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Abstract

In the framework of Partitioning & Transmutation (P&T), U;_yAm,O,., materials are promising fuels for Am recycling. In this context, these
materials were fabricated in the ATALANTE facility by a process which consists of pelletizing and reactive sintering. Since it was effective in
studies conducted on UO,,,, sintering in overstoichiometric conditions was investigated. In this work, three Am contents (10, 20 and 30%) and four
temperatures (from 1000 to 1300 °C) were studied. It was shown that low-density and multiphasic compounds were obtained. Moreover, XRD and
XAFS analyses pointed out that the total reduction of Am(+1V) to Am(+I1I) and solid solution formation occur during sintering at temperatures
inferior to 1300 °C. Although previous studies on UO,,, showed that high oxygen potential enhanced the diffusion process, this work proved that
this effect is clearly modified by the presence of Am. Finally, sintering in overstoichiometric conditions is not yet suitable for Am-bearing fuel

fabrication.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Fissions occurring during fuel irradiation in nuclear reac-
tor lead to the formation of Fission Products (FP), but also, by
neutron capture, of Minor Actinides (MA). The latter, which
mainly include neptunium (237) and americium (241, 243), are
major contributors to spent fuel radiotoxicity. Radioactive waste
management research on these long-lived heavy elements is
notably directed towards Partitioning and Transmutation (P&T)
in Fast Neutron Reactors (FNR) or Accelerator Driven Systems
(ADS).! For FNR, two recycling modes are generally consid-
ered: homogeneous and heterogeneous transmutation. In the first
case, MA are added in small quantities (less than 5 wt%) in the
fuel?> whereas in the second case, dedicated fuels, known as
blanket fuels, include larger amounts of MA (from 7 to 30 wt%)
and are positioned in the core periphery.>= Such a configuration
presents a limited impact on the core neutronic behavior. In this
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context, Uj_yAm, O+, (y=0.10; 0.15; 0.20) oxide solid solu-
tions are increasingly studied as promising blanket fuels for Am
recycling in FNR. However, the fabrication of Am-bearing mate-
rials requires special attention due both to high o and y activities
of Am and its specific thermodynamic properties. Indeed, as
shown in Fig. 1, Am oxides exhibit high oxygen potential com-
pared to other actinide oxides. One of the main associated risks is
the Am volatilization which can lead to heterogeneous material
and microstructure.

Since high-temperature (~1700°C) sintering in reducing
conditions is now well-known and industrially deployed for
UO; or MOX fuel fabrication, the same sintering conditions
were applied at the laboratory scale to fabricate Uj_,Am,Op4
(y=0.10;0.20) pellets. Prieur et al.>%7 showed that dense (>92%
of the Theoretical Density (%TD)) and homogeneous mate-
rials were achieved in such reducing conditions. Moreover,
it was pointed out that fluorite monophasic compounds were
obtained. XAS measurements also showed that the reduction
from Am(+IV) to Am(+III) is total in these materials.® Nev-
ertheless, these conditions are favorable for AmO; reduction,
which could lead to AmO or Am sublimation.
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Fig. 1. Oxygen potential AGO; of both AmO;_, and UO»,, as a function of
temperature 7.

Another sintering method, at lower temperature in oversto-
ichiometric conditions (i.e. neutral or oxidizing atmosphere),
efficiently produces high-density UO,., pellets. However, these
sintering conditions were only partially explored due to techno-
logical reasons. In particular, Williams et al. showed that UO,
pellets sintered under CO; at 1100 °C had higher densities than
same samples sintered at 1700 °C under dry hydrogen.’ Since
this study, several experiments were performed leading to con-
clude that grain boundary diffusion controls both the first and
second stage of UO sintering.'? Such sintering conditions were
never tested for Uj_yAmyOo. reactive sintering. Nevertheless,
the use of a neutral or oxidizing atmosphere and relatively low
temperatures is expected to limit AmO; reduction and thus Am
or AmO sublimation.

In the framework of heterogeneous MA transmutation, this
work aims to study the transposition of these overstoichiometric
sintering conditions to reactive sintering of U-Am mixed oxide
compounds.

2. Experimental
2.1. Pellet fabrication

U;—yAm,0;_, (y=0.10; 0.20; 0.30) compounds were fabri-
cated using a conventional powder metallurgy process in the
ATALANTE hot cells according to the flow chart given in
Fig. 2.3 Both UO, and AmO, powders were ball-milled for
30 min at 15 Hz using a Retsch MM200. Additional UO, pow-
der was then added to adjust the composition and an identical
ball-milling step was carried out. Green pellets were uniaxially
pressed at 450 MPa using a three-part matrix die. To study the
effects of Am content as a function of temperature, samples were
sintered 4 h at Tintering = 1000, 1100, 1200 and 1300 °C, using
a heating rate of 120°Ch~! and a cooling rate of 180°Ch~".
During these reactive sinterings, the furnace chamber was main-
tained under a controlled atmosphere of Ar gas (0.35 ppm O»),
for an oxygen potential ranging from —210 to —170kJ mol~!
as a function of temperature (Table 1).

