces of water are used in the cover gas to
avoid phase transformations and to set the final oxygen to metal ratio to
the desired values, typically between 1.97 and 2.00. A reduction of the
sintering temperature could increase the production sustainability, not
only by decreasing the energy consumption, as well as reducing the cost
and increasing the durability of the furnaces. This may be achieved by
tackling the main variables affecting the sintering rate (Fig. 1): (i)
reducing the powder particle size and distribution [4] (ii) applying
external driving forces, as done in pressure assisted sintering techniques
[5]1, or (iii) increasing the diffusion coefficient of the slowest (rate--
limiting) species (in fluorite-type oxides, the diffusivity of the cation in
the face-centred cubic sublattice is much lower than that of oxygen in
the simple cubic sublattice [6]).

This last approach is particularly appealing for UO; and MOX, as the
metal self-diffusion coefficient (D) increases by orders of magnitude
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when increasing the oxygen stoichiometry above 2 - a relationship of Dy
o X2 was suggested for UOy., [7]. The extent of hyper-stoichiometry can
be conveniently set by fixing the oxygen partial pressure of the pro-
cessing gas during sintering, for example using appropriate mixtures of
CO, COy, H; or HO [8].

This approach has been shown to decrease the sintering temperature
from ~1700 °C to ~1100 °C and reduce significantly the production
time. It is known as low temperature sintering (LTS), [9-111, oxidative
sintering [12], or NUKUSI process (from the German
Niedrigtemperatur-Kurzzeit-Sintern, translatable as “low-temperature,
short-time sintering™), and used by Kraftwerk Union AG to produce 50
tons of UO, pellets for irradiation [12-14].

One of the drawbacks of the oxidative sintering is the need to change
the atmosphere during processing, to reduce hyperstoichiometric UO2 4
to UO3 g [15]. Another peculiarity is the need to control the solarisation
phenomenon - a form of growth of grains and closed pores and
concomitant de-sintering, or de-densification [16], which can be either
seen as a drawback, or conveniently used to tailor the density, closed
porosity, and grain size distribution [12,17].

The low-temperature hyperstoichiometric sintering of MOX is less
reported in the open literature than UO». Kutty et al. performed sintering
studies by dilatometry of UO2, UO2 —20 % PuO3, UO3 -50 % PuO3, UO4
—-76 % PuO4 and PuO,, showing that an oxidising atmosphere lowers the
onset temperature for densification for MOX [18,19], while pure PuO,
sinters better in Ar -8 % H; compared to CO5 [20]. Recently, Miranda
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et al. [21]. performed a dilatometry study of Up ggPug 1102 MOX fuel
in a well-defined oxygen partial pressure (Ar + 4 vpm O3), and observed
significant swelling above 1200 °C, with development of the typical
solarised microstructures. The pressure of the gas trapped in the closed
porosity is responsible for swelling, which counteracts the intrinsic
sintering pressure. Miranda et al. convincingly identified this gas as the
oxygen released during reduction of U and Pu oxides at higher tem-
peratures, and not CO or COs as previously believed [21]. Barzati et al.
[22], studied the solid solution formation in the Ug 7Pug 302, system at
1400 °C, found no reaction in He + 5 % Hj, and complete interdiffusion
by increasing the oxygen partial pressure with water vapour. Using an
excessively high oxygen partial pressure, gave low-quality pellets,
because of solarisation and fracturing induced by phase changes.

Here we compare conventional sintering conditions for MOX (1700
°C in Ar/Hy/H,0) with low-temperature (1200 °C), mildly oxidative
conditions, and we report on the resulting microstructures and homo-
geneity. We show that lower temperature and mildly oxidative condi-
tions, in CO/CO, = 1/9 without gas change, can give close-to
stoichiometric, crack-free MOX pellets with high density, and we pro-
pose ways to improve the homogenisations of PuO, and UO; and in-
crease the grain size.

