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The chemical and physical properties of advanced nuclear fuels, particularly in the moderately high
temperature regime relevant for fuel storage, remain largely understudied. In this work, we combine in
situ high-temperature (high-T) experiments with ab initio molecular dynamics (AIMD) simulations to
investigate the behavior of UN under thermally oxidizing conditions. The phase composition and the
coefficient of thermal expansion (CTE) were determined by in situ high-T X-ray diffraction (XRD) and
Raman spectroscopy. UO2 was identified as the only major intermediate phase, while minor α-
U2(N,O)3+x phases detected in the bulk and β-U2N3 on UN surface. A significantly higher CTE was
observed under oxidizing conditions (12.3 × 10-6 at 500 K). AIMDsimulations, supported by in situ XRD
and Raman spectroscopy, attribute this increase to UN lattice distortion, rather than to oxygen
diffusion.

In pursuit of a safer nuclear fuel cycle, alternative fuel options, including
metal alloys, molten salts, and ceramics, are a subject of much interest.
While traditional oxide-based fuels currently dominate the market, alter-
native fuels have thepotential to revolutionize existing and emerging reactor
technologies1. Uranium mononitride (UN) is one alternative ceramic fuel
proposed for a wide range of applications, including fast reactors, tri-
structural isotropic (TRISO) fuels, and even a replacement for light water
reactor (LWR) fuel2–4. Improved thermophysical and neutronic properties
make UN a potentially accident-tolerant fuel (ATF)4–8.

Considerable research has been dedicated to the behavior and prop-
erties of UN at the extreme conditions reflective of reactor operation (e.g.,
high temperature and high radiation), but relatively few studies consider
howUNbehaves at the back endof the nuclear fuel cycle9–14. Demonstrating
control of UN, or its spent nuclear fuel (SNF) form, under various storage
conditions is a critical safety benchmark for fuel qualification.While storage
conditions will vary widely, from interim cask to deep geological repository,
in general, one can expect conditions that are less extreme than reactor
operation but more extreme than ambient, depending on the final fuel
burnup and thus the concentration of fission products15,16. In the event of
failure of an engineering barrier, exposure to groundwater under reducing

or oxidative conditions is possible, studying the response of UN to these
conditions is an important starting point towards (dis)qualifying certain
storage conditions. Furthermore, given the propensity of UN to oxidize to
UO2+x phases at ambient conditions, the most likely strategy for managing
UN SNF is through controlled oxidation to more stable oxide forms before
its storage or permanent disposal. It is worth noting that UN SNFwill likely
undergo accelerated degradation due to the altered material properties
resulting from fission product buildup. Thus, understanding and control-
ling this oxidation pathway of UN is critically important for fuel storage
considerations, but it represents only the first step towards understanding
the behavior of actual UN SNF.

Two topics stand out as particularly important when studying UN
behavior under thermally oxidative conditions: (a) phase evolution and (b)
thermal expansion, both of which require in situ methods such as high-
temperature (high-T) X-ray diffraction (XRD) to be directly studied. The
former has important implications for radioisotope aqueous transport,
thermally energetic events, and gas evolution under accident conditions or
possible geological disposal conditions. The latter will inform canister
designs and engineering modeling for the spent fuel assemblies. Acquiring
this fundamental knowledge will help address the broader questions on
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predicting the fuel behaviors during accident scenarios and handling of UN
at the back end of the nuclear fuel cycle, including whether it should be
directly stored and disposed of or converted to more thermodynamically
stable oxide forms or engineered wasteform materials. Understanding UN
behavior under these storage-relevant, thermally oxidative’ conditions is
therefore a crucial step towards effectively monitoring UN fuel throughout
its entire lifecycle, from cradle to grave, although this is only the first step as
SNF UN must also be investigated.

Herein, we report the phase evolution and thermal expansion of UN
under thermally oxidative conditions from room temperature to 773 K.
Using in situ high-T XRD, the phase evolution and lattice distortion of the
UN phase were directly probed during oxidation, while in situ Raman
spectroscopy was used as a complimentary method to study minor surface
species. These in situ techniques enable the reinterpretation and correction
of previous ex situ studies. The thermal expansion coefficient of UN under
oxidative conditions was determined from the temperature-dependent unit
cell parameters, integrated and interpreted by an ab initio molecular
dynamics (AIMD) investigation of oxygen-bearing UN.

