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A B S T R A C T

The synthesis of UC using carbothermic reduction of UO2 and C mixtures has been well studied at high tem-
peratures. However, the product phase behavior of carbothermic reduction at low temperatures (≤1773 K) is not 
well studied. Such a study is important as low temperatures permit single phase UC synthesis without forming 
secondary higher carbides, and it further supports the knowledge base of the process that needs to be used for 
transuranic elements such as plutonium that have high vapor pressures at elevated temperatures. Therefore, a 
low temperature carbothermic reduction of two different C/UO2 molar ratios under inert and reducing envi-
ronments have been studied here. Two different sample holding crucibles, alumina (Al2O3) and graphite, were 
also used here to differentiate the hypostoichiometric (UC1-a) and oxygen dissolved (UC1-xOx) uranium mono-
carbide phases adding more details on the two systems. Also, the reaction kinetics involved in the formation of 
UC via the carbothermic reduction of UO2+C using product phases instead of evolved gases such as carbon 
monoxide is reported here. Under inert atmospheres but with significant oxygen partial pressures, the low 
temperature carbothermic reduction of UO2+C produced up to 90 wt.% UC1-xOx type oxycarbides as was 
confirmed by Xray powder diffraction. Reducing Ar-4%H2 environments at these temperatures were not suc-
cessful in synthesizing UC as it reduces the amount of C required for the carbothermic reduction, leaving UC 
phase at a non-equilibrium state. Inert atmospheres with low or negligible oxygen partial pressures on the other 
hand produced near stoichiometric UC at high phase purity, especially at 1673 – 1773 K temperature range. An 
activation energy of 377±75 kJmol-1 was also calculated using product phase concentrations of the carbothermic 
reduction of UO2+C under these inert Ar(g) atmospheres.

1. Introduction

Studies have been conducted for decades to identify alternative nu-
clear fuels to that of the conventional uranium oxide (UO2) for the next 
generation nuclear reactors. Even though uranium monocarbide (UC) in 
its original form is not a desirable fuel for aqueous nuclear reactors as it 
has greater reactivity with oxygen or air compared to UO2 [1], it can be 
considered as one of the nuclear fuel candidates for non-aqueous nuclear 
reactors such as the Generation-IV gas-cooled fast reactor (GFR), 
lead-cooled fast reactor (LFR), and sodium-cooled fast reactor (SFR) due 
to its favorable chemical, physical, and neutronic properties [2–4], UC 
has a high melting point (2663±293 K) and phase stability at preferable 

temperatures similar to UO2 [4,5], while it also has a higher thermal 
conductivity [3,4] and a higher fissile metal density than UO2. In 
addition, UC-ZrC alloys are being considered for nuclear thermal pro-
pulsion systems given high melting temperatures such a system can have 
[6]. UC has good creep behavior up to 1273 K [3,4], and it can be used in 
synthesizing mixed carbides such as (U, Pu)C [7,8] or carbonitrides (U 
(C, N)) [9], which has superior resistance to hydrolysis [10], In the past, 
uranium carbide-beryllium system has also been considered as a nuclear 
reactor fuel-cladding material due to favorable properties of UC and Be 
that has a low neutron cross section [11]. The low neutron cross section 
of carbon also makes UC an easy to handle compound during 
post-irradiation chemical processing [3].
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Three types of uranium carbides have been reported in the literature 
based on experimental data. Among them, the monocarbide (UC) 
composition is the most common phase, while the dicarbide composi-
tion (UC2) is also stable under ambient conditions. However, the third 
carbide, uranium sesquicarbide (U2C3), is only observed experimentally 
at high temperatures such as 2273 K [12,13], UC has a NaCl-type face 
centered cubic (fcc) structure with a space group of Fm-3 m [14]. Two 
polymorphs have been reported for the dicarbide system: α-UC2 with the 
CaC2-type body centered tetragonal with a space group of I4/mmm and 
β-UC2 with the NaCl-type face centered cubic structures [14,15]. The 
β-UC2 has only been reported to form at elevated temperatures (e.g., 
2038 K) [16]. A range of lattice parameters has been reported for these 
carbide systems due to their ability to form stable non-stoichiometric 
compositions and the dissolution of impurities such as oxygen in their 
unit cells [17].

The most common technique that has been used in synthesizing UC 
in laboratory settings is the carbothermic reduction of UO2 in which the 
oxide is reduced into UC using carbon under vacuum or inert atmo-
spheric conditions. Literature shows that the carbothermic reduction of 
UO2 can be performed at low temperatures (1573 – 1773 K) with 
incomplete reaction [13] as well as at high temperatures (1773 – 2273 
K) with complete reaction. For composite carbides such as UC-ZrC, it 
requires very high temperatures such as 2623 – 2973 K [18].

