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AbstractThe use of uranium carbide for extracting uranium, a rare and valuable material, has garnered significant
research interest. The long-term storage of uranium scrap is challenging due to the risk of ignition and contents of
nuclear materials. Thus, scrap treatment is required for safe storage and volume reduction. We investigated the oxidation
behavior of different types of multi-walled carbon nanotube-containing uranium scraps (green and sintered) in different
forms (fragmented and powdered) using thermogravimetric/differential thermal analysis and volatilization studies. An
air flow and oxidation temperature of 500 cm3/min and 900 oC, respectively, were suitable for the effective recovery of
inert U3O8 for safe storage or recycling. For optimal results, scrap in powder form should be used. These findings pro-
vide insights for recycling uranium from uranium carbide scrap, with potential applications in research and industry.
Keywords: UC2-C Scrap, Uranium Carbide, MWCNT, Scrap Oxidation, Heavy Ion Accelerator Target Material

INTRODUCTION

In the 1960s, uranium carbide (UC) gained popularity as a nuclear
fuel owing to its high uranium density and thermal conductivity
(25.3 W/(m·K)), which are higher than those of uranium oxide by
factors of 1.34 and 2.6, respectively. However, the use of UC then
decreased owing to its low oxidation resistance, and uranium oxide
is currently one of the main components of nuclear fuels [1-5].

Recently, research on UC has re-emerged. Its potential as a nuclear
fuel in fourth-generation nuclear reactors is attracting attention,
and several researchers are focusing on UC as a heavy ion acceler-
ator target material because of its high vapor pressure limiting tem-
perature (2,100 oC), in addition to the advantages mentioned above
[6-10]. The vapor pressure limiting temperature refers to the tem-
perature at which the vapor pressure begins to adversely affect the
ionization efficiency of the generated isotopes [11-13]. Nuclear fuel
is composed purely of UC, and the heavy ion accelerator target typi-
cally comprises a dispersed mixture of a carbon source and UC2 par-
ticles, denoted as UC2-C. Multi-walled carbon nanotubes (MWCNTs)
are widely used as the carbon sources, because they exhibit ther-
mal conductivity superior to that of graphite, and their net-like
structure securely traps the uniformly distributed UC2 particles.

The heavy ion accelerator target is closely related to the isotope
yield. An ideal target material should generate as many isotopes as
possible, with short release times. In addition, it should exhibit good
thermal conductivity to improve the heat dissipation, and a good
permeability to improve the effusion of the generated isotopes.
Therefore, the target material should exhibit a small UC2 particle
size (<0.5m), low density, and high porosity (70%). Thin disks
(0.8-1.3mm) with a large diameter (40-50mm) are preferred [14-16].

However, fabricating such UC2-C disks is challenging, and because
of the high risk of ignition after fabrication, additional precaution-

ary measures are required during handling. Thus, optimizing the
conditions of the fabrication of the UC2-C disks is critical in yield-
ing acceptable target materials that satisfy quality standards. Gen-
erally, the target materials are fabricated by pulverizing uranium
dioxide powder with a carbon source, followed by processing and
reduction via heating under vacuum. Improper storage or handling
may yield defective products, particularly owing to interactions with
oxygen or moisture due to the risk of oxidation. Such defective prod-
ucts are discarded as waste or scrap. Waste materials cannot be uti-
lized, whereas scrap materials may still be used after further treatment.
The scrap is classified as green or sintered scrap, depending on
whether it is produced before or after reduction via heating.

The long-term storage of uranium scrap is challenging due to
the risk of ignition and contents of nuclear materials. Therefore,
scrap treatment (uranium recovery) is required for safe storage and
volume reduction. Moreover, because the CNTs in the scrap are
nanosized particles, which may be toxic or carcinogenic to the
human body, these should be removed via oxidation using gases
[17-19].

Research regarding the mechanism of UC oxidation aims to con-
vert it to inert U3O8 for safe storage or recycling. The oxidation
mechanism is affected by the temperature, atmosphere, oxide layer
thickness, stoichiometry, and treatment conditions [4,20-23]. Herein,
we recovered uranium from scrap formed during the fabrication
of UC as a heavy ion accelerator target by removing the MWCNTs
by oxidation via heating. A temperature of >600 oC and an air flow
of 500 cm3/min were suitable for effective uranium recovery. This
method of scrap oxidation is patented and registered in South Korea
[24].

