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Abstract: Uranium mononitride (UN) is a candidate fuel material for light water reactors with higher
uranium (U) loading and thermal conductivity than uranium dioxide (UO2). However, the sintering
of UN pellets is challenging as the UN powder particles oxidize rapidly at high temperatures unless
the oxygen concentration is extremely low. Oxidation during sintering either reduces the relative
density of the sintered UN pellet or disintegrates the sintered UN pellet to powder. To address this
problem, the present work developed a rapid sintering method for producing highly densified UN
surrogate pellets with minimal oxidation. Cerium nitride (CeN) is used as a surrogate for UN to
reduce radiation hazards. With the custom-developed fast-heating system, the sintering process was
completed within 150 s. The sintering atmosphere was flowing nitrogen (N2). The sintered CeN
pellet density was 95% of the theoretical density (TD) or higher. The microstructure was uniform
with a 10–25 µm grain size as demonstrated by scanning electron microscopy (SEM) and contained
trivial levels of oxides as demonstrated by X-ray diffraction (XRD). The resultant pellets indicate that
the rapid sintering method is a promising method to make UN fuel pellets with equivalent or higher
density to pellets made by conventional sintering methods, while also being more efficient in time
and costs.

Keywords: nuclear fuel; oxidation; fast sintering; accident tolerant fuel; uranium mononitride;
cerium nitride

1. Introduction

The 2011 tsunami caused by the Great East Japan Earthquake that damaged the
Fukushima Daiichi nuclear power plant kickstarted the U.S. Department of Energy’s (DOE)
Advanced Fuels Campaign to identify and develop a new fuel that can help to integrate
a more accident-tolerant system in operating commercial light water reactors (LWRs) [1].
Several fuel candidates have been investigated over the last decade including uranium
silicide (U3Si2), uranium carbide (UC), and uranium mononitride (UN). The candidate fuel
of particular interest recently to cooperating DOE national labs and fuel vendors is UN. The
advantages that UN has over traditional uranium dioxide (UO2) fuel are higher uranium
(U) loading, which can result in longer fuel cycles, and higher thermal conductivity, which
is beneficial in accident scenarios. However, UN suffers from oxidation in both air and
water, which can cause problems during fabrication [1]. The oxidation of UN can be quite
rapid and pyrophoric when the powder is fine or at high temperatures [2–4]. Therefore,
the UN powder processing and sintering process must be performed in inert atmospheres
with a minimal amount of oxidizing agent. This is particularly important for the mass
fabrication of UN pellets. A highly densified UN pellet is desired [4] as it would be more
oxidation-resistant as fewer pore defects would react with oxidizing agents.

A variety of sintering methods have been used to make actinide and lanthanide nitride
fuel pellets, including tungsten refractory metal furnaces, tube furnaces, hot extrusion,
hot pressing, hot isostatic pressing (HIP), and spark plasma sintering (SPS) [1,3–8]. Using
a tungsten refractory metal furnace or tube furnace, UN pellets achieved 95% or higher
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of theoretical density (TD) with a sintering profile of 2500 ◦C for 2 to 6 h [3], and (U,
Nd)N pellets achieved ~95%TD with a sintering profile of 1800 ◦C for 4 h [9]. However,
most studies in the open literature reported that such sintering methods cannot achieve
enough densification if the temperature was lower—at sintering temperatures of 1700 ◦C or
lower, the density of UN or (U, Dy)N pellet was less than 85%TD [5,7,9]. What’s more, the
process generally requires a long sintering time, which results in heavy oxidation due to the
difficulties in retaining an inert atmosphere for many hours. Conversely, pressure-assisted
methods, i.e., hot extrusion, hot pressing, HIP, and SPS, can make the pellets more densified
at lower temperatures as the applied pressure facilitates the consolidation of the powders.
Using SPS, UN pellets achieved densities of 95–99%TD at 1650 ◦C for three minutes with
a pressure of 134 MPa for a total sintering time of around 33 min [1,4,6]. Using HIP, UN
pellets achieved a density of 99.8%TD at 1650 ◦C with a pressure of 207 MPa [3]. The hot
extrusion of UN pellets resulted in heavy cracking but showed promising densification at
2200 ◦C [3]. A study of a surrogate material, (Dy, Zr)N, found that hot pressing at 2000 ◦C
and 26 MPa would lead to 99%TD [7]. However, there is room for improvement as the
pressure-assisted sintering method lacks production efficiency, both in throughput and
energy requirements, as a result of the technique’s operation. Moreover, with pressure-
assisted methods, it is difficult to make complex structures and multiple samples at the
same time due to the reliance on graphite or tungsten carbide dies.