The use of low temperatures is also important in mixed carbide 
synthesis such as (U, Pu)C in which significant levels of Pu can vaporize 
from the system during the synthesis, even at as low as 1823 K [7,19]. 
Even though the reaction mechanism is well understood for this 
reduction conversion of UO2 into UC, it is scarce to find data regarding 
its reaction kinetics, which is one of the important data sets needed in 
further experimental evaluations such as enabling large-scale synthesis 
and computational/modeling investigations. Therefore, the 
low-temperature carbothermic reduction of UO2 to UC was used in this 
work to study the UO2 reduction kinetics at four different temperatures: 
1623, 1673, 1748, and 1762±276 K. Two different sample holding 
crucibles (Al2O3 and graphite) were used to understand the 
non-stochiometric and oxygen dissolution behavior in the uranium 
monocarbide. Inert (Ar(g)) and reducing (Ar-4%H2(g)) atmospheres were 
used for the samples synthesized using Al2O3 crucible, while only inert 
(Ar(g)) atmosphere was used for the samples synthesized using graphite 
crucible.

2. Experimental details

2.1. Precursor material

Depleted uranium dioxide (UO2) was mixed with carbon (C) nano 
powder (<100 nm Sigma Aldrich) at 3.1:1 C/UO2 molar ratio using a 
mortar and pestle in a glove box for 30 – 60 min. The C/UO2 molar ratio 
of 3.1 was used based on the reaction (Eq. (1)) plus an extra 0.1 molar C 
to compensate for any loss of C during precursor preparation and sample 
handling. A 3.5 C/UO2 molar ratio feedstock was also made for a few 
extra experiments. These two precursor compositions will be reported as 
UO2–3.1C and UO2–3.5C from herein. Either an Al2O3 or graphite cru-
cible in their post-baked conditions was used to hold the UO2/C samples, 
and a tube furnace (Thermo Scientific™, Lindberg/Blue M™ 1773 K 
General-Purpose Tube Furnace) was used for the heat treatments. This 
tube furnace could operate at a maximum temperature of ≤1773 K. A 
ramping rate of 285 – 296 K/min was used for all the experiments 
conducted at temperatures ≤1673 K, while 281 K/min rate was used for 
temperatures ≥1748 K. Furnace cooling was used for the cooling step. 

UO2(s) + 3 C(s) → UC(s) + 2 CO(g)                                                   (1)

2.2. Carbothermic reduction

Literature indicates that the formation of UC starts at around 1773 K 
and UO2 and C content start to decrease at around 1714 K during the 
carbothermic reduction of UO2/C mixture [20]. In this experiment, 
carbothermic reduction was therefore conducted at ≤1773 K to study 
the reaction at relatively low temperatures. As will be discussed in the 
results and discussion sections, UO2/C precursor samples were heat 
treated at different temperatures for varied dwell times under inert 
(argon) or reducing (Ar-4%H2) flowing cover gas environments. Ar(g) 
(UHP or ultra-high purity grade) cover gas was swept through Cu 
powder heated at 773 K to getter O2 before it was introduced to the tube 
furnace that undertook the carbothermic reduction of the samples.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns of the samples were 
collected using a D8 Discover (Bruker Inc.) X-ray diffractometer Cu Kα 
radiation. A LaB6–660c standard from National Institute of Standards 
and Technology (NIST) was used to correct the sample displacement 
error during Rietveld refinement using General Structure and Analysis 
System (GSAS) software [21].

Vacancy density of UC was estimated using Nv = N× e−
Qv

K×T , where 
Nv, N, Qv, K, and T are number density of vacancies, total number of 
available lattice points, energy of vacancy formation, Boltzmann con-
stant, and temperature, respectively [22].

3. Results

3.1. Carbothermic reduction of UO2–3.1C in an alumina crucible

The first set of carbothermic reduction experiments was conducted in 
the Al2O3 crucible by varying reaction time (2 – 36 h) at 1673 K. Since 
the product phases were rich with oxygen in the form of oxides or 
oxycarbides when using Al2O3 crucible, these samples were used to 
discuss the non-stochiometric and oxygen dissolution behavior in the 
uranium monocarbide. A summary of the data of those samples is 
depicted in Table 1.

After a reaction time of 2 h at 1673 K, a partial conversion of 
UO2–3.1C mixture into uranium carbide phase (31.5(1) wt.%) was 
observed under Ar(g) in UCA1 sample. In addition to the peaks corre-
sponding to the reflections of the carbide and the unreacted UO2 phases, 
two sets of broad peaks near UO2 peaks and adjacent to carbide peaks 
but towards the high angle direction were also observed in this 2 h 
sample. These two sets of separate peaks echo the peaks corresponding 
to the Bragg reflections of oxide and carbide phases with smaller unit 
cells because they reside at higher angles than their parent phases. The 

Table 1 
XRD data of UC phase of the samples synthesized at 1673 K using an Al2O3 
crucible. UCA1 has other phases (UO2, UC2-yOy, UC1-xOx, 41.4(1), 20.8(6), 6.3 
(1), respectively). UCA2 sample consists of UC2-yOy and UC1-xOx impurity peaks. 
UCA4 sample consists of UC2-zOz impurity peaks. Full width at half maximum 
(FWHM) for (111) peak is also given.

