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Uranium carbide dispersed in graphite was produced under vacuum by means of carbothermic reduction
of different uranium oxides (UO2, U3O8 and UO3), using graphite as the source of carbon. The thermal pro-
cess was monitored by mass spectrometry and the gas evolution confirmed the reduction of the U3O8 and
UO3 oxides to UO2 before the carbothermic reaction, that started to occur at T > 1000 �C. XRD analysis
confirmed the formation of a-UC2 and of a minor amount of UC. The morphology of the produced ura-
nium carbide was not affected by the oxides employed as the source of uranium.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

For the next generation of Radioactive Ion Beams (RIB) facilities,
robust production targets capable of withstanding irradiation with
light ion beams at high power levels for long periods must be
developed. These targets should be capable of releasing a broad
spectrum of isotopes of a large number of elements, with short-
lifetime (less than 100 ms).

As tested in the past at ISOLDE [1] and recently studied at HRIBF
[2], uranium carbide (namely UCx, with 1 6 x 6 2) dispersed in ex-
cess graphite is the ideal candidate as target material for the pro-
duction of RIB. Even though the release of nuclear reactions
products has been extensively studied for RIB production [2,3]
the reasons for the good release properties of this material are
not yet fully understood.

Since the process of isotopes release consists of diffusion within
the grain and effusion towards the ionization source, the
composition, the density and the operating temperature of the
material constituting the target are important parameters to be
considered.

In order to achieve the best performance, the target material
should respond to stringent requirements, such as:

(1) to have large cross section and diffusion coefficient;
(2) to work at the highest possible operating temperature,

defined as the temperature at which its vapor pressure
begins to affect the ionization efficiency of the ion source
used in the exotic ions generation;
ll rights reserved.
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(3) to possess high emissivity and high thermal conductivity,
responsible for heat dissipation during the target bombard-
ment: a good heat dissipation of the target prevents its over-
heating and mechanical stresses; and

(4) to exhibit low density and high permeability to the effusion
of the produced isotopic species. The presence of open
porosity favors both diffusion and permeability [4].

For all the above mentioned reasons, among the possible
choices for the materials constituting the SPES target, low density,
carbon dispersed metal carbides (MCx) have been chosen as target
material. The SPES project, now under development at LNL-INFN
[5,6], is an Isotope Separation On Line (ISOL) facility designed for
the production of intense neutron-rich exotic species (A = 80–
160). The SPES project is the main nuclear physics project in Italy
for the next years, and is expected to run the first exotic beam in
2014. The target, the core of the ISOL facility, consists of seven sep-
arate thin (1 mm thickness) disks, directly impinged by a 40 MeV
(200 lA) proton beam. The target design allows for nuclear fission
reactions with high fission rate. The operating temperature should
be as high as 2000 �C to enable high diffusion rate. Thermo-
mechanical calculations [7] have shown that the SPES target, with
its innovative production core, can stand the 8 kW impinging pro-
ton beam which produce about 1013 fissions/s in the target. The
short-lifetime neutron-rich exotic isotopes, produced by means
of nuclear fission reactions occurring in the disks, must diffuse
and eventually effuse to the ionization chamber in the shortest
time to avoid their condensation on the cold target regions and
their decay before reaching the ionization chamber.

It is then clear that the target composition and morphology play
a key role in the design of the primary ion source for the facility.

As reported in the literature [8–11] uranium carbide exists
in three stoichiometric phases: UC, U2C3 and UC2. Uranium
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Table 1
Overview of the prepared samples.

Sample UO2 (wt.%) U3O8 (wt.%) UO3 (wt.%) Cgraphite (wt.%)

UO2C 79.2 – – 20.8
U3O8C – 77.8 – 22.2
UO3C – – 77.4 22.6
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monocarbide is face-centered cubic, and it is the most stable phase
from room temperature up to 2526 �C. Uranium sesquicarbide is
cubic body centered and is metastable at low temperature [10].
It starts to become stable at approximately 900 �C up to 1816 �C,
where it decomposes to form UC and UC2. Uranium dicarbide is
stable at high temperatures, it forms above 1470 �C, and it proba-
bly melts at 2427 �C. Two polymorphs of UC2 exist: the high tem-
perature cubic form and the low temperature tetragonal form, with
the transformation occurring at approximately 1771 �C. The car-
bides of uranium, in particular UC and UC2, are difficult to prepare
free from oxygen and nitrogen contamination [12–14], especially
when produced by carbothermic reduction of the precursor oxide.
Also, a few weight percentage of oxygen or nitrogen in the sample
constitute a substantial atomic percentage, forming a solid solution
in the monocarbide or dicarbide structure. These impurities within
the uranium carbide structure deform the unit cell geometry
[8,9,13] and, in the case of uranium dicarbide, might have also a
stabilizing effect on this phase at room temperature [15].