METHODS

1. Specimens
1-1. Scrap Material

The specified particle size of UC2 on isotope separation on-line
(ISOL) target materials is <0.5m for the operation of heavy ion
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accelerators in the Republic of Korea to improve the emission effi-
ciency of radioactive isotopes produced during proton irradiation.
U3O8 is crushed using a planetary mill (PM 100, Retsch, Haan,
Germany) at 500 rpm (5 min crushing, 3 min resting) for ~160 min
to form a U3O8 powder of ~0.3m in size. Fig. 1 shows the parti-
cle size distribution and the variation in U3O8 and Fig. 2 shows
U3O8 particle size with crushing time, which were obtained using
specific surface area (ASAP 2460, Micromeritics, Norcross, GA, USA)
and particle size (Partica LA-960, Horiba, Kyoto, Japan) analyzers.

Two types of starting materials were used in this study: green
and sintered scraps. The green scrap (U3O8-C) was formed by finely
mixing powdered U3O8 (70 wt%, 0.17m) with a carbon source
(30 wt%), whereas the sintered scrap (UC2-C) was formed via car-
bothermal reduction (1,800 oC, 2 h) of UC2-C under vacuum (<3×
105 Torr). MWCNTs with excellent thermal conductivities and net-
like structures were used as the carbon sources.

U3O8 is directly converted to UC2 of 0.3m in size during car-
bothermal reduction without particle growth as U3O8 is uniformly
dispersed within the parent MWCNT. U3O8 is converted to UC
via the following chemical reactions.

Fig. 1. Particle size distribution and the variation in U3O8.

Fig. 2. U3O8 particle size with crushing time.

Table 1. Specifications of Sintered scrap UC2-C disk
Starting material Diameter (mm) Thickness (mm) Density (g/cm3) Porosity (%)

UC2-C 50 1.3 2.5 ~70

Fig. 3. MWCNT morphology.

Stage 1: U3O8+28C3UC2+18C+4CO2 (600-700 oC)
Stage 2: U3O8+20C3UC2+6C+8CO (1,250-2,000 oC)

Table 1 shows the specifications of the sintered scrap UC2-C
disks. Two types of sintered scrap specimens were prepared: frag-
mented and powdered. The powdered specimen was prepared via
pulverization for 10 min using an agate mortar and pestle in a glove
box under Ar gas.
1-2. MWCNTs

Fig. 3 shows a scanning electron microscopy (SEM; SU8230,
Hitachi, Tokyo, Japan) image of the MWCNTs (Avention, Siheung-
si, Republic of Korea). The MWCNTs exhibit external diameters
of 5-15 nm and lengths of 0.5-2m. The MWCNT purity was >95
wt% CNTs, >97 wt% C, and <1.5 wt% ash.
2. Characterizations

The volatilization behavior of the MWCNTs and green and sin-
tered scraps in air was observed using thermogravimetric/differen-
tial thermal analysis (TG-DTA; SETSYS Evolution, Setaram, Lyon,
France) and volatilization studies in an electric furnace. For the
TG-DTA studies, 30 mg samples were heated to 900 oC at 5 oC/min.
For the volatilization studies, samples of 500 mg (MWCNTs) and
0.21 and 1.59-1.60 g (green and sintered scraps, respectively) were
placed in zirconia boats and heated at 5 (MWCNTs) or 4 oC/min
(green and sintered scraps) to the oxidation temperature of 100-
1,200 (MWCNTs) or 900 oC (green and sintered scraps) and main-
tained for 2 h. The air flow was 500 cm3/min for all experiments.
The oxidized products and powdered forms of the U3O8-C mix-
tures were observed using SEM (SU8230, Hitachi and AIS2100C,
Seron Technologies, Uiwang-si, Republic of Korea, respectively).

RESULTS

1. Oxidation behavior of MWCNTs
The oxidation behavior of the MWCNTs in air was examined
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using TG-DTA (Fig. 4). The weight gradually decreased until 400 oC,
and then decreased drastically at 500 oC. At 610 oC, the MWCNTs
were completely volatilized, except for a residual ~2 wt%, which
likely comprises ash and other non-volatile materials. Contreras-
Navarrete et al. [19] reported that, whereas MWCNTs maintain
their structures until 400 oC when oxidized in air, their unique
structures are lost at 500 oC or higher, with Fe impurities remain-
ing as a residue.

Based on the TG-DTA results, we conducted volatilization stud-
ies in air at oxidization temperatures of 1,200 and 100-900 oC at
intervals of 100 oC, using larger quantities of MWCNTs (~500 mg)
and an electric furnace. Fig. 5 shows the weight loss of the MWCNTs
at different oxidation temperatures. At 600 oC, the MWCNTs are
completely volatilized. In summary, the volatilization behavior of

Fig. 4. TGA thermogram of MWCNTs.

Fig. 5. Weight loss of MWCNTs at various oxidation temperatures.

Fig. 6. Color changes of MWCNTs in zirconia boats relative to oxidation temperature.