Name Time, h Wt.% Lattice parameter, nm UC (111) peak

UC σ UC σ ◦2θ FWHM

UO2–3.1C, 1673 K, Ar
UCA1 2 31.5 0.1 0.49621 0.00001 31.21 0.0399
UCA2 12 85.5 0.8 0.49563 0.00001 31.24 0.0531
UCA3 24 90.5 0.4 0.49385 0.00001 31.29 0.1957
UCA4 36 56.3 0.5 0.49244 0.00001 31.44 0.1246
UO2–3.1C, 1673 K, Ar-4%H2
UCAH1 6 9.7 0.4 0.49428 0.00004 31.32 0.0798
UCAH2 12 52.4 0.5 0.49510 0.00001 31.27 0.0260
UCAH3 24 63.4 0.6 0.49231 0.00001 31.45 0.1116
UCAH4 36 63.3 0.6 0.49190 0.00001 31.50 0.1545
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secondary carbide phase with the Bragg peaks adjacent to UC might 
have some oxygen dissolved in its lattice since it has a smaller unit cell. It 
is not uncommon to have some oxygen dissolved in UC as it is reported 
to have up to one-third of carbon atoms replaced by oxygen forming 
uranium oxycarbide as an intermediate phase of the carbothermic 
reduction of UO2 [23,24]. Therefore, these peaks were fitted with a 
second carbide phase, which will be denoted using a general chemical 
composition of UC1-xOx assuming stoichiometric compositions from 
herein.

The phase corresponds to the peaks next to UO2 should have a crystal 
structure similar to that of UO2 with a smaller unit cell than UO2. There 
is also a carbide fcc phase β-UC2 with NaCl-type structure (space group 
of fm-3 m) [15]. The lattice parameter of UC2 (0.5488 nm) is also ~0.4% 
larger than that of UO2 (0.54682 nm) [15,25]. Even though it is common 
practice to consider the size of atoms in a compound to in their form 
(ionic or covalent) in the compound, UO2 is considered to have both 
ionic and covalent bonding characteristics. Ionic radius of O-2 is larger 
than that of C+4, while covalent radius of oxygen is smaller than that of 
carbon [26,27]. Therefore, the second phase with Bragg peaks next to 
UO2 phase will be regarded as a dicarbide dominant UO2 and UC2 mixed 
phase with a hypothesized chemical composition of UC2-yOy henceforth. 
Such composition is also feasible as UC2 usually represents a chemical 
composition in a range of UC1.75 – UC1.8 and that it is also considered as 
a UC2-yOy phase due to the stabilizing nature of oxygen in the dicarbide 
structure [4,28]. The successfully carried out full profile fit of the 2 h 
sample’s XRD pattern using these phases is shown in Fig. 1a with 
highlighted separate phases in Fig. 1b. The refined LPs of UC, UC1-xOx, 
UO2, and UC2-yOy are 0.49621(1), 0.49017(1), 0.54704(1), and 0.53294 
(1) nm, respectively. The high end lattice parameter of 0.49621(1) ob-
tained for UC indicates a hyperstoichiometric uranium monocarbide as 
was reported in the literature such as 0.49610 ± 0.00004 nm for a 
composition of UN1.006 [29]. The lower LPs of the secondary phases with 
Bragg reflections next to UC and UO2 main phases also verify the pres-
ence of these secondary phases with the hypothesized compositions of 
UC1-xOx and UC2-yOy, respectively, as was observed in an earlier study 
[30].

When the reaction time was increased from 2 h to 12 h (UCA2 
sample), most of the UO2–3.1C mixture converted into the carbide 
phase, while the conversion was highest for the 24 h UCA3 sample. As in 
the 2 h sample, the 12 h sample also showed some minor peaks for the 
UC2-yOy and UC1-xOx phases as depicted in Fig. 2. Because of the pres-
ence of broader carbide phase peaks in the 12 h sample than that of the 2 

h sample (peak widths of (111) reflection is shown in Table 1), the 
separation of the peaks corresponding to the two carbide phases are 
narrower in the 12 h sample. This indicates a higher carbide and oxy-
carbide solid-solution (UC–UC1-xOx) behavior in that sample. In the 24 h 
sample, only the monocarbide and UO2 phases were identified. The peak 
intensities for the first two main reflections of UO2 (111 and 200) in this 
sample were also minor, while some considerable peak intensity was 
observed in the peaks in 45 – 70◦ 2Theta region. Therefore, UO2 was also 
fitted during the Rietveld analysis of the 24 h sample’s XRD pattern 
resulting in ~10 wt.% UO2 in the sample. The peak broadening of the 
monocarbide phase is highest in the 24 h sample, indicating a direct 
proportionality between peak broadening and reaction time of the car-
bothermic reduction. The peak broadening of the 24 h sample also spans 
a 2Theta region covering the peak positions of the main monocarbide 
phase and the secondary oxycarbide phase (UC1-xOx), which was present 
in the 2 and 12 h samples (Fig. 2). An increase in the shift of the carbide 
peaks to higher angles with the reaction time as depicted by (111) 
carbide peak in Fig. 2 can also be observed. This peaks shift corresponds 

Fig. 1. XRD pattern of the UCA1 sample synthesized using UO2–3.1C in an Al2O3 crucible at 1673 K under Ar for 2 h showing (a) full profile fit using Rietveld 
refinement and (b) an enlarged area (inset) showing separate peak positions of the 5 phases used in the refinement. Note that the calculated pattern in (b) is plotted 
with an offset to show the separate patterns clearly. Red, green, and pink colors represent the experimental, calculated, and difference plots, respectively.