Uranium carbides can be produced by arc melting of metallic
uranium with carbon or by direct solid state reaction of the ele-
ments at high pressure, according to Eq. (1) [16],

xUþ zC! UxCz ð1Þ

with z/x = 1, 1.5, 2.
Another method consists in the carbothermic reaction of the

metal oxide with carbon (graphite powder or other carbon precur-
sors), Eq. (2):

UxOy þ ðzþ yÞC! UxCz þ yCO ð2Þ

In addition uranium carbide can be produced by the reaction of
the metallic uranium with CH4 following equation:

xUþ zCH4 ! UxCz þ 2zH2 ð3Þ

The reaction temperature decreases from Eqs. (1)–(3) and it is
strictly dependent on the processing conditions.

The UCx for the SPES target is produced under vacuum by the
carbothermic reaction (2).

The reason for the use of this processing condition lies on:

(1) the lower temperature needed by the carbothermic reaction,
compared to the same process carried out under inert atmo-
sphere; and

(2) the formation of pores, resulting from the CO released dur-
ing the carbothermic reduction that occurs at T > 1000 �C.

The sinterization process, which takes place at higher tempera-
tures than the carbothermic reduction, can cause pores of small
dimension to collapse if sinterization is not appropriately con-
trolled. This shortcoming makes it very difficult to properly control
the amount and type of porosity generated by the thermal
treatment.

More porosity can be introduced in the target material at lower
temperatures by several methods:

(1) the use of suitable precursors for metal oxide. For example,
carbonates, mono-or di-carboxylates that decompose to oxi-
des releasing CO and/or CO2 [17];

(2) the use of organic fillers that decompose totally or produce
carbon releasing water, CO, CO2 and other gaseous species;
and

(3) the addition to the properly modified reaction mixture of a
polymeric expanding agent.

Previous attempts for the production of porous uranium carbide
used the carbothermic reduction of uranium oxide or an intercon-
nected matrix (fibrous SiC, graphite cloth or reticulated vitreous
carbon foam) as a support for a thick film of a suitable uranium
carbide [18].

Recently, the usage of lanthanum dicarbide (LaC2) was sug-
gested as a substitute of uranium compounds for preliminary
bench tests on the production and characterization of highly por-
ous carbides [17,19–21]. In [17,19,20], the development of lantha-
num carbide possessing a controlled amount of porosity, with
dimensions ranging from few nanometers to some microns was
achieved by using oxalate instead of oxides as precursors for lan-
thanum, and using carbon nanotubes as the source of carbon.

Even though uranium carbide has been extensively used in the
RIB facilities worldwide, only limited information is available in
the literature concerning the composition and morphology of the
targets. For instance, there has been some confusion about
whether target material is UC or UC2 [2]. Since the material compo-
sition and morphology are strictly dependent on processing condi-
tions, and several methods have been so far employed for the
production of the uranium carbide targets for RIB production, some
uncertainties exist on the actual properties of the final material.

However, the research in the field of the uranium–oxygen–car-
bon system is currently very lively mainly because of its growing
importance for the prediction of the behavior of Tri-ISOtropic (TRI-
SO) fuel particle in the generation IV nuclear reactors [22]. This
interest is driven by the need for predicting the fuel particle behav-
ior in case of nominal or accidental conditions.

In this work, the first systematic study on the effects of changes
of the starting mixtures (UO2/C, U3O8/C, UO3/C) on the final mate-
rial characteristics (composition, emissivity, degree of sinteriza-
tion, porosity amount and pore size, and interconnectivity of the
pores) is presented.
2. Experimental

Porous UCx based composites in graphite were prepared by
means of thermal treatment of UO2, U3O8, UO3 and graphite mix-
tures following Eq. (4), keeping the x/n ratio equal to 1/4.

UxOy þ ðzþ yþ nÞC! UxCz þ nCþ yCO ð4Þ

The UO2 and U3O8 were purchased from CERAC Inc. (Milwaukee,
WI, USA) powders size < 300 lm, graphite (powders size < 45 lm)
from Sigma–Aldrich and all used as received.

UO3 was prepared from uranyl nitrate hexahydrate (Sigma–Al-
drich), according to the method proposed by Allen [23]. A batch of
about 10 g of the compound was gradually heated up to 350 �C in a
crucible and left to stand overnight. The resulting dark red–orange
compound was finely ground in an agate mortar.

Powders (UxOy and graphite) were manually ground and mixed
in an agate mortar, inside a glove-box (O2 and H2O ppm < 1), the
weight percentages of the powders complying with the stochiom-
etry of Eq. (4); 2 wt.% of phenolic resin was added as a binder. After
mixing, the powders were placed in a 13 mm diameter mold and
were uniaxially cold pressed at 750 MPa. The green samples pos-
sessed a nominal diameter of 13 mm, 1 mm thickness and approx-
imately 350 mg weight. In Table 1 is reported an overview of the
prepared samples.