The present work aims to develop a rapid sintering method for UN pellets using
a custom-designed fast-heating system. A schematic diagram of the assembly is shown
in Figure 1. The system is composed of a heating stage, 10-kW DC power supply (pro-
grammable with 0–30 volts of direct current [VDC]), high-vacuum pump, infrared camera
(700–2500 ◦C), and LabView-programmed temperature controller. The high-vacuum pump
allows the working atmosphere to be vacuum or flowing argon/nitrogen/air/specialty gas.
The heating mechanism is based on the well-known joule heating effect (i.e., the heating
element is wired to the DC power supply and is powered/heated when the power turns on).
The power supply works in either constant current or constant voltage mode, depending
on the requirement. The heating element acts as a resistance, and the power follows Ohm’s
law power formula. Due to the joule-heating effect, the resistor heats up rapidly. The
sample to be heated can be the heating element itself, in which case the sample is wired to
the DC power supply; or the sample can be heated up by the heat conduction of heating
elements by being sandwiched between the heating elements. This fast-heating mechanism
has been used in many other applications, such as pulsed electric current sintering [10], in
situ heating transmission electron microscopy [11,12], flash sintering [13–18], and ultrafast
high-temperature sintering [19].
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As UN is radioactive, a non-radioactive surrogate material is preferred for the con-
venience of operation. Cerium nitride (CeN) was used as the surrogate in this study due
to its similar thermophysical properties (Melting point: UN is 2757 ◦C [20] and CeN is
2480 ◦C [21]. Coefficient of thermal expansion (CTE): UN is 7.481·10-6 K-1 [22] and CeN
is 30·10-6 K-1 [23]. Thermal conductivity (k): UN is 25 W/m-K (at 1500 ◦C) [24] and CeN
is unknown) and crystal structure. Cerium oxide (CeO2) has been commonly used as a
surrogate for UO2 due to the similarity of chemical properties between Ce and U [25–27].
The oxidation properties between CeN and UN differ in that the former is far more oxygen-
sensitive [28] than the latter. A density greater than 95%TD would indicate the pellet is
densified enough to serve as a fuel pellet [1]. The threshold for oxide content in UN for
performance is 1.17 at.% [29]. However, considering that CeN has a higher propensity
for oxygen than UN, a realistic goal for oxide content is between 5–10 at.%. The present
work showed that the rapid sintering method leads to minimal oxidation of CeN, being
a promising indicator that the UN would be well-sintered by the method with even less
oxidation occurring.

2. Materials and Methods
2.1. Materials

The CeN starting material was certified 99.5% purity−100 mesh (<149 µm) powder
obtained from American Elements. To prevent oxidation, the as-received CeN powder
was stored in the argon-filled glovebox where the oxygen and moisture level was less than
1 ppm as detected by the oxygen and moisture sensors integrated into the glovebox.

2.2. Green Body Fabrication

The as-received powder was milled in a planetary ball mill to break up large agglom-
erates. Alumina jars (100 mL) and balls were used as grinding media and isopropanol was
used as the grinding fluid. The ball-to-powder mass ratio was 4:1 and the rotatory speed
was 200 rpm for 8 h with 25 min cycles and 5 min cooldown times. To prevent the powder
from oxidizing, the jar was vacuum-sealed before being transferred from the glovebox.
After milling, the powder was dried at 100 ◦C in a muffle furnace within the argon-filled
glovebox for 4 h. The powder was then pushed through a 500-mesh (25 µm) sieve and
weighed. The balls were also weighed before and after milling to determine any possible
contamination of the powder from the balls.

The milled powder was pressed into a pellet shape using a uniaxial press at the
pressing pressure of 250 MPa with a 19 mm die inside the argon-filled glovebox. Each
pellet was around 2 g. This amount of powder corresponded to around 2 mm thickness for
the pellet. The green body was vacuum-sealed in a plastic bag and then transferred out of
the glovebox to be sintered.