Table 1
Oxygen potential corresponding to the four sintering temperatures.

T(°C) 1000 1100 1200 1300

AGO; (kJ mol™1) —155(5) —170(5) —180 (5) —195(5)

2.2. Pellet characterization

Accurate diameter measurements (accuracy = 2 pm; repeata-
bility =0.5 wm) were performed on green and sintered samples
with a laser micrometer. This equipment is coupled with a step
motor to perform regular diameter measurements each 16 um
along the pellet. According to this principle, the pellet is scanned
and about 300 diameter measurements are obtained. From these
measurements, pellet profiles and geometrical densities were
deduced.

Optical microscopy was performed on as-polished samples
using an OLYMPUS BX30M microscope.

XRD analyses were carried out using a Bruker D8 Advance
diffractometer operating in Bragg-Brentano reflection geome-
try with Mo(K, 1) radiation especially equipped for radioactive
material measurements. An internal standard (Au) was added to
the powdered samples for 20 calibration of the XRD peak posi-
tion. The FULLPROF program'? was used for lattice parameter
refinement.

XAS measurements were carried out at the Rossendorf beam
line (BM20) of the European Synchrotron Radiation Facility
(Grenoble, France). For each sample, fluorescence and trans-
mission signals were collected at the U Ly, U Ly and Am Ly
edges. Energy calibrations were achieved using Y, Mo and Zr foil
located after the second ionization chamber. All measurements
were performed at 20 K using a closed-cycle helium cryostat.
Ep values and white line positions were respectively taken at
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Fig. 2. U;_yAmyOy., pellet fabrication flow chart.



D. Prieur et al. / Journal of the European Ceramic Society 32 (2012) 1585-1591 1587

Fig. 3. Photographs of pellets (a) Up.9g0Amp, 1002+, (b) Up.goAmg.2002+x and (c) Up.70Amg 3002+ after sintering at 1300 °C.

the first inflection point using the first zero-crossing value of the
second derivative and the first zero-crossing of the first deriva-
tive. XANES spectra at the Ly edge were compared to data
collected on reference compounds on BM20 using the same
experimental set-up in order to determine oxidation states of U
and Am cations. For U, the reference compounds are UO; o9 and
U409_;s whose structures were confirmed using both XRD and
neutron diffraction.!3 For Am, AerWOz14 and a mixed oxalate
(Uo.otY Amg 1 1), (C204)5-6H20" were used. The ATHENA
software!® was used for extracting EXAFS oscillations from the
raw absorption spectra.

3. Results and discussion
3.1. Pellet deformations and dedensifications

After the reactive sintering step, pellets were submitted to
a visual inspection (Fig. 3). No cracks were found in the sin-
tered pellets. The pellet geometric densities were then measured
with the above-described laser micrometer and are reported as a
function of temperature in Fig. 4. This device was also used to
determine the pellet profiles which are presented in Fig. 5.
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Fig. 4. Sintered densities of pellets containing different amounts of Am (H:

UO2; A: UpgoAmog 10024x; ®: UpgoAmo 200245 ¥: Up70Amp30024x) as a
function of the temperature 7.

For UO; materials, sintering at 1000 °C leads to a straight-
sided pellet which exhibits a high density: 98.1%TD (Fig. 5(a)).
As temperature increases, pellet densities decrease. For both
1100 and 1200 °C, pellets have a hyperboloid-shaped profile
whereas an apex-truncated-cone-shaped pellet is achieved for
1300 °C. It can be concluded that UO; sintering is nearly finished
at 1000 °C, whereas a marked decrease in density is observed
for higher temperatures, which might be related to pellet deden-
sification.

Regarding Am-bearing pellets, low geometric densities are
achieved, i.e. lower than 85%TD. For the materials containing 10
and 20% of Am, maximum values of 83.9%TD and 74.1%TD are
respectively reached for sintering at 1200 °C. In the case of the
sample containing 30% of Am, the highest density (82.5% TD)
is obtained at 1300 °C. Fig. 5(b) and (c) give the pellet profiles
for 10 and 20% Am-bearing pellets, which exhibit similar behav-
iors with temperature. At 1000 °C, little shrinkage is measured
and quite straight profiles are observed. For higher temperatures
(1200 °C for 10% of Am and 1000 °C for 20% of Am), varia-
tions in diameter occur, leading to apex-truncated-cone-shaped
pellets. These distortions increase with temperature. As seen
in Fig. 5(d), diameter variations are more pronounced in 30%
Am samples, but decrease with temperature. Except in the 30%
Am samples, it seems that denser pellets cannot be obtained by
increasing temperature, as a maximum is reached at 1200 °C.
Instead, a dedensification phenomenon is observed for higher
temperatures.