MWCNTs depends on the oxidation temperature, regardless of
the quantity of MWCNTs.

Fig. 6 shows the color changes of the MWCNTs relative to the
oxidation temperature. At 500 oC, the black MWCNTs are partially
volatilized with some red impurity particles observed. At 600 oC,
the MWCNTs are mostly volatilized, with only a few black particles
remaining along with the red impurity particles. At 700 oC, the
MWCNTs are almost entirely volatilized, with the impurities turn-
ing completely red. The red residue is magnetic and thus is likely
Fe.

Fig. 7 shows the changes in the MWCNT morphology with vary-
ing oxidation temperature. When the MWCNTs are oxidized at
500 oC (Fig. 7(e)), the morphologies resemble those of the untreated
MWCNTs shown in Fig. 3. At 600 oC (Fig. 7(f)), the MWCNTs are
almost completely volatilized, with some non-volatilized MWCNTs
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remaining along with some impurities. At 900 and 1,200 oC (Figs.
7(i) and (j), respectively), the MWCNTs are completely volatilized,
and the sizes of the impurity particles are considerably increased
with increasing temperature. The resulting crystalline grains were
identified as Fe via energy dispersive X-ray spectroscopy. Thus, the
MWCNTs contain mostly Fe impurities.
2. Oxidation behavior of Green Scrap

The oxidation behavior of the green scrap (U3O8 (70 wt%)-
MWCNTs (30 wt%)) was examined using TG-DTA and volatiliza-
tion studies. The mixture was prepared shortly prior to the stud-
ies. The SEM image shown in Fig. 8 reveals that the U3O8-C mixture
comprises mixed U3O8 powder particles and MWCNTs.

For TG-DTA, a 30 mg sample of the U3O8-C mixture was used,
and the results are shown in Fig. 9. To accurately determine the

Fig. 7. Morphology of MWCNTs relative to oxidation temperature.

Fig. 8. U3O8-C mixture in powder form. Fig. 9. TG-DTA thermograms of U3O8 and U3O8-C mixtures.

volatilization behavior at different temperatures, the weight loss of
the U3O8 powder is noted. The TGA thermograms shown in Fig.
9 reveal that the weight loss of the U3O8-C mixture increases with
temperature, and then plateaus at >560 oC at a weight loss of ap-
proximately 30%. This may be attributed to the additives and water
in the sample volatilized during heating, in addition to the com-
plete volatilization of the MWCNTs. Two exothermic peaks are
observed at 280 and 510 oC in the DTA thermogram of the U3O8-
C mixture. The peak at 280 oC is attributed to the volatilization of
the bonding agent and dispersant, whereas the peak at 510 oC is
attributed to the drastic volatilization of the MWCNTs, based on
the altered morphologies of the MWCNTs at >500 oC shown in
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Fig. 7.
Volatilization studies were performed in an electric furnace using

a larger quantity of the U3O8-C mixture (0.21 g). The heating tem-
perature of 900 oC was determined based on the MWCNT volatil-
ization results. After sufficient cooling of the electric furnace, the
content of the zirconia boat was re-weighed. The percent of weight
loss was 28% based on the difference between the weight before
and after heating. This is 2% less than the theoretical weight loss of
30%, which may be due to an increase in the impurity content
during oxidation. Another cause may be the air not fully penetrat-
ing the mixture because of the higher weight of the specimen,
resulting in partial volatilization of the MWCNTs. Therefore, to
completely volatilize carbon in large quantities of scrap, along with
a sufficient duration of heating, dispersion is recommended to facili-
tate a larger contact area between the powder and air.
3. Oxidation behavior of Sintered Scrap

During the carbothermal reduction of UC2-C, the carbon is
partially sublimated to CO or CO2 and volatilized. Thus, the com-
position of the sintered disk is 80 wt% UC2-20 wt% C [25]. Oxida-
tion may convert this UC2-C mixture to U3O8, assuming that the
carbon is completely volatilized. Lau et al. [26] noted that to yield
only U3O8, combustion should occur at 800 oC due to the pres-
ence of excess carbon in the form of graphite. Generally, if the UC2

particles are large, the reaction with oxygen yields U3O8, with UO2

as an intermediate product. However, if the powder particles are
small, e.g., after pulverization, they may be immediately converted
to U3O8, but this direct reaction may only occur if the carbon is
completely volatilized.

The mechanism of oxidation consists of two stages.