Results
In situ high-T XRD
XRD data was refined to extract the relative phase fractions at each tem-
perature step. This analysis showed the main oxidation pathway of UN to
be: UN → UΟ2+x → α-U3O8, with the appearance of a minor fluorite-
structured phase growing concurrently with UO2+x formation (Fig. 1).
Oxidation to UO2+x (fluorite structure, unit cell parameter 5.449(6)Å at
625 K) had an onset of 473 K and completed at ~683 K with full decom-
position of UN, beyond which the oxidation to U3O8 occurred. At ~550 K,
splittingof theUO2+x peaks (Fig. S3) revealed thepresenceof aminorphase,
whichwas successfullymodeled as afluorite-structuredphasewith a smaller
unit cell (approx. 5.341(2) Å at 625 K) thanUO2+x. The slight discontinuity
at 600 K marks where the sample stage had to be adjusted, due to sample
movement.

The thermal expansion of theUNphasewas tracked until the complete
disappearance of the phase at 683 K (Fig. 2). At room temperature, the unit
cell parameter a0 was found to be 4.8961(1) Å, higher than the literature
value (4.883Å) by 0.16%, potentially due to the inclusion of carbon and/or
oxygen substitutional impurities from the synthesis process17. The unit cell
parameter of UN prior to its complete decomposition at 683 K was deter-
mined to be 4.9220(19) Å. At higher temperatures, the combination of
samplemovement (due toKapton®distortion) and the reducedUNfraction
led to higher uncertainties in the refined structuralmodels, as can be seen in
Fig. 2.

An empirical correlation between temperature and the unit cell para-
meter was extracted from the data and described by Eq. 1:

a Tð Þ ¼ 4:886 4ð Þ þ 2:0ð1:7Þ× 10�5 ×T þ 4:7 1:9ð Þ× 10�8 ×T2 ð1Þ

Themean coefficient of thermal expansion (CTE)was calculated using
the same data. The fractional expansion of the unit cell was plotted as a
function of temperature change (Fig. 4b), with L0 = a0 = 4.8961(1) at
T0 = 303 K. Equation 2 shows the first-order, temperature-dependent
function that was extracted, describing the CTE of UN.

αm Tð Þ ¼ 6:98ð6Þ× 10�6 þ 1:05 2ð Þ× 10�8 ×T ð2Þ

In situ high-T Raman spectroscopy
Figure 3a shows Raman spectra taken of UN powder during heating. There
is very little data in the open literature on characterizing UN with Raman
spectroscopy, but Lopez-Honorato et al. used DFT to predict that the UN
structure will be Raman inactive in its ideal form and demonstrated this
experimentally18,19. Indeed, ourRamanspectra below373 Kdonot showany

Fig. 1 | Phase evolution of pristineUN sample under the thermally oxidative condition as seen viaXRD.Refined phase fractions (a) and 2Dplot ofmajor phases (b). Here
“Unk. UNO phase” is the unknown (modeled as fluorite-structured) phase.

Fig. 2 | The unit cell parameter of UN as a function of temperature during
oxidation. Error bars represent 3σ and the red line is a 2nd order polynomial fit with
an adjustedR2 of 0.97622. As the fraction ofUN remaining in the sample decreases to
30%, the uncertainty increases for the unit cell parameter measurement.
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Raman bands, consistent with Raman inactive pristine UN. Above 373 K,
several bands start to develop around 180 cm−1, 330 cm−1, 475 cm−1, and
620 cm−1. The band at 620 cm-1 is often associated with interstitial oxygen
clustering in UO2+x, such as U4O9

20,21. The other three bands are similar to
those reported byLopez-Honorato et al. in trigonalβ-U2N3,measuredusing
633 nm excitation19. Between 373 K and 573 K, carbon D and G bands are
observed in the region of 1300–1600 cm−1, indicating carbon impurities in
the initial UN sample. These impurities likely come from the carbothermic
reduction-nitridation process, where a complex multistep process dec-
arburizes UC to UN and releases free carbon, which decomposes given
sufficient time22. No evidence for the presence ofUO3was observed, with no
characteristic band at 845 cm−123,24. The polymorphs γ-UO3 and δ-UO3

have also been observedwith characteristic peaks at 766 cm−1 and 532 cm−1,
both also missing from Raman spectra observed in this study24–26.