2.3. Rapid Sintering

Each pellet was placed on the heating stage of the fast-heating system between a pair
of graphite strips with both ends connected to the power supply, as shown in Figure 2.
Weights made of tungsten-zirconium-molybdenum (TZM) alloy, which has an exceptionally
high melting point, were placed on the top and bottom of the graphite strips to improve the
contact and thermal conduction between the pellet and strips. Before heating, the vacuum
chamber was vacuumed by the pump, and pure nitrogen gas of 5N (99.999%) purity was
provided. The sintering atmosphere was flowing nitrogen. The green-body pellets were
tested with various heating profiles to determine the optimal sintering parameters. The
heating rate was applied at 35 and 160 ◦C/s, the dwell temperature was varied from 1800
to 2500 ◦C, and the dwell time was varied from 10 to 30 s. The temperature of the graphite
foam strip was measured using the infrared camera. The temperature controller had minor
overshoot with high starting ramp rates but was effective in keeping the dwell temperature
within ±5 ◦C of the target dwell temperature for the duration of the experiments. After
sintering, the pellet was immediately transferred to the glovebox for storage.
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Figure 2. Heating stage configuration. The sample is placed in between the graphite foam strips and
pressed by the TZM weights to improve the contact and heat conduction.

2.4. Characterization

The density of the sintered pellets was measured using an Archimedes density mea-
surement. The sample was immersed in isopropanol as the working fluid. The TD of CeN
was taken as 7.89 g/cm3 [30]. The powder particles and sintered pellets were analyzed
using a Hitachi S-4800 SEM. The SEM was operated with an accelerating voltage of 5.0 kV.
The powder particles and sintered pellets were also analyzed using X-ray diffraction (XRD)
with a Panalytical Empyrean diffractometer. To prevent oxidation, the powder was placed
in an air-tight sample holder for the XRD measurement. However, in practice, the sintered
pellets were exposed to air for the XRD measurement as the sample holder did not fit. The
XRD scanned five times on each sample, with Cu Kα radiation, across a 2θ range of 30◦ to
90◦ with a step size of 0.013◦ and a hold time of 178.3 s. Rietveld refinement in Highscore
Plus software was performed for phase fitting.

3. Results

Multiple CeN pellets were sintered following the temperature profile as plotted in
Figure 3. The maximum temperature, i.e., the temperature during the dwell at 55–85 s,
was 1800 ◦C. The heating rate was limited to 35 ◦C/s as a larger heating rate, though
capable, induced thermal shock cracking. It was found that the maximum temperature
was limited to 1800 ◦C as higher temperatures resulted in melting, as shown in Table 1. A
total of 11 sintering attempts were made at the dwell temperature of 1800 ◦C, but 3 failures
occurred due to issues with heat conduction through the sample. This issue will be resolved
by modifying the heating stage configuration in the future. Sample tests with shorter dwell
times (10–20 s) or thicker samples (2–3 mm) had issues with sintering completeness. Note
that Table 1 only includes the densities of the successfully sintered pellets.
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Table 1. Samples tested at various maximum temperatures in this study.

Maximum Temperature ◦C Number of Attempts Result

2500 2 Melted
2200 1 Melted
2000 2 Melted
1900 1 Melted
1850 1 Melted
1800 11 92–98%TD

3.1. Ball-Milled Powder

The as-received powder particles were agglomerated, with the agglomerates being
hundreds of microns in diameter, as shown in Figure 4a. Such agglomerates would make
the sintered samples poorly densified as well as result in abnormal grain growth. The
milled powder particles were less agglomerated, as shown in Figure 4b. The milled powder
particles were as small as 1 µm with small agglomerates of 10–30 µm. It should be noted
that, due to the fine particle size, the milled powder became pyrophoric in air when it was
loaded from the sample container to the SEM observation chamber. The fast oxidation may
have changed the particle shape to some extent. In addition, as the milling was carried
out in an argon-filled jar with an oxygen level of less than 1 ppm, the CeN phase was not
affected by oxygen. As shown in Figure 5a, the XRD pattern was identified as 100% CeN
phase, which demonstrates that the milling did not lead to oxidation.
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Figure 4. SEM secondary electron images showing (a) as-received CeN powder particles in large
agglomerates and (b) milled CeN powder particles in small agglomerates.

