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The preparation of uranium carbide (UC) by carbothermal reduction and its sintering into dense pellets
by conventional means require high temperatures for long periods. We have developed a preparation
route yielding fine UC powder with significantly increased sinterability. At first, a mixture of nanocrys-
talline UO, embedded in amorphous carbon (nano-UO,/C) was obtained by thermal decomposition of a
gel containing solubilised uranyl nitrate and citric acid. Later, the nano-UO,/C powder was treated in a
conventional furnace or in a modified spark plasma sintering facility at elevated temperatures
(=1200 °C) in order to obtain uranium carbide powder. The effects of initial composition, temperature,
gas/vacuum atmosphere and the overall reaction kinetics are reported.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Uranium and mixed uranium-plutonium carbides are con-
sidered as fuels for fast breeder reactors. Recently, comprehensive
reviews of the use of carbide fuels [1] and their thermophysical
properties [2] have been published.

Typically, the preparation of U(Pu)C involves UO, (PuO,)
powder mixing and blending with graphite or carbon black fol-
lowed by carbothermal reduction (CTR, Egs. ((1), 2)) at tempera-
tures above 1500 °C for several hours [2,3]:

U0,+4C — UG+2C0 M

U0,+3UG—4UC+2C0 @)

For example, Suzuki et al. [4] used a UO,, PuO, and graphite
powder mixture (molar ratio of C/(UO,+Pu0,)=2.975) that was
ball-milled for 48 h. The CTR proceeded at 1500 °C for 4 h. The
results showed that all the powder contained a minor UPuO,_x
phase, whatever the atmosphere (0.2, 10> Pa or He) employed.
Moreover, the powder had to be ball-milled again before pressing
and sintering. Ganguly et al. [5] ball-milled UO,, PuO, and a
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graphite mixture for 12 h, compacted at 105 MPa and performed
CTR at 1475 °C for 4 h at 1 kPa. The powder contained 10-15 wt% U
(Pu),Cs and up to 0.45 wt% oxygen. Duguay and Pelloquin [6] used
a similar procedure: blending, milling, pressing and CTR at 1500-
1750 °C for 15 h under vacuum, with a oxide/carbon ratio of 3.09.
Vaudez et al. [7] used the same process, while setting the CTR
conditions to 1550 °C for 15 h.

All the above investigations can be considered as “conven-
tional” carbide preparation routes, which use an oxide/graphite
blend as a starting material. Recently, a big step has been taken in
the preparation of non-nuclear carbides. Organic species are used
as a source of fine carbon with high surface area consequently
leading to milder conditions needed for the CTR. For example,
Matovié et al. [8], Yan et al. [9] and Lu et al. [10] reported the
synthesis of HfC using citric acid as a carbon source. Similarly,
citric acid was used for the preparation of VC [11], B4C [12] or WC
[13]. Apart from citric acid other organic compounds may be used
as a carbon source, for example chitosan [14], ascorbic acid [15],
phenolic resin [16,17] or divinylbenzene [18].

In this work, we describe a preparation of uranium carbide
derived from a solution of uranyl nitrate and citric acid. Uranyl
cation forms a 1:1 complex [UO,(cit)]” with the citrate at pH <1,
while at higher pH the molecules start to form a dimer
[(UO,)x(cit),]?> bridged by the alcohol group of the citric acid
[19,20]. Complexation of the uranyl ion assures a perfect homo-
genous distribution of the carbon and the metal source. This so-
lution is decomposed by increasing the temperature to 1000 °C in
Ar to form nanocomposite UO,/C. Suzuki et al. [21] performed a
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kinetic study on CTR and identified the most limiting factors as the
oxygen diffusion in UO, particles at the reaction interphase or the
diffusion of CO gas through a compact layer. This can be overcome
by nanocomposite UO,/C due to the high interface area and in-
terconnected porosities after citrate decomposition. The nano-
composite is then treated at elevated temperatures ( > 1200 °C) in
a spark plasma sintering (SPS) apparatus devoted to radiotoxic
materials [22], which was modified for CTR purposes similarly as
in Feng et al. [23].

2. Experimental part
2.1. Materials and preparation

The preparation route can be divided into several steps as
presented in the flowchart of Fig. 1:

(1) Uranyl nitrate and citric acid (Alfa Aesar, 99%) solutions
were mixed in desired molar ratios.

(2) The solution was treated with the following decomposition
program under Ar atmosphere — heating at 50 °C/h to 200 °C with
no dwell time; from 200 to 1000 °C at 200 °C/h and a 1 h dwell;
cooling at 200 °C/h to room temperature. The resulting powder
was crushed and homogenized in a mortar, and was denoted as
“nanocrystalline UO,/C". Two options may follow, either CIR in a
conventional furnace (3A) or in the modified spark plasma sin-
tering facility (3B).