Based on these density and profile measurements, it can be
concluded that both dedensification and deformation of UO; and
Am-bearing pellets occur during reactive sintering in overstoi-
chiometric conditions. This indicates that these phenomena do
not depend either on presence or distribution of Am. Therefore,
several assumptions can be made to explain observed dedensi-
fication and deformation.

Firstly, the dedensification might result from the presence
of residual carbon in the green pellet. This impurity comes
from the inorganic lubricant used for uniaxial pressing and
from the precursor powders. In contact with oxygen, resid-
ual carbon oxidation might occur, leading to CO, bubbles and
porosity formation. This phenomenon, called solarization, is
particularly enhanced in these overstoichiometric conditions.'”
Furthermore, the presence of carbon in the powders reduces
the O/U ratio, leading to decreased pellet sinterability. Thus,
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Fig. 5. Profiles after sintering for pellets of (a) UO3, (b) Up.goAmg. 10024y, (¢) Up.goAmg 2002+, and (d) Up70Amp 30024y as a function of the temperature 7. The

number of measurements corresponds to the height of the pellet.

the presence of carbon might explain the difficulty encoun-
tered in obtaining higher densities under these sintering
conditions. However, in the optical micrographs for pellets
containing 10 and 30% of Am (Fig. 6), no spherical pores,
characteristic of solarization are observed, which excludes
solarization as an explanation for the observed dedensifica-
tion.

Secondly, another parameter to consider is the sintering
atmosphere. Indeed, it plays an important role in the sintering
behavior and might explain the observed dedensification phe-
nomenon. Nevertheless, if the atmosphere alone was responsible
for pellet deformation, a homogeneous or, at least, a symmet-
ric expansion would be expected. The cone-shaped profiles are
probably caused by another parameter which is strongly related
to the atmosphere such as the orientation of the pellets in the
furnace. Since the bottom face of the pellet is less exposed to
the atmosphere than the top face, exchanges with atmosphere are
less favored. As incorporation of oxygen into the lattice tends
to cause swelling, the pellet deformation in such a configuration
would neither be constant nor symmetric. Due to experimental
conditions in hot cells, this interpretation is difficult to investi-
gate further.

Finally, the observed density decrease might be explained by
the presence of a trivalent cation. It was shown for uranium-
lanthanide mixed oxides that in overstoichiometric conditions,

incomplete sintering was achieved in presence of a trivalent
cation.!® To confirm this assumption, XANES measurements
were performed. The XANES spectra at the U Ly and Am
Ly edges and the corresponding second derivatives are given
in Fig. 7. At the Am Ly edge, it can be seen that there
is no shift in inflection point or white line positions (Fig. 7
and Table 2). It indicates that the Am oxidation state is
(+III) despite the high oxygen potential used during sintering
(—210kJ mol~"). Regarding the U Ly edge, a shift of both
inflection point and white line positions toward higher energy is
observed, indicating a mixed valence U(+IV/+V). By analogy
with uranium-lanthanide mixed oxides, the dedensification of
the Am-bearing pellets might be explained by the presence of
the trivalent cation Am(+III).

3.2. Solid solution formation vs. densification

In the optical micrographs presented in Fig. 6, two phases
are clearly visible. The largest corresponds to an UOp,,-type
phase (white arrow), composed of very large and angular-shaped
grains whose mean equivalent diameter is estimated at 40 pm.
Surrounding these grains, a darker grey Am-rich second phase
is observed. The multiphasic character of the compound is con-
sistent with XRD analyses performed on samples sintered at
1300 °C, containing 10 and 30% of Am. As shown in Fig. 8,
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Fig. 6. Optical micrographs of mirror-polished samples UpgoAmg 10024, and Up70Amg 3002+, sintered at 1300 °C (UpgoAmg 10024, (a): x10 and (b): x50;
U0'70Am0‘3002ix (C)I x 10 and (d): X50).
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Fig. 7. XANES spectra and second derivatives of (_ ) UpgoAmg 1002+, at U L i1 (a) and Am Lyjy (b) edges.

Table 2
Position of the white line and inflection points of the XANES spectra.
Sample Composition Am Ly edge U Ly edge

Inflection point (eV) White line (e V) Inflection point (eV) White line (eV)
Studied sample Up.90Amg, 1002+« 18512.1 18517.7 17170.3 17175.6
Reference compound U0, 17169.7 17175.6
Reference compound U025 17170.8 17175.4
Reference compound Am*V O, 18514.2 18521.5
Reference compound (Upo*Y Amg 1 711, (C,04)5-6H,0 18512.4 18517.7
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Fig. 8. X-ray diffraction patterns of two samples sintered at 1300°C: (_ )
Up.90Amg 1002+, and () Ug70Amg 3900+, from 5 to 55° and from 11.5 to
14.5° (XI Am203; | R U02A16; OZ Am02).