3.2. As-Sintered Pellets

The measured density of the pellets sintered at 1800 ◦C, as listed in Table 1, was
generally between 92–98% TD. The microstructure of the sintered pellets is shown in
Figure 6. The grain size is approximately 10–25 µm. The grain boundaries appear wide,
indicating the formation of oxide on the grain boundaries. The SEM images were taken
after the pellets were exposed to air for some time (several hours), so the oxide formation
proceeded from the grain boundaries on the polished surface during this time. The XRD
pattern of the sintered pellet along with the calculated profile and difference plot, as shown
in Figure 5b, contains peaks of both CeN and CeO2. The Rietveld refinement identified that
the pattern is composed of 94 mol% CeN and 6 mol% CeO2 with a weighted profile R-factor
(Rwp) value of 9.58, indicating the profile fits the pattern reasonably well. The parameters
used in the Highscore Plus software for fitting include Scale Factor, Flat Background, More
Background, Specimen Displacement, Lattice Parameters, and Caglioti W. It is likely that
the sintering process results in slight oxidation on the surface, but the XRD measurement
might oxidize the surface as the sample was exposed to air, which is different to that of the
CeN powder measurement (see Section 2.4), which was protected in an argon atmosphere.
Therefore, it is unclear if the oxides were mostly formed by sintering or during the XRD
measurement. Nevertheless, the effect is minor as only 6 mol% CeO2 was identified.
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Figure 6. SEM secondary electron images showing the microstructure of as-sintered CeN pellets at
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4. Discussion
4.1. Rapid Sintering Mechanism

The sintering profile, as shown in Figure 3, finishes in 150 s with 30 s of dwell at
1800 ◦C. Compared with the traditional sintering methods (furnaces, hot extrusion, hot
pressing, SPS, and HIP, as mentioned above), which take tens of minutes to hours, this
method is rapid. It is well known that the driving force behind sintering is the reduction
of the total interfacial or surface energy among powder particles, so whether a sample is
sintered or not is determined by the energy applied to the sample. Heat input, therefore, is
essential. The heat transfer principle of the fast-heating system in this study, i.e., solid-solid
heat conduction, is a highly efficient method of heat transfer. Traditional furnaces rely
on heat radiation and/or convection and, thus, the heat transfer efficiency is lower. For
hot extrusion, hot pressing, SPS, and HIP, the heat transfer principle is solid-solid heat
conduction with/without heat radiation, and the working temperature is limited depending
on the specific models. This is because the die is not functional at higher temperatures.
Thus, the methods take a longer time to supply the heat energy. The traditional methods
also need additional time for heating and cooling cycles, which adds to the total time of
sintering, whereas the fast-heating system has rapid heating and cooling.

Sintering using the fast-heating system has other advantages in addition to the rapid
timeframe and solid-solid heat conduction. The efficiency of the system is high, with high
throughput and low energy requirements. The entire process from loading the sample,
sintering, and taking the sample out can take between 5–10 min depending on operator
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speed and dwell temperature, which affects the time needed for cooling. Multiple samples
can be loaded into the device at the same time provided they are small enough to fit in the
strip (2 cm × 5 cm). The strip size can be enlarged depending on the need and can make
larger samples at a time. As mentioned above, the DC power supply is 10 kW. By contrast,
a 1700 ◦C tube furnace is roughly 8000 kW, and the sintering takes ~10 h. Therefore, the
fast-heating system requires less than 1% of the energy required by conventional furnace
sintering. Because the system does not use a die, complex structures that can fit in the
carbon foam strip can be sintered and the only consumable is the carbon foam which needs
to be replaced after each experiment.

The fast-heating system not only lowers time and energy consumption but also elimi-
nates carbon contamination. Carbon contamination resulting from the graphite strip was
not observed in the samples. For a spark plasma sintering, the carbon contamination issue,
caused by the interdiffusion between the graphite die and sample, has been a concern. The
pressure-less mode of the fast-heating system minimizes the contact and time of contact
between the graphite strip and sample, thus reducing the diffusion and reaction.