The thermal treatment was performed under high vacuum
(10�4–10�5 Pa) in a graphite crucible using the experimental set-
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up described in [24]. The heating schedule was designed in order
to:

(1) promote the carbothermic reaction (2 �C/min up to 1250 �C,
24 h at 1250 �C); and

(2) sinter the carburized powders (2 �C/min up to 1600 �C, 4 h at
1600 �C).

A slow cooling was performed at a rate of 2 �C/min up to room
temperature.

The heating process was monitored by means of a penning trap
which measured the pressure inside the chamber (in the 10�1–
10�5 Pa pressure range) and by a Quadrupole Mass Spectrometer
(QMG 220 Pfeiffer Vacuum Italy SpA, Rho-MI Italy) up to
300 amu/e. Both the starting powders (UO2 U3O8 and UO3) and
the final samples were analyzed by X-ray Diffractometry using
Cu-Ka radiation (Philps PW 1710, XRD). During the analysis, the
powders were protected from the environment by a PEEK� film
(VICTREX- UK, 25 lm thickness). After carburization and sinteriza-
tion, the samples were stored in a glove-box (O2 and H2O ppm < 1).
Samples were weighted and their dimensions were recorded. The
bulk density (qbulk) was measured by the weight over volume ratio.
The theoretical density (qth) was calculated as the weighted aver-
age, taking into account the values of 11.2 g/cm3 and 1.9 g/cm3 for
the theoretical density of UC2 and graphite, respectively.

The apparent density of the samples, qap, was measured by He
Pycnometry (AccuPyc1330, Micromeritics Italia), in order to calcu-
late the amount of open (Popen), and closed (Pclosed), porosity accord-
ing to following equations:

Ptot ¼ 1� qbulk

qth
ð5Þ

Popen ¼ 1�
qap

qth
ð6Þ

Ptot ¼ Popen þ Pclosed ð7Þ

The morphology and composition of the samples were studied
by Scanning Electron Microscopy (Philips XL-30, SEM) equipped
with EDS probe (Energy Dispersive Spectrometer). The SEM images
and EDS spectra were taken with primary electron beam energy of
10 keV. When analyzing the composition of the composites, only
larger particles were analyzed with high magnification in order
to avoid interference from the surrounding matrix.

A preliminary study of the UCx dispersed in graphite reactivity
towards the environment was carried out by analyzing by SEM–
EDS samples that were exposed for 48 h to ambient air at 20 �C,
with a relative humidity of 87%. The emissivity of the samples
was measured using a double frequency infrared pyrometer (Mod-
line5, IRCON, USA, working wavelength bands 0.85–1.05 lm and
1–1.10 lm, calibrated according to the Quality System ISO
9001:2000) as reported in [24]. The pyrometer was settled normal
to the sample surface with radiation passing through a borosilicate
glass window (Kodial view port, Torr Scientific Ltd., East Sussex-
UK) almost completely transparent to infrared radiation (transmis-
sion up to 95%). In the measurements performed in this work the
gray body hypothesis was assumed. The emissivity values were
monitored during the heat treatments of the samples that were re-
peated at least three times. The calculated standard deviation from
the average values was 1%.
Fig. 1. X-ray Diffraction patterns of the starting oxide powders (UO2, U3O8 and
UO3).
3. Results and discussion

Even though the uranium–oxygen system is a key system in the
nuclear materials field, and many thermodynamic data can be
found in the literature, still some uncertainties are present about
the identification of the range of stability of the different uranium
oxides. Because of the numerous oxidation states of uranium, sev-
eral oxides exist such as U4O9, U3O8 and UO3. Uranium dioxide
(UO2) represents the compound with the widest stability range
at high temperature. It can often be found as a hypo- or hyper-stoi-
chiometric compound, generally labeled as UO2±x (with
�0.4 < x < 0.3) [25–27].

The choice of using UO2, U3O8 and UO3 for the present study
was driven by the possibility of introducing a different amount of
porosity in the final material as effect of the different reaction
pathways with carbon of the selected uranium oxides.

The results of the XRD analysis performed on the starting oxide
powders, used as uranium source for the carbothermic reaction,
are reported in Fig. 1. As can be observed, the commercial UO2

and the synthesized UO3 gave XRD spectra corresponding to the
expected cubic structures of UO2 and UO3. On the other hand,
XRD spectrum of commercial U3O8 indicates the probable presence
of cubic UO3 together with the monoclinic U3O8 phase. Because of
the overlapping of the spectra of the two species, it is however not
easy to estimate the relative amount of the higher oxidation state
oxide in the mixture.