2. Experimental

2.1. Sample preparation

The starting uranium oxide powder was a commercial powder
(Cogema TU2) with an average stoichiometry of UO5 15, granules in the
order of 10 ym and primary particles in the order of 0.2 -0.3 ym. The
plutonium oxide powder was PuO3 oo produced from oxalate precipita-
tion, thus presenting the typical platelet morphology of several pm
length. A more detailed characterisation is given elsewhere [4].

The feed powder mixture with a target composition of 0.11 Pu/(Pu +
U) was prepared by dry vibratory milling (Retsch MM301) by adding the
powders (2.438 g PuO; and 19.692 g UO,) and three 12 mm diameter
zirconia balls to a 25 ml zirconia jar. The mixture was milled for 2.5 h at
a frequency of 15 s ! and 5 h at 20 s~! with 4 cooling breaks in total.

The density of the powders was measured by pouring the powder in a
10 ml glass cylinder and measuring the weight and the volume of the “as
poured” powder (bulk density) and after gently shaking and tapping the
cylinder until the powder volume showed no further decrease (tap
density).

The milled powder without any additives was pressed at 405 MPa in
a bi-directional press (Lauffer VIUG16), in 7.2 mm diameter dies
lubricated on the surface with zinc stearate, into several green pellets (h
~ 5.8 mm) and disks (h ~ 1.4 mm) with a relative density of 69.7 % (the
theoretical density (TD) of the solid mixture was estimated at 11.01
g~crn’3).

The green bodies were sintered either in “reductive” or “oxidising
atmosphere”. The reductive sintering took place in a metallic furnace
(Degussa VSL10/18) on a molybdenum tray, in flowing Ar + 6 % H
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moisturized with 1200 ppm of water vapour. The moisturized gas was
used only from 600 °C, to prevent possible oxidation of the molybdenum
at high oxygen potential at lower temperatures. Heating and cooling
rates were 200 °C/h. The sintering schedule was as follows: heating to
600 °C in Ar/H,, addition of 1200 ppm H,0 and dwell for 2 h, heating to
1700 °C and dwell for 4 h, cooling to 600 °C, switching-off of moisture
and 1 h dwell in dry Ar/Hy, cooling to room temperature.

Oxidative sintering was performed in an alumina tubular furnace
(AET) on an alumina tray at 1200 °C for 2 h. Heating and cooling rates
were 200 °C/min. The furnace was flushed with a 10/90 mixture of
carbon monoxide and carbon dioxide (BASI) with following specifica-
tions: 9.934 vol % CO (99.9 % purity) and rest CO3 (99.995 purity).
After the oxidative sintering, some samples were re-annealed in the
same gas as the reductive sintering (Ar + 6 % Hy + 1200 ppm H30) at
600 °C for 2 h.

Green and sintered densities were measured geometrically, by
measuring the weights on a balance (KERN PCB350) and the diameter
and the height with a micrometer (Mitutoyo QuickMike), and with the
Archimedes method for the sintered samples only, using a Sartorius
BP211D balance equipped with a hydrostatic density kit.

2.2. Characterization techniques

The samples were analysed with a Bruker D8 X-ray diffractometer in
a Bragg-Brentano configuration with a curved Ge monochromator
(1,1,1), a copper tube (40 kV, 40 mA), equipped with a LinxEye position
sensitive detector. Fragments of sintered pellets were pulverised in a
mortar and deposited on a silicon wafer with a few drops of isopropanol.
Profile refinement and structural analyses were performed with the
JANA 2006 software suite.

The O/M ratio was measured by thermogravimetric analysis (TGA)
with an oxidation/reduction procedure, adapted from ASTM C1817-16
to heating in a thermobalance. A fragment from the sintered pellets
weighting > 100 mg was placed in a pre-treated Al,O3 crucible and
inserted in a TGA (Netzsch 449C) and subjected to the following
schedule, with a gas flow of 60 ml/min: (i) heating in Ar at 10 °C/min to
900 °C, and 10 min isotherm, (ii) switching gas to air for one minute,
(iii) switching again to argon for 10 min, (iv) switching to Ar/H; and
keeping the temperature at 900 °C for 160 min, and finally cooling.