Fig. 2. Comparison of XRD patterns of samples (UCA2, UCA3, and UCA4) 
synthesized at 1673 K under Ar(g) using UO2–3.1C precursors in Al2O3 crucible. 
Only 28 – 32.5◦ region out of 10 – 120◦ 2Theta is shown for clarity.
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to a decrease in the LP of the carbide as a function of the reaction time as 
can be observed in Table 1.

The increase in monocarbide phase content, decrease in the content 
of the secondary oxygen-dissolved phases, and the decrease in lattice 
parameter together with increasing peak width of the monocarbide 
phase of the samples held in Al2O3 crucibles with the increase in the 
reaction time indicate that oxygen dissolution increases in the main 
carbide lattice forming another UC1- x′O x′ type phase. This UC1-x′Ox′ will 
be therefore an average composition of UC and the secondary UC1-xO x, 
with a larger unit cell size in UC1-xOx than UC1- x′O x′ and x′>x.

A significant oxide phase content (43.7(5) wt.%) was observed in the 
36 h sample (UCA4). Since the UO2–3.1C conversion reaction into the 
carbide was close to a completion after the 24 h reaction time (UCA3 
sample), the presence of close to 50 wt.% UO2 in the 36 h sample in-
dicates that the carbide was reoxidized into UO2. The oxide formation 
could be due to a couple of reasons: the sample’s exposure to impurity 
oxygen in the cover gas over a prolonged time or oxygen leaching from 
the tube furnace parts and the Al2O3 crucible used. The monocarbide 
peak shift to higher angles and the corresponding lowest lattice 
parameter among the samples also show that the highest level of oxygen 
dissolution is in this 36 h sample. Also, these lattice parameters are 
<0.4948±0.001 nm, which is reported as the lattice parameter for 
maximum solubility of oxygen in UC corresponding to 35 mole% UO 
(UC0.65O0.35) for a 1373–2573 K temperature range [31], observed in 
the samples could be attributed to a non-equilibrium state of the carbide 
phase under prolong (24 and 36 h) heat treatment in a high oxygen 
partial pressure environment.

Another sample (UCAH3) was synthesized using the same precursor 
in an Al2O3 crucible and at same temperature with a reaction time of 24 
h under a reducing environment (Ar-4%H2) aiming to lower the possible 
oxidation reaction of the carbide or the dissolution of oxygen in the 
carbide lattice. However, that sample also contained 36.6(6) wt.% UO2 
and the rest being uranium carbide. Since the lattice parameter (~0.494 
nm) of the sample is also lower than all other samples synthesized under 
Ar(g) in Al2O3 crucible and that it has a significant amount of UO2, it may 
indicate that the oxide to carbide conversion occurs faster under 
reducing conditions than under inert atmospheric conditions or some C 
is removed as CH4(g) and other short chain hydrocarbons resulting less C 
in the precursor for the oxide to convert to carbide. In order to test these 
hypotheses, three more samples were synthesized under Ar-4%H2 by 
varying the reaction time at 1673 K. As depicted in Table 1, only ~10 wt. 
% UC formed after a 6 h reaction time in UCAH1 sample, while it 
increased to 52 wt.% by increasing the reaction time to 12 h in UCAH2 
sample. The amount of UC in the product after 36 h (UCAH4) reaction 
time was similar to that of the 24 h reaction time. If UC oxidation or 
dissolution of oxygen at small scale occurs under these experimental 
conditions, the amount of UO2 should be greater in the 36 h reaction 
time sample. Since it is not the case, the second hypothesis of removal of 
C from the precursor can be identified as the main cause for the 
incomplete conversion of UO2 into UC under Ar-4%H2. It is also 
observed that the refined lattice parameter of the product monocarbide 
in the 12 to 36 h samples also decreased from 0.4951 to 0.4919 nm as 
the reaction time increased under Ar-4%H2. This observation suggests 
that more U to dissolve in the carbide resulting hypostoichiometric UC1-a 
[32] due to the lack of C in the reaction medium under prolong heating 
under the reducing conditions. This observation is also in agreement 
with the reported observation of dissolution of U in UC lattice forming C 
vacancies and thereby forming a hypostoichiometric composition when 
the reaction medium temperature is increased [33]. Furthermore, the 
significantly low lattice parameters (~0.492 nm) in samples with re-
action times of 24 and 36 h and the increase in peak widths with the 
decrease in the lattice parameters of these 4 samples also suggest the 
dissolution of oxygen in the UC lattice of those samples due to the 
already existing oxygen from the unreacted UO2 and the 
non-stoichiometric UC1-a due to incomplete reaction. It should also be 
noted that vacancies usually form defect structure and results lattice 

expansion. In this case, however, the lattice parameter decreased, sug-
gesting higher effect of the presence of free U, which has been reported 
to be observed in the grain boundaries of the carbide [22,34], than the 
defect structure. Thus, it can be concluded that the decrease in the lattice 
parameters of the monocarbide phase in these samples are due to both 
the dissolution of oxygen in UC lattice, as the LP of uranium monoxide is 
smaller (0.492(2) nm) [12,35], and non-stoichiometric UC1-a formation 
due to incomplete reaction.