In order to achieve a homogeneous dispersion of graphite and
uranium oxide the mixing and grinding of the reagent powders
had to be conducted very carefully. This is a key point in the prep-
aration of the samples, since the reaction between the UxOy and
carbon is controlled by the diffusion of carbon and oxygen [28],
so that a good contact between the reactants is necessary for the
reaction to proceed satisfactorily.

Analysis of the evolution of the gaseous species upon carburiza-
tion and sinterization is reported in Fig. 2, in which the total pres-
sure inside the chamber is reported vs. temperature of the
treatment. As it can be observed, for all the samples a wide out-
gassing starts at �100 �C and evolves up to the final sinterization
temperature of 1600 �C.

Thermal treatments above the latter temperature are not re-
ported in this preliminary study that concerns the evolution of
porosity in the sample.

As already discussed in the experimental part, the thermal
treatment was designed in order to promote the carburization of
the oxides, which was expected to occur at T > 1000 �C. However,
in the thermal treatment the amount of gas evolved before carbu-
rization (T < 1000 �C) is abundant for all the three samples, in par-
ticular for UO3 and U3O8 containing samples.

This low-temperature out-gassing can be attributed to at least
three different causes:



Fig. 2. Pressure evolution upon carburization and sinterization of the UO2C (a),
U3O8C (b) and UO3C (c) samples.
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� the elimination of adsorbed water from the powders of oxides
and graphite;
� the decomposition of the phenolic resin used as binder, which

thermal gravimetric analysis indicates to occur in the 350 �C–
800 �C temperature range; and
� the reduction of UO3 and U3O8 to UO2, with release of oxygen

mono or dicarbide.

For T > 1000 �C, two main peaks can be observed and they can
be both attributed to the carbothermic reduction transforming oxi-
des into carbides.

These considerations were confirmed by analysis of the gas
atmosphere in the vacuum furnace achieved by mass spectrome-
try. It was observed in fact that two species, water (at 18 amu/e)
and carbon monoxide (at 28 amu/e) were detected in abundance
during the thermal treatment. Moreover, the presence of carbon
dioxide (at 44 amu/e), even if to a lesser extent, was found to be
relevant. Hence, to monitor the progress of the reactions in the vac-
uum furnace, the evolution of the three species was followed,
recording the ionization current at 18, 28 and 44 amu/e during
the thermal process.

In Fig. 3, the ionization current at 18 amu/e is plotted against
temperature. The shape of the curve is similar for all the three sam-
Fig. 3. H2O evolution (18 amu/e) upon carburization and sinterization of the UO2C,
U3O8C and UO3C samples.
ples, and can be attributed mainly to H2O coming from the decom-
position of the phenolic resin [17,19,20] and to the little water
present in the set-up and adsorbed in the reagent mixture.

In Fig. 4, the ionization current at 44 amu/e is plotted against
temperature. Only the samples containing UO3 and U3O8 showed
evolution of CO2, while the sample containing UO2 did not.

The UO3C sample revealed the presence of two peaks centered
at approximately 350 �C and 450 �C, while the U3O8C sample had
only one peak at approximately 500 �C. These data are consistent
with the literature that describes the carboreduction of UO3 to
UO2 via U3O8 at similar temperatures [29]. The reduction mecha-
nism, at atmospheric pressure and under helium flow, has been re-
cently described in detail by Poncet and co-workers [30].

A two steps reduction involving carbon, as reducing agent, and
CO2, as evolving gas, is postulated:

First, at 450 �C, UO3 is reduced to U3O8,

6UO3 þ C! 2U3O8 þ CO2 ð8Þ

Successively, at 590 �C, U3O8 forms UO2,

U3O8 þ C! 3UO2 þ CO2 ð9Þ

The two peaks observed in Fig. 4 for the UO3C sample at 350 �C
and 450 �C can therefore be attributed to the CO2 evolution corre-
sponding to the reduction of UO3 to U3O8 (Eq. (8)) and of U3O8 to
UO2 (Eq. (9)) respectively. Accordingly, the U3O8C sample shows
only one peak at 500 �C, corresponding to the reduction of U3O8

to UO2, with CO2 evolution (Eq. (9)). The lower temperatures ob-
served in our case for reactions (8) and (9) as compared to the re-
sults of Poncet are in good agreement with those of Mukerjee [34],
whose reaction condition are similar to those used in the present
work and can be ascribed to the influence of dynamic high vacuum
in the reaction chamber, that favors the reactions. The small re-
lease of CO2 by the U3O8C sample at 200 < T < 400 �C can be ex-
plained by the presence of a relatively small amount of UO3, as
the XRD spectrum of commercial U3O8 indicated. The CO2 evolu-
tion was complete for T > 700 �C, and this suggests that the trans-
formation of UO3 and U3O8 to UO2 is complete before
carburization.