(3A) Nanocrystalline UO,/C powder was introduced into a
conventional metallic furnace at 1600 °C under argon flow with a
1 h dwell (heating and cooling ramps at 200 °C/h), where the CTR
took place.

(3B) Nanocrystalline UO,/C powder was hand-pressed into a
modified SPS die and the CTR was conducted under vacuum in the
modified SPS (described in the following subsection 2.2.).

From the step (2), powders manipulations were done in glove
boxes designed for radioactive materials handling under inert at-
mosphere (nitrogen or argon). The water content in the glove
boxes atmosphere is generally less than 10 ppm, but O, content
can rise up to 0.7%.

2.2. Spark plasma sintering device adapted for CTR

Spark plasma sintering in its normal configuration belongs to
the group of electric field assisted sintering techniques. Normally,
it is used to simultaneously press and sinter compacts using gra-
phite dies and punches. Here, the classical set-up was modified so
that it can be used as pressureless furnace as shown in Feng et al.
[23]. Fast heating and cooling ramps that prevent grain growth

Uranyl citrate
[UO,(cit)]-

Uranyl nitrate
UO,2*NO;-

+ —
Citric acid t
A4

CeHs0,

Solution mixing

in desired ratio
1. at 1000°C in Ar
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and necking are the advantages of this special use of the SPS, thus
the resulting powder has increased sinterability. The SPS facility
(FCT Systeme GmbH, Rauenstein, Germany) is described in [22].
The graphite set-up used for CTR is presented in Fig. 2. The main
innovation is the annular punch fitted with a horizontal orifice to
permit the fast CO release thanks to vacuum in SPS chamber. Use
of the conventional SPS arrangement resulted in a quasi-sealed
containment, which did not permit CO release. In this case there is
no carbothermal reaction at all, confirming Suzuki's hypothesis
[21]. The typical heating cycle was — heating ramp at 200°C/min to
the desired temperature (1200, 1400, 1600°C), desired dwell (0, 5,
10, 20, 30min) with a cooling ramp of 200°C/min to room
temperature.

2.3. Analytical techniques

2.3.1. Powder X-ray diffraction

The structure of the products was determined at room tempera-
ture by X-ray diffraction (XRD) using a Bruker D8 X-ray dif-
fractometer mounted in a Bragg-Brentano configuration with a
curved Ge monochromator (1,1, 1) and a ceramic copper tube (40 kV,
40 mA) equipped with a LinxEye position sensitive detector. For the
measurement, the powder was deposited on a silicon wafer to
minimize the background and dispersed on the surface with 2 or
3 drops of isopropanol. Structural analyses were performed by the
Rietveld method with the JANA 2006 software [24].

2.3.2. BC nuclear magnetic resonance

13C Magic Angle Spinning Nuclear Magnetic Resonance (MAS
NMR) experiments were performed at 100 MHz on a Bruker 9.4T
dedicated for the study of radioactive materials [25]. A 4 mm
probe was used and the sample spun at 10 kHz. A Hahn echo
sequence was performed with 90° and 180° pulse lengths of 8.2 ps
and 16.4 ps respectively with an echo delay of 1 rotor period. A
recycle delay of 500 ms was used. The sample was referenced to
tetramethysilane (O ppm). The spectrum was fitted using the dmfit
software [26].

2.3.3. Electron microscopy

Crystallite size and morphology of the samples were studied
using a transmission electron microscope (TEM) TecnaiG2 (FEI™)
200 kV equipped with a field emission gun, modified during its
construction to enable the examination of radioactive samples.
The TecnaiG2 TEM is equipped with a Gatan™ Tridiem GIF camera,
an energy-dispersive X-ray (EDX) analysis system, and a high-an-
gle annular dark-field (HAADF) detector for the scanning trans-
mission electron microscope (STEM) imaging. The samples for the
TEM investigations were prepared by crushing tiny fragments of

Nanocrystalline
UO, embedded in

amorphous carbon

Uranium

carbide

T TR L

Ny

Decomposition T

Carbothermal
reduction 21200°C

2.

3.

Fig. 1. Flowchart representing the preparation steps for uranium carbide starting from uranyl nitrate and citric acid solutions.
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Fig. 2. Technical drawing of the SPS die and punches modification for CTR purposes (A), photography of the assembled (B) and disassembled (C) set-up.
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Fig. 3. Thermogravimetric study of the mixed uranyl nitrate and citric acid solutions dried at 150°C for 2h, the citrate/UO,2* molar ratio is 2.0. Decomposition in Ar with a
heating ramp of 10°C/min. The start of the CTR is observable around 1200°C (A) Oxidation study in air of the nanocrystalline UO,/C composite showing UO,-U30g oxidation
(1-2) and burning of carbon (2-3) (B).
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the various compounds in methanol. The resulting suspension was
allowed to stand for decanting, and a droplet subsequently de-
posited on a copper grid coated with carbon. Scanning electron
microscopy was performed on a FEI (Philips) XL 40 microscope
using tungsten filament (200 V=30 keV).