3.2. Carbothermic reduction of UO2/C mixtures in a graphite container

As discussed in Section 3.1, single-phase UC was not obtained and 
the XRD data indicates the presence of dissolved oxygen in the carbide 
lattice synthesized using the carbothermic reduction of UO2–3.1C at 
1673 K using an alumina crucible. Therefore, a few more experimental 
conditions were evaluated using a graphite crucible to hold the samples, 
reducing the oxygen partial pressure in the furnace reaction chamber. 
These experimental conditions included a few different synthesis tem-
peratures, two different precursor compositions, and reaction times 
varying from 2 to 24 h (Table 2).

In a graphite crucible at 1623 K and with UO2–3.1C precursor, UC 
formation was observed but only at <5 wt.% after a reaction time of 6 h 
in UCC1 sample. The UC content increased to 15 wt.% in the second 
sample (UCC2) held for 12 h at 1623 K. Increasing the reaction time to 
20 h only increased the UC fraction to 18 wt.% in UCC3 sample further 
indicating slow reaction progress at 1623 K. Lattice parameters of these 
three samples synthesized at 1623 K are 0.4936 – 0.4938 nm with a 
minor increase (0.03 – 0.04%) in 12 and 20 h samples with respect to the 
6 h sample.

Close to 50% oxide to carbide conversion was observed in UCC4 
sample after 4 h reaction time at 1673 K using UO2–3.1C precursor with 
unreacted UO2 as the only second phase (Fig. 3a). The conversion re-
action reached ~75 and ~100% completion with 10 (UCC5) and 18 h 
(UCC6) reaction times at 1673 K, respectively, while only minor peaks 
(asterisk marks in Fig. 3a) were present for the UO2 phase leading to <5 
wt.% in the later (18 h) sample. While all three 1673 K samples had 
larger lattice parameters than that of 1623 K samples, a 0.06% decrease 
in LP was observed in the 18 h sample compared to 0.01% increase in 10 
h sample with respect to 4 h sample.

In a graphite crucible at 1748 K, the carbothermic reduction of 
UO2–3.1C was ~20% complete after 2 h reaction time in UCC7 sample. 

Table 2 
XRD data of UC phase of the samples synthesized using a graphite crucible. 
UCC13 sample has amorphous broad background at UO2 peak positions. UCC14 
has amorphous hump at UO2 peak positions. UCC10 has a slight hump at ~29◦

2Theta. Note that all these samples consisted of either only UC or UC and UO2 
phases.

Name Time, h UC wt.% σ UC LP, nm σ LP increase,%

UO2–3.1C, 1623 K, Ar
UCC1 6 3.8 0.3 0.49361 0.00001 N/A
UCC2 12 14.8 0.3 0.49376 0.00001 0.03
UCC3 20 18.0 0.4 0.49382 0.00001 0.04
UO2–3.1C, 1673 K, Ar
UCC4 4 43.5 0.5 0.49593 0.00001 N/A
UCC5 10 73.5 0.5 0.49596 0.00001 0.01
UCC6 18 94.3 0.4 0.49565 0.00001 −0.06
UO2–3.1C, 1748 K, Ar
UCC7 2 19.2 0.4 0.49555 0.00001 N/A
UCC8 4 70.3 0.5 0.49598 0.00001 0.09
UCC9 6 100.0 ​ 0.49605 0.00001 0.10
UO2–3.1C, 1762±276 K, Ar
UCC10 2 43.5 0.5 0.49562 0.00001 N/A
UCC11 4 51.5 0.5 0.49590 0.00001 0.06
UCC12 6 97.1 0.8 0.49593 0.00001 0.06
UO2–3.5C, 1673 K, Ar
UCC13 12 85.4 0.6 0.49569 0.00001 N/A
UCC14 24 ~100 ​ 0.49549 0.00001 −0.04
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A greater conversion of oxide to carbide was observed when the reaction 
time increased to 4 h in UCC8 sample with a 70% conversion and a 100% 
conversion after 6 h in UCC9 sample (Fig. 3b). The refined lattice 
parameter of the carbide phase also increased with the increase in its 
formation with 0.09 and 0.1% increase in the 4 h and 6 h samples 
compared to the 2 h sample, respectively. The change in lattice pa-
rameters of samples synthesized at 1673 and 1748 K is only ~0.5%, 
while it was not significant for 1623 K samples. The lowest level of 
formation and the smallest lattice parameters of the monocarbide phase 
of the samples synthesized at 1623 K with reaction times up to 20 h 
suggest that the carbide phase is in a non-equilibrium state.

To compare the product phase characteristics, another three samples 
were synthesized with a target temperature of 1773 K. However, due to 
the difficulties of achieving the targeted temperature in the used tube 
furnace, the maximum temperature that could be achieved was a 1759 – 
1765 K temperature range (1762±276 K). As depicted in Table 2, a 
greater fraction of UC was acquired at 1762±276 K than that at 1748 K 
with similar 2 h reaction time in UCC10 sample as expected. Two other 
samples made using 4 h (UCC11) and 6 h (UCC12) reaction times at 
1762±276 K also showed a similar trend in UC formation compared to 4 
and 6 h samples at 1748 K. The lattice parameters of UC phase also 
showed an increasing trend with respect to the level of reaction 
completion. The lattice parameters of 1673, 1748, and 1762±276 K 
samples were also comparable with the reported values of stoichio-
metric UC. 12,36

Since the carbothermic reduction reaction was complete after 18 h 
processing time at 1673 K for the UO2–3.1C sample, two more samples 
were synthesized using a slightly greater carbon content (C/UO2 molar 
ratio of 3.5) in the precursor at 1673 K with 12 to 24 h reaction times to 
evaluate the effect of precursor C level on the product phases. Similar 
reaction kinetics were observed for both UO2–3.1C and UO2–3.5C pre-
cursors at 1673 K (Table 2). The UCC13 sample synthesized using a 24 h 
reaction time only showed amorphous humps at peak positions of UO2 
phase in the XRD pattern compared to the minor developed peaks 
observed in the 12 h UCC14 sample, suggesting insignificant effect on 
the product phases of the samples after 18 h reaction time at that 
temperature.