In Fig. 5 is reported the CO evolution (at 28 amu/e) at increasing
temperature, for the three samples.

The origin of the moderate evolution of CO at T < 1000 �C for the
UO3C, U3O8C and UO2C samples is not yet fully understood. The
presence of hyper-stoichiometric oxide, namely UO2+x, in the
UO2C sample can partially explain the production of carbon
Fig. 4. CO2 evolution (44 amu/e) vs. temperature upon carburization and sinter-
ization of the UO2C, U3O8C and UO3C samples.



Fig. 5. CO evolution (28 amu/e) vs. temperature upon carburization and sinteriza-
tion of the UO2C (a), U3O8C (b) and UO3C (c) samples.

Fig. 6. XRD patterns for the carburized samples.
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monoxide at these temperatures, as the consequence of the reduc-
tion of uranium dioxide to hypo-stoichiometric UO2�x [31–33].

As far as UO3C and U3O8C are considered, in apparent disagree-
ment with the experimental results of Poncet et al. [30] and
Mukerjee [34], who proved that only CO2 evolves during the carbo-
thermic reduction of UO3, we observed a significant release of CO,
in the case of sample UO3C, at 800 �C, that is about 100 �C above
the end of the carbon dioxide production. A peak of lower intensity
at 900 �C is also present in the U3O8C and UO2C samples.

However, as pointed out by Poncet et al. [35] at temperatures
higher than 800 �C it is possible to form CO gas according to the
Boudouard equilibrium:

CO2 þ C! 2CO ð10Þ

Hence, the remarkable CO evolution at temperatures as high as
800 �C in the UO3C sample can be ascribed to the reaction of resid-
ual CO2, released during reactions (8) and (9), adsorbed on the sur-
face of graphite grains. Moreover, for all the three samples UO2C,
UO3C and U3O8C, CO release is expected to derive from thermal
degradation of the phenol-based resin, used as a binder.

For T > 1000 �C, the CO evolution can be attributed to the carbo-
thermic reduction of UO2 and the consequent formation of ura-
nium carbides. The two peaks at 1200 �C and 1600 �C
corresponds to the plateaus of the heating ramp. The shape of
the pattern describing the evolution of CO in the reaction between
the uranium dioxide and graphite in the 1100–1600 �C tempera-
ture range can be attributed to the presence of a gradient in tem-
perature within the samples (with temperature decreasing from
the bottom to the top of the samples, as they were heated by con-
tact with a graphite electrode on which they were placed).

The XRD analysis of the resulting materials, reported in Fig. 6,
revealed the presence of tetragonal UC2 (aUC2), graphite and a
minor amount of cubic face centered UC. Literature data [36] con-
firm that UC can be produced by the carbothermic reaction of ura-
nium oxide with graphite at lower temperatures than uranium
dicarbide, in the presence of a C/UO2 molar ratio of 3.0 [37] follow-
ing the reaction below:

UO2 þ 3C! UCþ 2CO ð11Þ

When produced by this route, the resulting uranium monocar-
bide invariably contains 950–1100 ppm of oxygen, in the form of
compound (UO2) or solid solution (UC1�x Ox) [13].

In this study, the presence of uranium monocarbide and carbon
(as graphite), besides tetragonal uranium dicarbide, may be attrib-
uted to the precipitation of carbon from the uranium dicarbide at
some intermediate temperature during the slow cooling from the
sinterization temperature [8] (the cooling rate was 2 �C/min). In
[8], samples that were quenched from high temperature, presented
carbon in solid solution with uranium dicarbide, and consequently
decreased lattice constants (i.e. a = 3.504 A, c = 5.951 A). The aUC2

synthesized in this work, presented a good fitting with X-rays pat-
terns for a tetragonal cell of a = 3.522 Å and c = 5.988 Å and, as re-
ported in [9], to the elongated fluorite structure.

From a thermodynamic point of view [8,38,10,39] (Eq. (4)), the
formation of U2C3 should theoretically be considered at the final
atomic ratio C/U = 4, even though Benz [10] suggested a dotted line
for U2C3 at T < 900 �C in the U/C phase diagram, which takes into
account the supposed metastability of the sesquicarbide at low
temperature, in agreement with other observations. As reported
in [40], uranium sesquicarbide is very difficult to obtain. It can
be produced from UC–UC2 mixture by cooling from 1250 to
1800 �C and the application of a mechanical stress [40].

The presence of oxygen contamination in the uranium carbide
produced in this work could not be detected by the standard chem-
ical analysis techniques available in our laboratory. Accordingly,
XRD measurements on UCx based composite in graphite did not
show formation of oxygen compounds; neither as uranium oxycar-
bide nor as uranium oxide (see Fig. 6). This indicates that the oxy-
gen contamination in the samples, is less than the limit of
resolution of the instrument (<4 wt.%).