As the temperature increased, the broad background bands centered at
800 cm−1 and 1050 cm−1 diminished. These initial bands are background
due to scattering fromwithin the instrument and are only observedwhenno
other Raman bands are present. Above 498 K, a new band between
700–800 cm−1 began to form, and above 573 K, it began to broaden,
resembling the group of bands observed in U3O8. After heating to 1073 K,
near full conversion to U3O8 is observed (Fig. 3b). In some cases where
changes in the Raman spectra were observed at lower temperatures than in
the high-T XRD, it is possible that additional energy from the Raman
excitation laser accelerated the oxidation. Amap taken at room temperature
after heating to 423 K shows regions with no Raman peaks (likely still UN),
and regions with peaks characteristic of U3O8 and U4O9 (Fig. S4 and S5).

Ab initio molecular dynamics simulations
The computed unit cell parameters of pure UN and UN with an oxygen
substitutional impurity in a nitrogen vacancy are shown in Fig. 4a. The
AIMD calculated unit cell parameters are underestimated (less than 1%
deviation) relative to the experimental data gathered during this study and
other in situ experiments17,27,28. The tendency of AIMD to underestimate
absolute unit cell parameters is well documented but, crucially, this does not
affect the accuracy of the relative change in unit cell, which are the relevant
value for CTE calculations29. Therefore, the underestimated values were not
a concern in this study. The standard deviation of the unit cell parameter
systematically increases with temperature due to increased thermal fluc-
tuations. Interestingly, the addition of an oxygen impurity has a negligible
effect on the unit cell parameter over the whole temperature range. This is
because oxygen fits perfectly in the nitrogen site, due to comparable atomic
sizes, leading tono latticedistortion.A similar observationhasbeenmadeby

Kotomin and Mastrikov based on 0 K density functional theory (DFT)
calculations30. This agrees with the experimental data compiled by Hayes
et al., which show that oxygen and carbon impurities affect UN’s unit cell
parameter at room temperature by less than 0.1%17.

Using Eqs. 6 and 7, the first-order, temperature-dependent function
was extracted, describing the CTE of UN:

αUN ¼ 4:12ð8Þ× 10�6 þ 2:71ð1Þ× 10�9 T ð3Þ

while for UN with an oxygen substitution impurity:

αUN ¼ 4:73ð7Þ × 10�6 þ 2:34ð4Þ × 10�9 T ð4Þ

As is obvious in Fig. 4(b), themeanCTE for both computational values
are nearly identicalwith eachother andmuch smaller than the experimental
data in this work. It should be emphasized that since a single oxygen defect
was described in a supercell consisting of 216 atoms, the atomic con-
centration of oxygen in this system is 1/216 = 0.46% (i.e. 590 ppm), which is
expected to be substantially higher than the equilibrium concentration of
ON in UN, around 100 ppm31.

Discussion
The oxidation pathway of UN under air has been studied with varying
results, typically including some phase assemblage including UO2, UO3,
U3O8, and/orU2N3

32. The variety ofmethods, conditions, and samples used
make it difficult to draw broad conclusions. Our past study on the thermal
oxidation of UN suggested the formation of UO3 as an intermediate oxi-
dation product, while in other studies only UO2 or U3O8 are
reported10,11,33,34. U2N3 has been observed in some studies as a surface phase,
typically theαpolymorph, sandwichedbetweenUNandUO2

9,33–35.Notably,
many studies rely on techniques that do not directly probe the phase
assemblage during heating. For example, UO3 was hypothesized from a
thermogravimetric analysis (TGA) study, which used similar thermal oxi-
dation conditions, where such a phase cannot be directly confirmed but
rather back calculated33. From this study, we can reject such a hypothesis.
This combinationof in situ high-TXRDand thepastTGAstudies suggested
that the observation of “UO3” during TGAmay be amass-equivalent UO2-
basedmixture with the inclusion of nitrogen gas or other X-ray amorphous
phases.Thiswas confirmedby the identificationofUN,UO2+x, andα-U3O8

at various temperatures with no signs of UO3 (Fig. 5).
TheUO2+x peaks correspond to a smaller lattice thanexpected forUO2