The Pu/(U+Pu) ratio of the sintered pellets was measured by IDMS
(Isotopic Dilution Thermal Ionisation Mass Spectrometry) using a Triton
from Thermo Fisher Scientific GmbH.

Scanning Electron Microscopy (SEM) images were obtained with a
Philips/FEI™ X140 SEM placed inside a glovebox. The grain size was
measured on the “as sintered” surface with the line intercept method
without correction factor, using 4 SEM images and a minimum of 8 lines.

Electron micro probe analyzer (EPMA) measurements were carried
out using a shielded Cameca SX100R equipped with four WDS spec-
trometers. The device was operated at an acceleration potential of 25 kV
and a beam current of 100 nA. The 512x512 pm maps are stage scan
maps with a pixel dwelling time of 100 ms and 256x256 pixels. The

7 (gySTV+PE)
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Fig. 1. The variables affecting the sintering rate, where f is a function of the density (p) and of the geometry, and includes mechanism-dependent constant terms, d is
the particle size, m is a mechanism-dependent exponent (m = 2 for volume diffusion-controlled sintering, and m = 3 for grain boundary diffusion-controlled sin-
tering), Dy is the pre-exponential factor of the diffusion coefficient of the slowest species along the fastest path, with activation energy Q,. The last term represents the
driving force, which is given by the sum of the effective external pressure, Pr (which is O for free sintering) and the intrinsic sintering pressure (g ysy/)\), where gis a
geometric term, A a geometric scale of the microstructure, typically d or the pore radius.
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100x100 pm maps are beam scan maps with a pixel dwelling time of
500 ms and 256x256 pixels. No off-peak background correction maps
were recorded for the 512x512 pm maps; the 100x100 um maps were
background corrected using off peak maps with a dwelling time of 100
ms. For the analysis of Pu and U a QTZ diffraction crystal was used,
while for Zr a PET crystal was used. Oxygen was calculated by stoichi-
ometry. As reference materials PuO,, UO2 and ZrO, were used. As X-ray
lines U Ma, Pu Mf and Zr La were used. The Pu Mf intensity was cor-
rected for an interference with the U M3-N4 line. As matrix correction
algorithm the “PAP” procedure was used, and the data were processed
with the Probe for EPMA software package.

3. Results

The bulk and tapped densities in g-cm ™~ were 2.11 and 2.52 for UO»,
2.54 and 3.57 for PuOs, 2.11 and 2.65 for MOX before milling, and 2.65
and 3.81 for MOX after milling, respectively. Milling thus increases
significantly both the tap and bulk density, yielding better flowing
powder. The powder mixture after milling consisted of granules of
different sizes, from a few tents to a few hundreds of micrometres. An
example is given in Fig. 2, where the fine sub-micrometre particles are
UO; and some platelets of several micrometres in size, typical of PuOy
powders obtained from oxalate precipitation, are still visible.

The geometrical and Archimedes density after sintering is given in
Table 1.

X-ray diffraction (XRD) analysis was performed on samples sintered
in three different conditions: (i) sintered at 1700 °C in Ar + 6 % Hy +
1200 ppm H>0, (ii) at 1200 °C in CO/COs, and (iii) at 1200 °C in CO/
CO; and annealed at 600 °C in Ar + 6 % Hy + 1200 ppm Hy0. The
diffractograms are given in Fig. 3. The MOX sintered at 1700 °C in a
reducing atmosphere shows a clear peak separation at high angles (see
insets in Fig. 3), thus the solid solution of PuO, and UO, has not
completely formed. The average composition of the two phases can be
estimated by using the Vegards law, assuming an oxygen to metal ratio
of 2 and lattice parameters ag(UO2) = 5.4715 A and ap(PuOy) = 5.397 A
(Table 2). Both phases, (Ug 94Pug,06)O2 and (Ug g4Pug.16)O2, are rich in U
and are present in similar quantities. Due to their similar lattice pa-
rameters, diffraction peaks are strongly overlapping, and the presence of
the two phases is clearly distinguished on the diffractogram only at high
angles where the separation is stronger. Conversely, the samples sin-
tered at 1200 °C in CO/CO,, with or without post-annealing, show small
but clearly distinguishable peaks of a second phase already at low angles
(inset of Fig. 3). Here we will discuss only one of the two samples, as the
one after annealing shows no significant difference. The two phases have
very distinct lattice parameters, and consist of a U-rich phase
(Ug.94Pug 06) and a Pu-rich one (U g3Pug.9702). This second phase, with
composition very close to the original PuO, powder, is present in