2.3.4. Thermogravimetry

The thermal behavior of the powders was investigated using a
Netzsch STA449C thermobalance, with a 10 °C/min heating rate
under an argon or air atmosphere.

3. Results and discussion
3.1. Decomposition of uranyl citrate solution

The thermal decomposition of the mixed solutions of uranyl
nitrate and citric acid consists of water evaporation, nitrogen and
nitrate release as NOy and citric acid decay into carbon and CO/
CO,/H,0. The thermogravimetric analysis of a 2.0 mixture (citric
acid/uranyl nitrate molar ratio) under Ar in Fig. 3A shows that the
main weight loss of an already dried solution is ~45% and it is
completed around 500°C. A second weight loss starting at 1200°C
corresponds to the onset of the CTR. Fig. 3B presents an oxidation
study (in air) of the nanocrystalline UO,/C sample obtained under
Ar. The low temperature weight gain (1—2) corresponds to the
oxidation of UO, to U30g. The weight loss ~ 11% (2—3) corres-
ponds to the burning of carbon. On this basis the calculated UO,:C

i UO;i (Fm--’;m)
(111) i i
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Fig. 5. Powder X-ray diffraction patterns of the UO,/C nanocomposite obtained at
1000°C from a solution of citric acid and uranyl nitrate with a molar ratio of 2.0.
Miller indices of UO, (Fm—3m) are indicated.

ratio is around 1:3.7.

The decomposition product (cit./uranyl ratio of 2.0) in Ar at
1000°C denoted as “nano UO,/C" was studied by scanning and
transmission electron microscopy (Fig. 4). The material consists of
porous agglomerates. Nanoparticles of UO, with a maximum size of
100nm are embedded in amorphous carbon, which is observable as a
thin fuzzy film at the borders of the agglomerates. According to
powder X-ray diffraction (Fig. 5) the average crystallite size is

Fig. 4. Electron microscopy of the nanocomposite UO,/C obtained at 1000°C. The overall morphology by scanning electron microscopy is shown in (A). The crystallites can be
seen in the bright (B) and dark field (C) images. The porosity was captured by scanning transmission mode (D).
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Fig. 8. X-ray diffraction patterns of UC powders obtained in the modified SPS fa-
cility at 1200, 1400, 1600°C for 10min.

~10nm with a lattice parameter of 5.435A, which is significantly
lower than the value for UO, g (5.471A [27]). Typically, a decrease
lattice parameter implies oxygen over-stoichiometric UO,_, «, but in
this case it could be caused by highly defective structure due to the
carbon inclusion in the fluorite lattice as well.

In an attempt to detect the amorphous carbon in the UO,/C
nanocomposite, we hopped to acquire its >C MAS NMR spectrum.
Unfortunately, despite the NMR sensitivity to amorphous phases,
no clear signal was obtained here. This is explained because the
amorphous phase is not well-known, its signal position cannot be
predicted (paramagnetic effect due to the presence of uranium)
and also probably because a very broad signal occurs. Further, due
to the very low natural abundance of the *C nuclei (1.1%) and the
number of pulses usually required to obtain a spectrum with a
minimum resolution, we probably arrived at the limit of this
technique.

3.2. Carbothermal reduction in a conventional furnace

For a first optimization of the appropriate ratio between uranyl
ion and citric acid initial mixture, a large range of compositions
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Fig. 9. Scanning electron micrographs of the UC powder after CTR in the modified spark plasma sintering facility. Powders obtained at 1200, 1400 and 1600°C for 10min.

was studied, with citric acid/uranyl ratios going from 1.1 to 2.3. The
UO,/C nanocomposites obtained from the calcination of these
were treated one hour at 1600°C under Ar and the resulting
powders analyzed by XRD (Fig. 6). A significant amount of ur-
anium carbide appears for a ratio of 1.4. For smaller ratios UO, is
predominantly formed. For a ratio of 1.4, only the dicarbide UC,
[28] was observed despite the lack of free carbon available for the
CTR. For higher amount of carbon (Cit/U=1.7) UC; is not observed
anymore and the main phase is UC [29]. These observations seem
to be correlated to Eqgs. (1) and (2) describing a reaction me-
chanism in two steps giving first UC,, and then UC, reacting with
UO, to give UC. The ratio of Cit/U=2.0 gives the best result with
85% of UC and minor amounts of UO, and UC,. Finally, higher
amounts of citric acid in the initial mixture lead to an excess of
carbon responsible for the increase of UC, fraction.