(Table S2). This is likely due to a combination ofN dissolution into theUO2

Fig. 3 | The Raman spectra of UN at high-T. Raman spectra of UN during heating, showing the formation of UO2+x and U2N3 oxidation products (a). After heating to
elevated temperatures (b), scans taken after cooling to room temperature showed U3O8 and other oxidation products.
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lattice, oxygen non-stoichiometry, and the ingrowth of a minor phase early
on. This phasemanifested as a subtle broadening of the low-QUO2+x peaks
at low temperatures and a more obvious splitting at higher temperatures.
Using XRD alone, it is impossible to conclusively identify this minor phase
(Fig. 1a, black; Fig. S3), given the small number of reflections. However, it
was successfully modeled as a fluorite-type structure with a unit cell para-
meter of 5.3369(16) Å at 655 K. Interestingly, this is closer to the reported
unit cell parameter ofUN2 (5.30266(3)Åat 273 K), another uraniumnitride
compound albeit one that is not reported to form during the oxidation of
UN. However, UN2 has a similar structure to α-U2N3, which could be
regarded as a 2×2×2UN2 supercellwith a quarterof theNatoms removed,

and the minor peaks which distinguish their diffraction patterns are often
not visible36–40. Limited experimental and computation work has suggested
that the two phases exist as a solid solution on the continuum fromU2N3+x

to UN2-x, subtly evidenced by shifting unit cell parameters41–43. Unlike UN2,
α-U2N3 is commonly reported to formduring the oxidation ofUN, thus it is
more likely that a phase with stoichiometry of α-U2N3+x is responsible for
the unknown reflections in the XRD data. To further complicate the iden-
tification of this intermediate phase and help explain the mismatch in unit
cell parameters, oxygendissolutionunder these experimental conditions is a
distinct possibility, and XRD is unable to distinguish between O and N44,45.
Several studies of UNx oxidation have identified U-N-O phases as

Fig. 4 | Comparison of the experimental and computational thermal expansion of
UN. aCalculated unit cell parameters of pure UN (red) as well as UNwithON (blue)
as calculated from the ab initio molecular dynamics simulations, compared to

experimental data (black). The shaded area indicates error bars corresponding to
one standard deviation of the time-averaged values. b Projected thermal expansion
calculated from experimental and computational data.

Fig. 5 | In-situ, high-TXRDdata of UN. 2D diffraction patterns (left) with purple arrows pointing to UN reflections and red arrows pointing to UO2+x reflections growing
in. Corresponding 1D diffraction patterns (right) of UN during in situ measurements.
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intermediates on the way to UO2, including U(O,N)2+x and U2(N,O)3+x,
although their characterization beyond XPS is lacking45–48. Therefore, we
conclude that the phase responsible for these XRD reflections is most likely
to be the α-U2(N,O)3+x phase.

We were curious to see if other unexpected species were present at
levels too low to be detected by the bulk-sensitive XRD, especially surface
species, so we turned to Raman spectroscopy. The three peaks observed at
~180 cm−1, 330 cm−1, and 475 cm−1 are very close to the computed Raman
spectra of trigonal β-U2N3, reported by Lopez-Hororato (Fig. 6)19. Inter-
estingly, only β-U2N3 wasmodeled and identified by Lopez-Hororato, even
though there are multiple reasons that α-U2N3 is far more commonly cited
as a decomposition product of UN, and without a reference for the Raman
spectra ofα-U2N3,we cannotdefinitively rule out its presenceon the surface.
First, β-U2N3 is considered a high-temperature phase, not predicted to
appear at low temperatures where UN oxidation is often occurring,
although these phase boundaries are poorly understod49,50. In addition, the
α-U2N3crystal structure shares anunderlying arrayof face-centeredcubicU
atomswithUNandUO2 (in contrastwith the α-Mn2O3 type body-centered
cubic structure of β-U2N3), allowing it to grow epitaxially on the surface
forming a layer between the two, as has been observed in single-crystal
experiments9,35,51. For these reasons, we would expect to see α-U2N3 on the
surfaceofUNduringoxidation andnotβ-U2N3, similar towhat other in situ
studies of UN oxidation have seen9,10. However, the dissolution of oxygen
into this phase is again a possibility, but little research has been done to
illuminate the effect this might have on structure and temperature of for-
mation. Additionally, Tagawa and Masaki reported the slightly different
stoichiometries of the two phases, with β-U2N3 transforming to α-U2N3

above a 1.75N/U ratio, meaning β-U2N3 is the nitrogen-poor
polymorph43,52. Given that the Raman data shows this phase appearing at
lower temperatures than the α-U2N3+x phase identified via XRD (373 vs
544 K), it is possible that under these early experimental conditions, theN/U
ratio at the surface favors the β-U2N3 polymorph as significant decom-
position and release of N has not taken place yet.