Stage 1: 2UC2-C+3O22UC2+CO+CO2

Stage 2: 3UC2+8O2U3O8+4CO+2CO2

In the first stage, the parent material C is oxidized and volatil-
ized to CO and CO2 in UC2-C, and in the second stage, UC2 is
oxidized to form U3O8, during which CO and CO2 are volatilized.
Although the reaction time may affect this sequential reaction, the
separation and confirmation of the two steps are challenging in
high-temperature oxidation, and thus, the oxidation time was set
to 2 h for the study. Generally, if the oxidation time is too short,
there are some possibilities that complete oxidation to U3O8 will
not occur in UC2-C, and some carbon will remain. Furthermore,
according to the results of the oxidation behavior of the MWCNTs
and green scraps, the MWCNTs may be sufficiently volatilized at
700 oC or higher. However, the oxidation temperature was set to
900 oC to transfer sufficient thermal energy, because temperature
differences may occur between the temperatures of the hot wire,
measurement site, and transferred heat.

To examine the oxidation behavior of different forms of sintered

scrap, two types of sintered scrap were prepared: fragmented and
powdered. The powdered specimen was formed via pulverization
for 10 min, whereas the fragmented specimen was broken into
pieces. The oxidation temperature of 900 oC was selected based on
the aforementioned conditions of the mixed powder process and
Lau et al.’s findings [26]. The specimen size ranged from 1.59 (frag-
mented) to 1.60 g (powdered).

Table 2 shows the weight losses of the fragmented and powdered
sintered specimens before and after heating. The heated powder
exhibits a 2.4% higher weight loss (18.1%) than that of the heated
fragments (15.7%). This is attributed to the difference in the spe-
cific surface areas of the fragmented and powdered specimens. The
powdered form generally promotes a more efficient reaction because
of its larger specific surface area. Therefore, pulverizing the speci-
men before heating is preferable. However, regardless of the speci-
men form, the percent of weight loss is smaller than the entire
amount of volatilized carbon.

Fig. 10 shows images of the fragmented and powdered sintered
disk specimens in zirconia boats. The fragments maintain their
shapes during heating, and thus, the carbon is not fully volatilized
rather than powdered form. Consequently, to increase the percent
of weight loss, a different type of container (rectangular rather than
a narrow cylinder) or pulverization should be used to facilitate more
interactions with the reaction gas.

X-ray diffraction (XRD; MiniFlex, Rigaku, Japan) was used to
comparatively analyze the U3O8 raw powder employed in target
production and the heated scrap powder after thermal treatment
to confirm whether the thermally treated powder was converted
to U3O8. Fig. 11 shows the XRD patterns of the U3O8 raw powder
(a) and the heated scrap powder (b), with identical peaks observed.

Additional studies were conducted to determine the percent of
weight loss of heated scrap powder after H2 reduction and confirm
that the heated scrap powder obtained following thermal treat-
ment was U3O8. The optimal weight loss was 3.8% when reduc-
ing U3O8 to UO2 and may be calculated as follows. The atomic

Table 2. Weight of UC2-C fragment and powder before and after heating

Conditions UC2-C form
Weight (g) Weight loss

(%)Before heating After heating
Air

900 oC, 2 h
Fragment 1.59 1.34 15.7
Powder 1.60 1.31 18.1

Fig. 10. Morphology of UC2-C fragments and powder before and
after heating under air at 900 oC for 2 h.



UC2-C scrap oxidation 2815

Korean J. Chem. Eng.(Vol. 39, No. 10)

masses of U and O are defined as 238 and 16 g, respectively.

Reduction Formula: U3O83UO2+O2(g)
Theoretical Weight Loss (%)=

The powder (4.285 g) was heated at 2 oC/min in an H2 atmo-
sphere after thermal treatment, reduced for 2 h at 900 oC, and then
cooled to room temperature in the H2 atmosphere to determine
the weight loss (%). The final weight of the powder was 4.122 g.

Weight loss of powder (%)={(4.2854.122)*100}/(4.285)=3.8

Therefore, the oxidized powder is mostly converted to U3O8 even
when a minimum amount of impurities remains from MWCNT
residue or the carbon components that have not been removed
depending on the type of UC2-C scrap.

CONCLUSIONS

To recover uranium from scrap generated during the fabrica-
tion of UC2-C disks for use as a heavy ion accelerator target mate-
rial, we conducted carbon volatilization studies at varying tem-
peratures under air and obtained the following results:

1) At approximately 600 oC, the MWCNTs were almost com-
pletely volatilized.

2) The weight loss of the U3O8-MWCNT mixed powders de-
creased at varying temperatures, displaying a similar pattern to
that of the weights of the MWCNTs. This was likely because the
mixtures were homogeneous.

3) To increase the rate of UC2-C weight loss in response to oxi-
dation, pulverization was more effective than fragmentation.

4) To oxidize UC2-C disks, pulverization to form a powder is rec-
ommended.
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