Fig. 2. SEM of a typical granule of the milled MOX powder.
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Table 1

Geometrical and Archimedes density, in percentage of theoretical density. The
reported average and standard deviation are on a population of four samples for
each conditions.

Sintering conditions Geom. Density [ %TD] Arch. Density [ %TD]

Ar/H, + H50 at 1700 °C 97.6 + 1.3 98.1 + 0.1
CO/CO4 at 1200 °C 95.9 + 2.2 95.1 +£ 0.8
20 40 60 80 100 120
. ] , ] , ] , ] ,
1700°C Ar/H, I h
a |
o ( \ M
e | \\ /‘,‘ \\
280 285 200 112 a6
J L o) NV
1200°C CO/CO, f \ (‘\
:5: (( ]\‘ “ \‘ A
U /o | \\ (\
> ’ f— ,,.,/“‘ \ ~~~~~~~~~~ »"‘ \\,, B
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20.(°)
Fig. 3. XRD diffractograms of sintered MOX Pellets.

concentrations of <4 %, a significant reduction compared to the original
11 %. The average composition of the three MOX samples, when
calculated from the weighted average of the lattice parameters of their
constituent phases and their respective concentrations, is Ug ggPug 1902,
very close to the nominal composition. In this case, due to the large
difference of lattice parameters, the diffraction peaks do not overlap,
even at the low angle of the diffractogram where the two phases are
clearly identified. However, due to the very low concentration of Pu-rich
phase, the diffraction peaks become difficult to distinguish at high angle
where the intensity is lower.

The Pu/(U+Pu) ratio of the sintered pellets was confirmed by IDMS
to be the nominal 11 %. The O/M ratio, as calculated from the TGA
experiments was 2.01 + 0.01 for the reductive sintering, and 2.00 +
0.01 for the other samples. Within the measurement error, all samples
can be considered at the same O/M, close to stoichiometry. The
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Table 2
Cell parameter ap from XRD analysis and calculated phase amounts and com-
positions using the Vegards law between UO» oo and PuOs go.

Sintering conditions Phase Amount  ag (A) Composition
1700 °C in Ar/H, + 1 58.2%  5.4670 (Uo.94PU0.06)
H,0 2) [
2 41.8 % 5.4594 (Uo.84Puo 16)
(2) [¢7}
weighted 5.4638 (Uo.90Puo.10)
av. 0,
1200 °C in CO/CO, 1 96.3 % 5.4668 (Uo.94Pug.06)
(2) [e7}
2 3.7% 5.3989 (Uo.03Pug.97)
(6) [¢7}
weighted 5.4644 (Uo.90Puo.10)
av. 0,
1200 °C in CO/CO, 1 96.7 % 5.4664 (Uo.93Pug 07)
and 600 °C in Ar/H, (2) 02
+ H,0
2 3.3% 5.3986 (Uo.02Puo.08)
(6) 02
weighted 5.4641 (Uo.90Puo.10)
av. 0,

additional reduction step of the oxidative sintered pellets did not change
the oxygen content, as can be concluded also from the unchanged lattice
parameter.

Microstructures of the pellets are given in Fig. 4 (“as sintered” free
surface) and Fig. 5 (fracture surface). Since the low-temperature
annealing at 600 °C did not change the microstructure, only one sam-
ple is reported for the oxidative sintering. The mean grain size evaluated
on the surface is 2.3 £ 0.5 pm and 1.3 + 0.2 pm, for the reductive and
oxidative sintered samples, respectively. The pellets sintered in reducing
gas atmosphere show less porosity (Fig. 5, left), but the pore size is larger
than the pellets sintered in oxidizing gas atmosphere (Fig. 5, right).