Therewere twoadditional peaksobserved at~620 cm−1 and~466 cm−1

in the same locations where the three β-U2N3 peaks were observed, sug-
gesting multiple phases are present. Stoichiometric UO2 has a Raman peak
at 445 cm−1 that shifts to higher wavenumbers with increasingO/U ratio up
toUO2.34 (U4O9), accompanied by the formation of a band at 620–640 cm−1

due to oxygen defect clustering. The presence of these bands alongside the
β-U2N3 bands supports the idea of UN/U2N3 /UO2+x layers forming on the
surface (Fig. 6). Between 373 K and 573 K, a group of broad bands in the
range 1300–1600 cm−1 is observed (Fig. 3). The bands are centered around

~1360 cm−1 and 1600 cm−1 and can be assigned to the D and G bands of
carbon. The presence of carbon bandsmay indicate that some initial carbon
(either free or substitutional) was present in the UN before it burned off
uponheating. This is consistentwith literature reports of a slightly increased
UN unit cell parameter when carbon impurities are present, matching our
slightly elevated unit cell parameter, and the possibility of free carbon
remaining from the synthesis pathway17,22.

While the observation of two different phases by XRD and Raman
spectroscopy might seem contradictory, when taken together they paint a
picture of the overall phase evolution of UN during thermal oxidation.
Equation 5 describes this pathway:

UN ! ½β� U2N3�and α�U2ðN;OÞ3þx ! UO2þx ! α� U3O8

ð5Þ
The first phase to appear is the N-poor β-U2N3 polymorph, beginning

at 373Kwhen there is limited freeNaround from thedecompositionofUN.
Whether occurring in trace amounts as a surface phase or manifesting as a
local distortionwithout long rangeorder is not clear, hence its designation in
brackets, but either way the phase is not apparent in the XRD. At slightly
higher temperatures (544 K) an α-U2N3 structured phase emerges, identi-
fied by XRD as α-U2(N,O)3+x. It is difficult to determinewhether this phase
arises from the trigonal β-U2N3 or forms independently, as little informa-
tion is available on the phase transition between the two. However, it is
possible that β-U2N3-type distortion evolves into cubic α-U2(N,O)3+x,
particularly as the stoichiometry shifts to favor theN-richpolymorph.These
uncertainties highlight gaps in our understanding of UN decomposition
phases, particularly during different N and O partial pressures, and will
hopefully stimulate more research on the topic to further clarify this
important pathway.

The thermal expansion of a material, defined as a change in volume in
response to temperature, can be measured (1) using dilatometry, which
measures the overall expansionof a bulkmaterial in length, or (2) diffraction
which tracks the unit cell expansion53. Given the evolving phase composi-
tion of the samples herein, only the latter is suitable for calculating the CTE
of UN during thermal oxidation. Existing data on the thermal expansion of
UN is sparse and in many cases decades old, with diffraction data even
rarer10,17,28,54,55. We have summarized available data in Fig. 7 and Table 1
below. Although there are discrepancies in the unit cell parameters of UN at
room temperature from various reports, the thermal expansion coefficients
(indicated by the slope of curves in Fig. 7) are similar, even at extremely high
temperatures. Most studies choose to focus on the high temperatures that
are relevant to reactor operating conditions and accident scenarios. A closer
look at the lower temperature regime reveals a discrepancy in thermal
expansion between this work and existing data sets.

To further investigate this anomaly, the CTE for each data set was
calculated fromdiffractiondatausingEqs. 6 and7.The reporteduncertainty
is from the regression fitting, as the error in diffractometry data was not
reported in many cases and is insignificant in comparison. In addition,
dilatometry data for UN thermal expansion have been compiled, as it is
somewhat more abundant in the literature. While dilatometry does not
provide unit cell parameters, it generates a CTE that can be compared
directly with that calculated from diffraction data. Table 1 summarizes the
directly obtained CTE from dilatometry and the calculated CTE from
diffraction.