Table 3
Lattice parameters of phases determined for Up 9o Amg 10024y

2

Phase Space group Lattice parameter A) R-Bragg X

Preponderant fluorine  F m-3m 5.467 (1) 2.62 3.12
Low level fluorine F m-3m 5.541 (1) 3.21 4.68
UOg4x F m-3m 5.468 (1) 2.89 3.47

XRD patterns indicate that three phases with fluorite structures,
one being UO»,,, are found for both samples. Concerning the
remaining two phases, the first one is found to be predominant
and the second is the least common. This difference is greater for
samples with 30% of Am. After data refinement, lattice param-
eters were calculated for the phases and are given in Table 3
and Table 4. Since the preponderant phase exhibits a lattice
parameter inferior to that of UO,.,, this phase might correspond
to a UyAm; O, solid solution which is different from the
expected ones. This indicates that the solid solution formation
begins below 1300 °C for these sintering conditions.

From the XANES spectra given in Fig. 7, the molar frac-
tions of Am(+III), U(+IV) and U(+V) were determined by linear
combination of the reference compounds and are presented in
Table 5. These results show that total reduction from Am(+IV)
to Am(+I1II) occurs under 1300 °C, whereas a partial oxidation
of U(+IV) to U(+V) is observed for these sintering conditions.

Table 4
Lattice parameters of phases determined for Ug70Amgp 30024x-

Phase Space group Lattice parameter (A) R-Bragg X?

Preponderant fluorine  F m-3m 5.466 (1) 2.79 3.48
Low level fluorine F m-3m 5.574 (1) 3.48 5.03
UO2.4x F m-3m 5.468 (1) 3.01 3.72

Table 5

Molar fractions of Am(+III), Am(+IV), U(+IV) and U(+V) obtained by fit-
ting XANES results with linear combination of reference compounds Am,0O3,
AmO;, UO, and Us0Og.

Sintering Composition Molar fractions (at.%)
conditions

Am(+I1II)  Am(+IV) UGHIV)  UGHV)
1300°C Up90Amp.1002+,  0.10(2)  0.00(2) 0.81(2) 0.09(2)

The total reduction of Am is in agreement with the high oxygen
potential of Am and the work of Thiriet and Konings on the Am-
O system.!? Given the high oxygen potential, the mixed valence
U(+IV/+V) is also an expected result. Moreover, the presence of
U(+V) is normal since a UO4, phase was found via XRD anal-
ysis. With regards to the U cations, their mixed valence can be
explained by electronic compensation for the overstoichiometric
state of UO», before solid solution formation. Additional exper-
iments will be required to study this assumption. Nevertheless,
according to the total reduction of Am in these conditions, it is
shown that Am(+III) diffuses in UOy,,. As it remains Am(+III)
in the structure, O, is released, so a decrease of the solid solution
stoichiometry is expected.

In addition, the observed UyAm;_ O, solid solution is dif-
ferent from the expected one since the Am content is not equal
to 15%. This shows that U/Am interdiffusion is insufficient
to permit solid solution formation at such low temperatures,
which confirms that Am delays densification. These results
are consistent with a reactive sintering. During this process,
a large quantity of energy is consumed by U/Am interdiffu-
sion and solid solution formation, so sintering will be slowed
as long as this solid solution is not completely formed. Though
the atmospheric conditions used favor nonstoichiometric states,
and consequently better UO» diffusion and densification,?” it
is understandable that the sintered density was so low, as the
Up.gsAmg 150245 solid solution was not completely formed.

4. Conclusion

The present paper aims to study the sintering behavior of
U;1—yAm,O;, in overstoichiometric conditions at low tempera-
ture. Since these sintering conditions were developed on UO,,
fuel, they were extended to Uj_yAmyO,. reactive sintering.
In this context, Uj_yAmyO;., compounds were fabricated in
the ATALANTE facility using a pelletizing and sintering pro-
cess. The pellets were sintered at various temperatures, i.e. 1000,
1100, 1200 and 1300°C. It was shown that low-density and
multiphasic materials were obtained. XRD analysis pointed out
that solid solution formation begins at a temperature inferior to
1300 °C. Although the high oxygen potential favored both dif-
fusion and densification processes for UO;4, it seems that, for
U;—yAmyO7.,, the solid solution formation consumed a signifi-
cant part of the available energy. Therefore, densification cannot
be achieved, explaining the low observed densities.

Finally, compared to sintering in reducing conditions, sinter-
ing in overstoichiometric conditions is not yet suitable for the
fabrication of Am-bearing materials.
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