In order to describe the process of formation of uranium carbide
by carbothermic reaction, the reaction kinetics of the system UO2–
C should also be taken into account. Stinton [41] and Mukerjee and
co-workers [42] studied in great detail the carbothermic reaction
kinetics of the system UO2 + C, under both vacuum and flowing ar-
gon in the 1250–1500 �C temperature range. For experiments con-
ducted in vacuum, Mukerjee deduced a reaction mechanism
governed by reagent-product interface reactions, where the limit-
ing step is the UO2/UC2 interface reaction, whereas in the case of
flowing argon the rate limiting step is the diffusion of CO through
the newly formed carbide layer. In both the synthetic routes,
Mukerjee observed that, depending on the C/U molar ratio (varying
between 3.0 and 4.0), the product was UC, a mixture of UC + UC2 or
UC2. U2C3 was not observed as a product, not even as an interme-
diate product.

In the case of carbothermic reduction under vacuum, Mukerjee
assessed that for loose powder mixtures the escape of CO through
the carbide layer is fast and does not affect the reaction kinetics.
However, in case of tight compacts of UO2 + C the reaction is gov-
erned by CO diffusion mechanisms, as pointed out by Suzuki [43]
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and quoted by Mukerjee [42]. Hence, in the experimental condi-
tions used for the present work, where uranium oxide powders
and graphite were compacted under high pressure, it can be de-
duced that a diffusion controlled reaction pathway is attained,
thereby enabling the occurrence of the following reaction (Eq.
(12)) at the final stages of the synthesis
3UC2ðsÞ þ UO2ðsÞ ! 4UCðsÞ þ 2COðgÞ ð12Þ

Hence, a thin layer of UC between UC2 and the residual unre-
acted UO2 particle core can be produced, as a result of the CO dif-
fusion slowed down by the thick layer of UC2.

A confirmation of the proposed reaction sequence, leading to
the formation of a minor amount of UC besides the main product
UC2, can be found in the work of Gossé and co-workers [31], who
recently reported the effects of kinetic limitations concerning the
interaction between UO2 and C. Their high temperature mass spec-
trometry experiments performed on UO2 + C pellets (in stoichiom-
etric ratio) confirmed the strong interaction between these two
compounds at T > 700 �C. When UO2+x reached an almost stoichi-
ometric composition, a carbide phase began to form and a three
phase domain was attained, where UO2, C and UC coexist.

In Table 2, the measured and calculated weight losses after car-
burization and sinterization are reported. As it can be observed, the
experimental weight loss values increase, in agreement with the
calculated ones, from UO2C to UO3C samples, in good agreement
with the reduction of UO3 and U3O8 reported above (Eqs. (2) and
(3)). The measured bulk density values do not significantly vary
from UO2C to UO3C. On the other hand, the apparent density mea-
sured using a He-pycnometer reveals a trend from UO2C to UO3C,
increasing with the oxidation number of the oxide. Consequently,
the total porosity (calculated by Eq. (5), true density equal to
10.41 g/cm3) ranges from 62.5 vol.% for the UO2C sample to 64.4%
for the U3O8C sample, the open and closed porosity are approxi-
mately constant for the three oxides, with a slight increase of
closed porosity passing from UO2C (6%) to UO3C (8%). The volume
shrinkage strongly varied with each processing and sample, so that
no clear trend could be identified.

From a morphological point of view, the three samples did not
show any significant difference among them. SEM–EDS analyses,
performed on the surface of each sample at different magnifica-
tions, are reported in Fig. 7. White–gray and black–gray islands
of large dimensions (>10 lm) with homogeneous distribution are
clearly visible at low magnifications. These white–gray and
black–gray islands can certainly be attributed to uranium carbide
and graphite respectively, as confirmed by EDS analysis (see also
Fig. 8). Macropores of irregular shape and some microns in size
can be detected at both low and high magnification. The shape
and dimensions of these pores is quite similar to that of the graph-
ite powders used as source of carbon for the carbothermic reduc-
tion of the precursor oxides. At higher magnification, macropores
of smaller dimensions are also visible, and they can be attributed
to the incomplete sinterization of the uranium carbide grains.

As for the air stability of the produced uranium carbide based
samples, a simple experiment was conducted, by exposing the
sample UO3C, after SEM–EDS analysis, to ambient air (20 �C, R.H.
87%) for 48 h and again analyzing the sample with SEM–EDS. Pre-
vious literature data [44] showed that hydrolysis of uranium dicar-
Table 2
Calculated and measured weight loss, bulk (qb) and apparent (qap) density, total, open an

Sample Dwtcalculated % Dwtmeasured % qb (g/cm3)

UO2C 16.9 17.3 ± 0.8 3.9 ± 0.1
U3O8C 20.2 20.2 ± 0.7 3.7 ± 0.2
UO3C 21 22.6 ± 0.9 3.8 ± 0.1
bide produced complex mixtures of gaseous hydrocarbons,
hydrogen, and a hydrous uranium oxide.