The U and Pu distribution as measured by EMPA is shown in Fig. 6.
Both samples show spots with higher concentration of Pu. Such spots,
with sizes below 10 pm, are homogenously distributed within the
microstructure. Clearly, the inter-diffusion for the sample sintered at
1200 °C in oxidative conditions has been less effective, and more spots
rich in Pu are visible.

4.4. Discussion
When sintering is conducted in a buffer gas, such as a CO and CO,
mixture at high temperature, the following equilibrium is rapidly

reached, e.g. [23]:

C0(g) + 501(8) = CO(g) M

The oxygen partial pressure in the gas, for a fixed CO to CO; ratio in

«
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the inlet gas, can be determined from the equilibrium constant, K¢:

Pco,
Ke=—"75 (2
Pco (Po2 ) 12
and
B (AG?)
Ke=e \" ©)

Where AG? is the standard-state Gibbs-energy change of the reaction
in Eq. (1), and thus:

AG? = AH? — TAS? (€]

Where T is the temperature, AH? the standard enthalpy change
(—282.4 kJ/mol) and ASS the standard entropy change (—86.8 J/
(mol-K)) [23]). The oxygen potential of the gas mixture can be calcu-
lated from the oxygen partial pressure as:

AGO2 =RTIn Do, (5)

In a similar way, the oxygen partial pressure set by the water/hydrogen
buffer gas, was calculated for the reaction

H(g) + 202(8) = H0(g) ®)
with AH? = —246.44 kJ/mol and AS? = —54.81 J/(mol-K) [24].

The oxygen partial pressure and potential of the selected buffer gases
are given in Fig. 7. The used atmosphere of Ar/Hy/H20 sets the oxygen
potential at 1700 °C to - 405 kJ/mol, and at 600 °C to - 454 kJ/mol,
while CO/CO; sets the oxygen potential at 1200 °C to - 255 kJ/mol and
at 600 °C to - 381 kJ/mol.

The oxidative conditions chosen here are milder compared to other
results reported in the literature. Miranda [21], sintered 11 % Pu-MOX
in Ar + 4 vpm O3 up to 1540 °C, which corresponds to an oxygen po-
tential of —187 kJ/mol at 1540 °C and —90 kJ/mol at 600 °C. In such
conditions, the experimentally measured O/M ratio achieved a
maximum of 2.31 and reached 2.22 during cooling. The density of the
pellets reached a maximum at 1200 °C, after which significant swelling
occurred. Barzati [22], sintered 30 % Pu-MOX in Ar + 100 ppm O; and
Ar + 500 ppm O», and Kutty [18] used CO». Such conditions are strongly
oxidative and induce a large deviation from stoichiometry.

During the mild oxidative conditions reported here, the O/M of 11 %
Pu -MOX at 1200 °C is kept at values higher than 2.00, but below 2.01,
e.g. from Fig. 1 in Ref. [21]. Also during cooling, at 600 °C, either in
CO/CO; or during the optional annealing in Ar/Hy/H50, the samples are
expected to remain very slightly hyperstoichiometric (2.00 < O/M <
2.01). On the other hand, sintering in conventional conditions in
Ar/Hy/H50, sets an oxygen partial pressure giving a slightly hypo-
stoichiometric composition (O/M ~ 1.99). During cooling, the samples

Fig. 4. SEM of the free surface of samples sintered at 1700 °C in Ar/H, (left) and at 1200 °C in CO/CO,, (right).
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Fig. 5. SEM of the fracture surface of samples sintered at 1700 °C in Ar/H, (left) and at 1200 °C in CO/COx (right).
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Fig. 6. Distribution of UO, and PuO, measured by EPMA on polished cross sections of samples sintered at 1700 °C in Ar/H, (left side) and at 1200 °C in CO/CO,
(right side). Images in the bottom row are at a higher magnification (5x) than in the top row.
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are expected to become slightly hyperstoichiometric, although with
O/M very close to 2.00. These differences are not captured by the
analysis methods used here, which have an estimated error of + 0.01
O/M, so that we can only observe that, the samples are close-to stoi-
chiometric for any conditions.