3.3. Kinetics of carbothermic reduction of UO2–3.1C in a graphite 
container

During the carbothermic reduction, the evolution of only a slight 
amount of CO2(g) was reported [7], while the formation of UC involves 
the evolution of gaseous carbon monoxide (CO(g)) as depicted by Eq. (1). 
This would imply a rate determining step of diffusion of gaseous species 
out of the solid crystals involved in the reaction. However, evolution of 
gases is generally faster than a diffusion reaction involving a solid-solid 
reaction. Therefore, formation of UC via the diffusion reaction of C with 
UO2 is assumed to be the rate limiting step for the determination of 
reaction kinetics discussed below.

The rate of the carbothermic reduction of UO2 depends on the con-
centration of the reactant UO2 at a given time. As discussed earlier 
(Table 2), only UC(s) or UC(s) and unreacted UO2(s) phases were 
observed in the terminal products synthesized using carbothermic 
reduction of UO2–3.1C in graphite crucible. Because of this reason, the 
change in the concentration of reactant (UO2) was inversely propor-
tional to the change in the formation of product (UC) in each sample for 
all temperatures tested. This observation suggests that the rate of the 
carbothermic reduction of UO2 via C diffusion into UO2 forming UC can 
be written using the concentration of product UC.

Jander et al. [37] and Namba et al. [38] have reported two rate 
equations depicted by Eq. (2) and Eq. (3), respectively for similar 
solid-state reactions that occur via the diffusion reaction mechanism. 
Out of these two rate equations, Eq. (3) has been used in a similar system 
(i.e., ThO2+UO2+C) Namba et al. and also resulted in the best fit for our 
data. Therefore, the experimental data were plotted with respect to 
(
1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 − X)3

√ )2vs t according to Eq. (3) as shown in Fig. 4a. The rate 
constants for each temperature used here were then determined using 
the slope of unweighted linear fits of the data and are shown in Table 3. 
(

1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
100 − X

100
3

√ )2

= kʹt (2) 

(
1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 − X)3

√ )2
= kʹt (3) 

Where X is the concentration of the UC in wt.% formed at a given 
time t.

The rate constants of the reaction at each temperature were also used 
in plotting the data according to the Arrhenius equation (Eq. (6)). A 

Fig. 3. XRD patterns of UC samples synthesized at (a) 1673 K and (b) 1748 K using UO2–3.1C precursors in graphite crucible. Asterisks highlight minor UO2 peaks in 
the 18 h sample.
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slope of −4.533±0.902 in the Arrhenius plot (Fig. 4b) resulted in an 
activation energy of 377±75 kJmol-1 for the carbothermic reduction of 
UO2–3.1C in a graphite crucible up to a maximum reaction temperature 
of 1762±276 K. This activation energy will be compared with the re-
ported values in the discussion section (Section 4). 

lnkʹ = −
(Ea

R

)(
1
T

)
+ lnA (6) 

Where Ea, R, and A are activation energy, ideal gas constant (8.314 J 

K-1 mol-1), and pre-exponential factor, respectively.

4. Discussion

A range of LPs (0.4951 – 0.4965 nm) is reported in the literature [12,
39–41], while a lattice parameter value of 0.49605(4) nm was reported 
for stoichiometric uranium monocarbide UC by Williams et al. [36]. 
That publication also have reported two ranges of LPs: 0.49600(5) – 
0.49550(3) nm for a = 0.00 – 0.10 and 0.49520(2) – 0.49562(7) nm for b 
= 0.21 – 0.51 for a composition of UC1-a (and b) in as-synthesized samples 
[42]. For annealed samples at 1573 K for up to 88 h, they reported 
0.49601(2) – 0.49570(3) nm lattice parameter range for b = 0.00 – 0.51. 
They also indicated that this change in lattice parameter is because of 
the change in carbon content and not due to oxygen or nitrogen 
contamination in the uranium monocarbide lattice. This information is 
depicted in Fig. 5 together with the change in lattice parameter against 
the UC wt.% of the samples synthesized using Al2O3 (Table 1) and 
graphite (Table 2) crucibles in this study.

In an Al2O3 crucible the carbothermic reduction of UO2 and 3.1 
molar C mixture under flowing Ar cover gas produced a carbide phase 

Fig. 4. Reaction kinetics of carbothermic reduction of UO2–3.1C. (a) Change in UC concentration against time at four different temperatures and (b) Arrhenius plot 
of rate constants against temperature. Dashed lines show unweighted linear fits of the data.