At the same time, there are some small drawbacks to the fast-heating system sintering
method that may require system modification. The heat conduction penetration in the
current setup is not high and thus thicker samples did not sinter as well with the same short
dwell times as thin samples. The thickest sample successfully sintered was 3 mm—although
thicker samples have not currently been attempted.

4.2. Maximum Sintering Temperature

It was found that the pellet melted at temperatures above 1800 ◦C, whereas the melting
point of CeN according to the open literature is 2480 ◦C. This is not because the temperature
measurement was faulty, as the infrared camera was calibrated with an uncertainty of
±2 ◦C. Instead, this phenomenon is due to CeN not being a line compound. The CeN
phase tolerates excess Ce atoms at lower temperatures, as shown in the phase diagram
of Figure 7. With the increase in temperature, phase transformation of CeN to CeN+L
(liquid) occurs, leading to melting, especially when the temperature approaches ~2000 ◦C
according to the phase diagram. For the CeN powder used, the temperature of 1800 ◦C
was determined as the boundary of solid to liquid in this study.

Conversely, the UN species would not encounter the same melting problem. First,
the melting point of UN (2757 ◦C) is higher than that of CeN, so the maximum sintering
temperature of UN would be 1800 ◦C or higher. The ideal sintering temperature for UN
would need to be tested in the next phase of the study. Second, UN is a line compound,
so it does not encounter phase transformation to liquid below its melting point. The CeN
species might not be the ideal surrogate for UN in this case, but the similar thermophysical
and chemical properties, particularly the oxidation behavior, make CeN a good choice for
the investigation of the sintering process.

4.3. Oxidation Effect

Both UN and CeN are sensitive to air and oxygen, as mentioned above, and both have
been observed to experience oxidation and disintegration either in pellet or powder form.
Both nitrides will oxidize in air at room temperature within hours and especially quickly at
high temperatures during the sintering process. In an inert atmosphere, temperature and
time are critical for the oxidation reaction. Sintering must be done at high temperatures to
facilitate the interdiffusion of particles and grains. Therefore, reducing the time of sintering
is the only effective way to mitigate oxidation. The result of sintered pellets is promising,
as shown in the XRD pattern (Figure 5) and microstructure (Figure 6). The sintered CeN
pellets exhibit uniform microstructure with no visible pores and contain no more than
6 mol% (this value could be even lower as the sample surface could be oxidized during
the XRD measurement) CeO2, which is an oxidation product of CeN. No other phases,
such as Ce2O3, were detected by XRD because the final product of oxidation in CeN is
CeO2 [28]. Additionally, the conditions in the system only allowed for CeO2 to form as
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the final product (for example, a reducing agent would be needed to form Ce2O3 from
CeO2 [31]). Such a low level of oxides supports the hypothesis that a rapid sintering process
leads to a well-sintered pellet with trivial levels of oxides. The surface of the sintered pellet
would be disintegrated into powder if the surface encountered severe oxidation.
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Figure 7. Equilibrium phase diagram of Ce-N, adapted from the literature (Gschneidener and
Verkade, 1975, [32]).

The XRD pattern also supports the contention that the CeN phase was well retained,
and phase transformation or decomposition did not occur. This is consistent with the
equilibrium phase diagram of Ce-N as shown in Figure 7. It should be noted that CeN2 and
Ce3N4 have been founded in other studies: CeN2 was found at high pressures between 30
and 300 atm [32], and Ce3N4 was found in activated nitrogen conditions [33]. These phases
are uncommon and neither the nitrogen pressure nor activated nitrogen conditions were
present, so they were not found in this study.

5. Conclusions

The rapid sintering method used in this study to sinter CeN pellets proved effective
at producing highly densified samples while minimizing oxidation during the process.
The CeN pellets produced were densified and had favorable and uniform microstructure.
The densities of the pellets exceeded 95%TD and the grains were consistently between 10
and 25 µm. The fast-heating system proved effective in producing these pellets within
minutes. The optimal temperature profile for sintering CeN in the fast-heating system while
retaining stoichiometry is 1800 ◦C and 30 s at temperature. It is reasonable to conclude,
based on the study, that it would be possible to sinter UN in the fast-heating system in a
similar way to the way CeN was sintered. Further work should be conducted to test the
fabrication potential of UN in the fast-heating system, sintering multiple samples at a time,
and sintering complex structures.
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