The low-temperature oxidative conditions used here are sufficient to
achieve crack-free pellets with high relative density (~ 95 %) and a
microstructure with closed porosity. However, the density, grain size,
and degree of solid solution formation from UOy and PuO; end members
are lower than those of the samples sintered for 4 h at 1700 °C.

A typical and effective solution to increase such properties would be
to increase the sintering temperature (the diffusion coefficients increase
strongly with the temperature, following the Arrhenius law). However,
at temperatures > 1200 °C in oxidative conditions, de-sintering may
start to occur [21], although, if the reason for solarisation is the oxygen
gas released during the reduction of U and Pu oxides at higher tem-
peratures [21], solarisation may be less of a problem for the milder
oxidative conditions studied here (2.00 < O/M < 2.01).

An alternative would be to increase the dwell time at 1200 °C. We
can estimate the time that would be needed to achieve the desired grain
size as follows: in isothermal conditions, the average grain size G grows
with the time t as G" — Gjj = kt, with k the grain growth constant, n the
grain growth exponent, and Gy the initial grain size at t = 0; since G >>
Gy and assuming n = 2 (the typical value for dense ceramic oxides), the
average grain size has a time dependency of the type G « /2. Thus,
increasing the isothermal dwell time at 1200 °C from 2 h to 8 h would
double the grain size, allowing reaching a similar microstructure as the
samples sintered for 4 h at 1700 °C in reducing conditions. Longer dwell
times, would also be beneficial for the homogenisation of UO5 and PuOs.
A high homogeneity in the U/Pu distribution is thought to give a better
behaviour under reactor irradiation, by preventing the local formation
of the high-burnup structure [25]. However, it is worth mentioning that
increasing significantly the sintering duration would have a significant
impact on the plant throughput.

Improvements in this aspect are also possible by a better homoge-
nisation of the starting powder. The vibratory milling used here is not
very efficient in terms of comminution (large particles of PuO, are still
present after milling the mixed powder, Fig. 1), and planetary milling is
expected to give better results.

The use of powders with smaller particle size could also bring a
further improvement: it has been recently shown that highly homoge-
neous Up goPup 1102 MOX with larger grain size is achieved in a con-
ventional powder milling and reductive sintering process, only by
replacing the typical ex-oxalate PuO, powder by nano-PuO; powders
obtained by hydrothermal precipitation [4]. Combining the mild
oxidative sintering conditions in CO/CO2 and nano-PuOs;, could give
larger grain size and better homogeneity already at 1200 °C.

5. Conclusions

Nuclear reactor UO fuel pellets are typically obtained in a high-
temperature energy-intensive sintering process, where Hy gas is used
to set reducing conditions. As an attempt to decrease the process energy
and the cost and complexity of sintering furnaces, an alternative low-
temperature oxidative sintering process for UO, was developed and
reported in the literature in the last decades. However, concerning (U,
Pu)O, MOX fuel, less information is available in the open literature.

The results reported in this paper, show that the use of low-
temperature, mildly oxidative conditions (2 h at 1200 °C in CO/CO3 =
1/9) is an effective way to sinter (U,Pu)O2 MOX pellets to high density
and closed porosity. The obtained MOX pellets are crack-free and close
to stoichiometric. The grain size and the density are still lower compared
to the same samples sintered for longer time in typical reducing condi-
tions (4 h at 1700 °C in Ar/Hj), as well as the degree of homogenisation
of U and Pu. Optimisation of the process is expected to further improve
the microstructural features. This may be achieved by increasing the
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dwell time at 1200 °C, improving the homogenisation of the powder
mixture, or using smaller size PuO, as starting powders.
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