Table 3 
Reaction rate constants at four different temperatures.

Temperature (K) Rate constant

k΄ (10–3 × s-1) Error, Ϭk΄

1623 0.132 0.063
1673 0.204 0.047
1748 1.280 0.295
1762±276 0.841 0.166

Fig. 5. Variation of lattice parameters of UC against its wt.% in the samples synthesized using (a) Al2O3 and (b) graphite crucibles. The lattice parameter range of 
0.49570 – 0.49605 nm for x = 0.34 – 0.50 mol for a composition of U1-dCd from Williams et al. [36,42] is highlighted in the figure.
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up to 90 wt.% phase purity at 1673 K using 12 – 24 h reaction times. 
However, an increase in the reaction time decreased the UC lattice pa-
rameters, which are lower than the reported values for UC1-a as depicted 
in Fig. 5a and discussed above. This suggests that the decrease in the 
lattice parameter of the monocarbide phase in these samples synthesized 
using Al2O3 crucible is due to the dissolution of oxygen forming uranium 
monoxycarbide (UC1-xOx) phase as is reported not only in UC but also in 
mixed carbides such as (U, Pu)C [43], Its lattice parameter significantly 
decreased at 36 h reaction time and decreased the carbide phase fraction 
in the product due to reoxidation of the carbide phase and oxygen 
dissolution in the remaining UC lattice. The dissolution of oxygen in UC 
is not unusual as it has a NaCl-type structure containing 8 non-metal 
octahedral interstices that permit the dissolution of impurity elements. 
When a reducing (Ar-4%H2) environment was used for the carbothermic 
reduction of the precursor in an Al2O3 crucible, only up to 63 wt.% of 
monocarbide phase formed even up to 36 h reaction time with a 
decrease of the carbide unit cell size. These observations suggest 
incomplete reaction due to loss of C under reducing conditions and the 
dissolution of oxygen from the precursor in the carbide phase.

When graphite crucibles were used to hold the UO2–3.1C precursors, 
only UC and unreacted UO2 were observed in the products. At 1623 K up 
to 20 h reaction time, low lattice parameters (Fig. 5b) were obtained for 
the monocarbide phase, suggesting UC in a non-equilibrium state. The 
refined LPs (0.49590(1) – 0.49605(1) nm) of the samples synthesized in 
this current study using UO2–3.1C precursors at 1673 – 1762±276 K 
with holding times of 2 – 10 h, even in partially converted carbide 
products in graphite crucibles, indicate that these samples have chem-
ical compositions close to stoichiometric UC as compared to the reported 
data (Fig. 5b). The sample synthesized with a holding time of 18 h at 
1673 K however has a smaller lattice parameter (0.49565(1) nm and a 
0.08% decrease compared to 0.49605(1) nm), which matches the Wil-
liams’s reported lattice parameters of two different carbide composi-
tions: U0.67C0.33 and U0.51C0.49 [42]. A recent study also reported a 
lattice parameter of 0.49562 nm for a composition of U0.51C0.49 (or 
UC0.97) and for oxygen-dissolved carbide with the composition of 
UC0.97O0.03 [44]. Therefore, a nominal composition close to U0.51C0.49 
can be inferred to this carbide synthesized here assuming the dissolved 
oxygen level in the carbide lattice is insignificant.

Similarly, the refined lattice parameter of the sample synthesized 
using UO2–3.5C precursor at 1673 K with a holding time of 24 h was 
smaller (a 0.04% decrease) than that of the 12 h sample, while the later 
matching a nominal composition of U0.51C0.49 and the former resulting a 
composition of U1-dCd with ‘d’ equal to 0.37 or 0.47. A slightly smaller 
lattice parameter was also observed in the sample synthesized at 1673 K 
with a reaction time of 18 h for UO2–3.1C precursor. These two 

observations suggest that uranium monocarbide starts to deviate from 
its stoichiometric composition of UC when the reaction time (or syn-
thesis holding time) is >10 h at the tested temperature of 1673 K 
regardless of the precursor C/UO2 molar ratio, suggesting more than 0.1 
molar extra carbon is not needed to complete the carbothermic reduc-
tion of UO2 represented by Eq. (1).

The U–U bond length increases with the increase of lattice parameter 
of UC as depicted in Fig. 6a. The U–C bond length also increases with the 
increase in its lattice parameter, but it plateaued out at a maximum 
value of 0.248 nm and a nominal lattice parameter of 0.496 nm, which 
relates to near stoichiometric UC. As shown in Fig. 6b, C vacancy density 
of UC also increases with temperature. A vacancy density range of 0.67 
× 1020 – 1.10 × 1020 cm-3 was determined for the UC synthesis tem-
peratures (1623 – 1765 K) tested in this study. It is reported that there is 
a slight distortion in the carbide unit cell resulted from the uranium 
nearest neighbors surrounding the C vacancy in UC1-a moving toward 
the vacancy [44]. This also results in a lower U-C bond length compared 
to that of the near stoichiometric UC unit cell. As the lattice parameter 
increases and approaches that near stoichiometric composition, the 
density of C vacancies at a particular temperature also starts to decrease 
making the U-C bond to rearrange to its near stoichiometric value and 
lowering the distortions. Once the near stoichiometric UC composition is 
reached, U-C bond lengths max out plateauing out as observed in Fig. 6a. 
On the other hand, U-U distance keep increasing to compensate the unit 
cell growth. This change in U–C bond length with respect to the change 
in lattice parameters further confirms the presence of vacancies and 
substochiometric behavior of uranium monocarbide phase in the sam-
ples synthesized here. However, this data (behavior of U–C bond length 
against lattice parameter) cannot be used to verify the presence of ox-
ygen interstitials in the uranium monocarbide unit cells with lattice 
parameters <0.49520(2) nm, which is reported as the lowest end for the 
UC1-a hypostoichiometry [42].