Moreover, as reported in [43], the variation of the reaction tem-
perature between 25 and 99 �C produced no detectable effect on
the composition of the gas in the hydrolysis of the dicarbide. How-
ever, the hydrolysis rate increased markedly with increasing tem-
perature and the time required for complete reaction of the
uranium dicarbide (3–4 g) varied from 3.5 days at 25 �C to about
3 h at 99 �C.

Whereas the hydrolysis mechanism, as for both reaction prod-
ucts and kinetics, was extensively studied for several uranium car-
bides and mixtures thereof, the hydrolysis in moist air of uranium
dicarbides was studied to a lesser extent. In the work of Engle and
co-workers [45], the exposure to moist air of thorium–uranium
dicarbides was studied as related to reaction rate as a function of
surface area of the reacting particle and temperature. The reaction
rate for UC2 exposed to moist air at 30 �C was much smaller as
compared to ThC2, and the weight gain (%) was less than 0.2% after
18 h of reaction.

In Fig. 8, the EDS spectra collected from a spot on a white grain
of carbide of the sample UO3C before and after exposure are re-
ported. The spectra are normalized on the intensity of uranium
peak (M line), in order to better highlight the change in carbon
and oxygen signals. Both the depletion in carbon content and
enrichment in oxygen are clearly observed, though significant
changes in grains morphology are not evidenced from SEM images
(Fig. 8). The sample surface composition, as derived from EDS anal-
yses of several carbide grains of the sample before and after expo-
sure, is reported in Table 3. The presence of surface oxygen on the
unexposed sample has been already observed for lanthanum car-
bide based samples and it can be attributed to the following rea-
sons [13]:

� Incomplete milling and mixing of graphite and UxOy powders.
� Limitations to forced evacuation of CO from closed pores

formed by sinterization during heating, and to the evacuating
capability of experimental equipment.
� Adsorption of oxygen during samples removal from vacuum

furnace and contamination from impurities contained in the
inert gas in the vessels.

The trend in both carbon and oxygen amounts is again evi-
denced, but the measured values are affected by a remarkable
experimental error, thereby preventing a quantitative determina-
tion of the hydrolysis reaction extent and a comparison with pre-
viously reported literature data. A more thorough investigation
on the hydrolysis rate, relying on XRD analyses and gravimetric
measurements as a function of the exposure time, is currently in
progress.

The emissivity measurements, performed upon carburization
and sinterization (Fig. 9), revealed a similar trend for UO2C,
U3O8C and UO3C samples. It is well known that emissivity is af-
fected by multiple factors, such as temperature, wavelength, direc-
tion, atmosphere conditions, surface roughness, oxidation level,
material grain size and porosity. Previous studies were performed
to measure emissivity of uranium carbides [46–48]. In particularly,
for nearly stochiometric UC2 specimens (99.5% of theoretical den-
sity) the measurement revealed constant values of emissivity of
d closed porosity.

qap (g/cm3) ptot (vol.%) popen (vol.%) Pclosed (vol.%)

9.0 ± 0.1 62.5 ± 1 56.6 ± 0.6 5.9 ± 0.4
8.7 ± 0.2 64.4 ± 1.9 57.4 ± 1.4 7 ± 0.5
6.8 ± 0.1 63.5 ± 1 55.5 ± 1.5 8 ± 0.5



Fig. 7. SEM analysis of UO2C, U3O8C and UO3C samples.

Fig. 8. Effect of air exposure on UO3C sample, EDS left and SEM at the same magnification before and after air exposure, right.

Table 3
EDS compositional analyses of the white carbide grains of the sample UO3C before and after exposure to moist air. Each value represents the average of at least six measurements,
the error was calculated as standard deviation of experimental data.

Sample C (wt.%) O (wt.%) U (wt.%) C (at.%) O (at.%) U (at.%)

UO3C 13.6 ± 2.8 2.8 ± 0.7 83.7 ± 2.8 68.1 ± 5.3 10.2 ± 2.4 21.7 ± 4.0
UO3C exposed 12.4 ± 1.7 7.0 ± 1.7 80.6 ± 3.1 56.9 ± 2.9 24.1 ± 3.6 19.0 ± 3.0
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0.495 and of 0.55 for wavelength (k) of 2.3 lm and 0.65 lm in the
1800–2060 �C temperature range. In the case of the 1040–1740 �C
temperature range a linear dependence of emissivity with temper-
ature was observed (intercept 0.4067 at T = 1040 �C and slope



Fig. 9. Emissivity measurements of the UO2C, U3O8C and UO3C samples upon
carburization and sinterization.
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4.067 � 10�5 for k = 0.65 lm; intercept 0.423, slope 1.55 � 10�5 for
k = 2.3 lm) that is the case of interest for our experiment; our mea-
surements were indeed run during the carbothermic reduction and
sinterization of the produced carbides.