These CTR in a conventional furnace gave promising results for
the use of UO,/C nanocomposite from uranyl/citric acid mixture

decomposition to produce uranium carbide. It shows the high re-
activity of the precursor, yielding uranium carbide UC in one hour
under an argon flow. However, one can see in Fig. 6 that even with an
excess of carbon, UO, is still present at the 10% level. The presence of
UO; can be due to UO, agglomerate regions in the powder or to a
secondary reaction of the powder at high temperature with oxygen
impurities in the argon gas. To get a complete reaction, a UO,/C
nanocomposite from Cit/lU=2.0 has been pressed into a pellet
(200 MPa, zinc stearate lubricant) before CTR in the same conditions.
In this case, the final powder contains 96% of UC and 4% of UO,, and
UG, was not observed anymore. Further optimizations have not been
performed since the main purpose of the study was to produce
highly reactive carbide powder for sintering using SPS.

3.3. Carbothermal reduction in the modified SPS facility

The effect of the initial citric acid/uranyl nitrate ratio was studied
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Fig. 10. 3C MAS NMR (10kHz spinning frequency) of the UC powder obtained in
the modified SPS facility at 1200°C. Unmarked peak corresponds to the main UC
signal. Spinning sidebands are marked with a star. The square and the circle point
out secondary signals from the carbide and are discussed in the text.

for a small range of compositions based on the results obtained for
CTR in a conventional furnace. It was observed that ratios > 1.9 gave
satisfactory UC purity. The results are summarized in Fig. 7A. The
tendency to obtain a higher yield of UC with higher carbon content is
more visible for samples obtained at 1600°C for 5min. For longer
times (20min) the UC yield is generally higher, up to 99.7wt¥%, but
results are scattered with no observable tendency. The kinetic study
of the CTR at 1200, 1400 and 1600°C is plotted in Fig. 7B. For all
temperatures the reaction yield is over 90% within 5min of reaching
of the required temperatures. It means that the CTR has already
progressed significantly during the heating ramp (200°C/min) to the
desired temperature.

No intermediate UC, was observed, it seems that under suffi-
cient vacuum the reaction rate of Eq. (2) is much higher than that
of Eq. (1), so the concentration of an intermediate UC, is always
very small or negligible. Thus, the reaction kinetics would be
controlled by the slower step (Eq. (1)), see Fig. 8.

The UC powder morphology as observed by SEM is shown in
Fig. 9. It is mostly constituted of spherical porous agglomerates
with sizes up to several tens of microns. The individual grain sizes
are approximately 1um for UC powder obtained at 1200°C and
above 1um for higher temperatures. This observation suggests that
uranium carbide with increased reactivity can be obtained by
limiting the temperature of the CTR. Therefore, the high reactivity
of the precursor produced in this study and the efficiency of the
modified SPS facility for CTR purpose can be useful to produce
carbide more sinter-active.

The 3C MAS NMR spectrum of a UC sample prepared at 1200°C
for 10min, acquired at 10kHz, is presented in Fig. 10. Three peaks
were identified with one main at 1462ppm (73% of the total in-
tensity) and two others at 1527ppm (blue circle, 10% of the total
intensity) and 1609ppm (green square, 17% of the total intensity).
Compared to the previous NMR results obtained on UCy com-
pounds, [30,31] the main peak clearly indicates the presence of
UCy 00 in the sample. The peak at 1527ppm was also previously
identified and attributed to carbon defects. The last peak corres-
ponds to a new C species which was not observed in UCyqo 0b-
tained with the arc melted technique. This additional carbon could
be surrounded by O atoms [32].

4. Conclusion

We report a simple and efficient preparation route for uranium

carbide. Carbothermal reduction using nanocomposites of UO, and
carbon as a starting material has been tested under conventional
conditions and in a modified spark plasma sintering facility. In a
conventional furnace using argon atmosphere the nano UO,/C
powder gave uranium carbide of high purity at 1600 °C fora 1 h
dwell time. A UC, intermediate was observed in this case. The
citric acid/uranyl nitrate ratio of 2.0 in the initial mixture seems to
be the most appropriate for UC synthesis. The yield of CTR has
been found to be critically sensitive to the partial pressure of CO. In
a modified spark plasma sintering set-up (under vacuum) the CTR
occurs under mild conditions, 1200 °C within 5 min. Thanks to the
fast heating/cooling ramps of the SPS facility the produced powder
is fine-grained and therefore more sinter-active. Sintering of such
powders will be a part of future studies. No UC, intermediate was
observed during the CTR in the SPS facility, which we attribute to
the high vacuum and easy release of CO. Thus, the reaction in Eq.
(2) is either fast or different reaction mechanism takes place.
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