Since only UC and unreacted UO2 were present in the products of the 
samples synthesized using the carbothermic reduction of UO2+C 
mixture under inert atmosphere (Ar(g) cover gas and graphite crucible), 
the diffusion reaction between UO2 and C to form UC could be used to 
determine activation energy of the reaction. The Pseudo first-order rate 
equation reported for ThO2+UO2+C system best fitted the data that 
were acquired in this study, and therefore used to determine the acti-
vation energy of the reaction at the relatively low reaction temperatures 
tested here [38]. The activation energy reported for the carbothermic 
reduction of ThO2+UO2+C mixture was 320 kJ mol-1, which is within 
the range (302 – 452 kJmol-1) we report for UO2–3.1C mixture (377±75 
kJmol-1). Another study also reported activation energies of 209±84 
kJmol-1 and 268±84 kJmol-1 for the diffusion of C and U in UC [45]. 

Fig. 6. (a) U-U and U-C bond lengths of selected samples as a function of lattice parameter and (b) vacancy density of UC as a function of temperature.
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Using the levels of evolved CO gas during the carbothermic reduction of 
porous UO3+C microspheres, another study reported activation energies 
of 335±8.6 and 363.7 ± 7.6 kJmol-1 under reducing and flowing inert 
gas, respectively [46]. These activation energies are lower than that of 
the carbothermic reduction of UO2, suggesting that diffusion reactions 
of C and U into UC and reduction in the form of porous microspheres are 
more energetically favorable than the diffusion reaction of UO2 and C 
making UC in the powder form. Furthermore, the activation energy that 
is reported here is comparable with what was reported (375±20 
kJ/mol-1) for (U, Pu)C [47].

5. Conclusions

Carbothermic reduction of UO2+C mixtures under inert and 
reducing conditions was tested here. Under flowing Ar(g) but with a 
considerably high oxygen partial pressure due to the used furnace 
chamber and Al2O3 crucible, the product consisted of UC, UC1-xOx, UC2- 

yOy, and UO2 phases. The UC phase consisted of lower lattice parameters 
compared to what is reported in the literature, attributing to the disso-
lution of oxygen in UC lattice of these samples. Under reducing Ar-4%H2 

(g) environment, only up to ~65 wt.% of UC formation was observed, 
while smaller UC unit cell sizes were obtained for those samples. Since 
the reducing environment should remove the oxygen impurities and 
lower oxygen partial pressure in the experimental setup, the small UC 
unit cell sizes were attributed to a number of reasons including the 
incomplete reaction due to the loss of C from the reaction medium, the 
presence of oxygen in the reaction medium from the unreacted precursor 
UO2, and the non-equilibrium state of product UC.

The samples synthesized using flowing Ar(g) inert environment with 
the use of graphite crucible to hold the samples produced the expected 
UC and only unreacted UO2 when conditions for complete reaction were 
not satisfied. However, reaction temperatures of ≥1673 K and sufficient 
reaction time produced UC with lattice parameters comparable to the 
values reported for near stoichiometric UC. At 1623 K, UC formation was 
very low (up to 18 wt.%) even with a prolong reaction time (20 h), and 
the UC phase lattice parameters were also low, suggesting the incom-
plete reaction and the UC phase to be in a non-equilibrium state. At 1673 
K, the use of 3.1 and 3.5 molar C to UO2 in the precursors did not show 
significant difference in the product phases, indicating 3.1 molar C is 
sufficient for the carbothermic reduction of UO2. The changes in U–C 
bonding also showed the presence of slight lattice deformation attrib-
uted to the U moving towards C vacancy sites and is related to the 
decrease in the lattice parameter of non-stoichiometric UC. A 377±75 
kJmol-1 activation energy was also determined for the carbothermic 
reduction of UO2+C mixture under inert atmospheres at ≤1773 K. This 
value is within the ranges of activation energies reported for the car-
bothermic reduction of similar systems.

The data presented here should support the understanding and 
controlling the purity of UC during its fabrication from carbon and UO2 
precursors. The use of low temperature carbothermic reduction of UO2 is 
important as it will allow for efficient and low-cost UC nuclear fuel 
fabrication at industrial scale. Transmutation efforts of long-lived iso-
topes (e.g., 239Pu and 241Am), which come from the nuclear fuel cycle, in 
the form of next generation mixed carbide nuclear fuel can also benefit 
from the low temperature fuel fabrication conditions. Furthermore, the 
data including activation energy present in this study will be useful for 
modeling efforts to be carried out to learn more about the carbothermic 
reduction process parameters and the monocarbide system that is 
considered to be an alternate fuel for the conventional UO2.
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