The data reported in Fig. 9 shows that emissivity increased at
increasing temperatures. At 1000 �C, samples were constituted of
a mixture of UO2 and graphite, with some porosity deriving from
the uncomplete packing of the powders and from reduction of
U3O8 and UO3 into UO2. Fink [49] recommended a constant total
emispherical emissivity of 0.85 for UO2. Up to 1100 �C, the emissiv-
ity of the UO2C and U3O8C samples was constant at 0.80 ± 0.02,
while it increased for the UO3C sample from 0.76 ± 0.01 to
0.78 ± 0.01. For T > 1100 �C, emissivity increased for the three sam-
ples, and this corresponds to the beginning of carburization, as can
be observed in Figs. 2 and 5. After sinterization, the emissivity of
UO2C and UO3C was 0.86 ± 0.02, while for U3O8C emissivity was
0.87 ± 0.01 at T = 1600 �C, in good agreement with previous unpub-
lished results [50] that reports a similar value for porous UC2 + 2C
samples. However, the previously measured emissivity data [46–
48] report values much lower than 0.85 for uranium carbide
(around 0.5). These differences can be attributed to different
reasons:

(1) A compositional effect deriving from the amount of excess
carbon within the samples; indeed, the uranium carbide pre-
pared in this work is constituted of UC2, C, a minor amount
of UC and a non quantified amount of oxygen, while the ura-
nium carbide analyzed by De Coninck [46] is nearly stochio-
metric UC2 with a 99.5% theoretical density and 240 ppm of
oxygen.

(2) A morphological effect deriving from the porosity present
within the samples, as noted before (Table 2); the increase
of emissivity with increasing the amount of porosity was
previously reported in [51].

(3) A surface effect deriving from the observation that in the
work of De Coninck the analyzed samples were polished
before measurement, and this affects emissivity values as
reported by many authors and also by this research group
in [24].

4. Conclusions

UCx dispersed in graphite was successfully synthesized by car-
bothermic reduction of different uranium oxides (UO2, U3O8 and
UO3) and excess graphite. Mass spectrometry studies revealed that
the precursor oxides U3O8 and UO3 decomposed to UO2 before the
carbothermic reaction started to occur, mainly with CO2 emission,
in good agreement with the literature. Further reduction of UO2

may occur before carburization, so that the oxide that eventually
reacted with graphite was hypo-stochiometric.

The carbothermic reduction started at T > 1000 �C, with CO evo-
lution. The reaction was complete at 1600 �C, as confirmed by the
comparison between calculated and measured mass losses. XRD
analysis revealed the formation of a mixture consisting of a-UC2,
UC and graphite, confirming that the process is kinetically
controlled.

From a morphological point of view, the UCx dispersed in graph-
ite obtained from different uranium oxide precursors did not pres-
ent significant variations in terms of grains size and porosity,
indicating that the role of the uranium oxide precursor on the
resulting carbide is not relevant. The total porosity ranged from
62.5 ± 1% to 64.4 ± 1.9% for all the samples, and only a small
amount of it was closed porosity, which is advantageous for the
specific application considered for these materials. SEM analyses
showed the presence of macropores with a dual size distribution:
pores of large dimensions (>10 lm), deriving from the carbother-
mic reduction reaction, and pores of few microns deriving from
uncompleted sinterization of the carbide grains.

The reactivity of the UCx based composite in graphite vs. ambi-
ent air was investigated through SEM–EDS analyses. After 48 h of
moist air exposure, the compositional changes of the sample sur-
face as related to oxygen and carbon were evidenced through
EDS spectra, but a precise determination of hydrolysis extent was
prevented owing to the high experimental error on EDS composi-
tional analyses. A deeper investigation on the hydrolysis rate of
the composites is currently under development.

The measured emissivity for the three samples after sinteriza-
tion at 1600 �C revealed a similar value for UO2C, UO3C and
U3O8C samples, ranging from 0.85 to 0.88. The effect of porosity
and composition of uranium carbide on the emissivity of materials
is currently under study. The presence of unreacted uranium oxide
within the sample was excluded by XRD analysis.

The produced UCx samples revealed a good fitting in terms of
properties (density, open porosity and emissivity) with the SPES
target requirements. Further studies are currently under investiga-
tion in order to tailor properties such as specific surface area and
interconnectivity degree of the pores. The tailoring of the above
mentioned properties should favor the effusion of the produced
isotopic species and consequently the release efficiency of the
target.
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