The CTE calculated from the diffractionmeasurements in this work is
notably higher than prior literature data, across techniques and samples,
while the computational data is much closer to previously measured CTE
values.While a systematic error inmeasurement cannot be ruled out, as the
primary Kapton containment distorted during heating, the sample-to-
detector distance was refined when major shifts occurred and did not vary
systematically (Table S1), so it is unlikely to account for this anomalously
high CTE. The existence of high C impurities was also considered as a
possible explanation, given that C substitutions do impact the starting unit
cell parameters and some physical properties22,56. However, C impurities

Fig. 6 | Raman spectra of UN at 623 K. Peaks at 180 cm−1, 330 cm−1, and 475 cm−1

correspond to β-U2N3 while the highest peak, at ~615 cm
−1 is potentially associated

with U4O9 or a similar oxide.
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ranging from thousands of ppm (Kempter andElliot, 1959) to 200 ppm(Liu
et al. 2023) are reported for otherUN studies, yet yield the sameCTE, so this
was also discarded as a hypothesis10,55. To further confirm this, using the
same AIMD methodology we calculated the lattice expansion for a UN
supercell with C substitutional impurities, and saw no impact on the CTE
(Fig. S6). A closer inspection of the diffractiondata sets reveals an alternative
explanation—the atmosphere during heating. All previous studies, focusing
on high temperatures, used inert atmospheres during thermal expansion to
prevent the total oxidation of UN. In contrast, the current work is the only
diffraction study performed under an oxidizing atmosphere. While this is
limiting in the sense thatCTEcould only be studied at lower temperatures, it
has raised the question of whether the thermal expansion of UN is funda-
mentally different under oxidizing atmospheres. Understanding when and
why this anomalous expansion is taking place could be a critical input for
meso-scalemodeling of nuclear fuels during realistic,multi-phase scenarios.
For example, platforms such as BISON use material property inputs,
including thermal expansion, to predict nuclear fuel performance under
various reactor configurations and conditions57–59. Refining these inputs to
account for the anomalous expansion will improve predictions of UN
behavior, provided its occurrence can be clearly defined and understood.
This phenomenon could be due to O diffusion into the UN lattice or from
the impact of the decomposition phases which emerge during thermal
oxidation, neither of which occurs under inert atmospheres.

AIMD was used to investigate the first hypothesis, by comparing the
thermal expansion of pure UN and oxygen-substituted UN. While some
thermodynamic modeling suggests that oxygen dissolution into UN under
equilibrium conditions is relatively low, the presence of carbon impurities
could significantly increase oxygen solubility60. Previous computational
workhas shown thatO impurities inUN,both interstitial and substitutional,
are energetically favorable and that interstitial substitutions significantly
expand the surrounding lattice and accelerate defect migration30,61,62.
However, Kotomin andMastrikov found that the energydifference between
oxygen incorporation in nitrogen vacancies (ON) and interstitial sites (Oi) is
approximately 3.46 eV. This significant energy difference means that the
concentration ratio of [Oi]/[ON] is extremely small, especially at the rela-
tively low temperatures relevant to the current study, implying that oxygen
predominantly occupies nitrogen vacancies30. Our AIMD thus focused on
substitutional oxygen impurities but found nearly identical thermal
expansion for pure UN and oxygen-substituted UN, indicating that the
distinct UN thermal expansion behavior observed experimentally in this
work is not attributable to the presence of substitutional oxygen impurities
in their own right (Fig. 4).

An alternative explanation is that the act of decomposition, i.e. the
ingrowth ofU2(N,O)3+x phases or the off-gassing ofN, is responsible for the
elevated CTE. Both α-U2N3 and β-U2N3 were detected by in situ high-T
XRD and Raman spectroscopy, in the bulk and on the surface of the ther-
mally oxidizing UN sample. The impact of physically mixed phases such as
this on the microscale properties, including CTE, has been studied exten-
sively in the context of ceramic composites. Of particular relevance, a
mismatch between the CTE of the two phases in a physical mixture can also
induce stress during heating and impact the CTE63,64. Zhao et al. demon-
strated that CTEmismatch of Al and Y2Mo3O12 in 55–64 vol% composites
resulted in distortion to the Y2Mo3O12 lattice, due to compressive and
tensile strainswhich evolved over the temperature gradient65.While data on
the thermal expansion of UN decomposition products is rare, using data
from Silva et al., it is possible to estimate a rough CTE of α-U2N3, which is
muchhigher than that ofUN(results inTable 1)39. This largeCTEmismatch
may influence the thermophysical properties of the bulk UN with the
induced stress translating to elevated lattice swelling over the temperature
range, but a more detailed understanding of the high-temperature prop-
erties of UN2-x phases, and their interaction with UN, is necessary to defi-
nitively draw this conclusion.

Alternatively, structural defects like vacancies and interstitials, have
been shown to affect the unit cell parameter of phases, with Manzier et al.
showing a linear correlation between defect concentration and lattice swel-
ling in CdTe materials66–68. N off-gassing during thermal oxidation of UN
could cause lattice swelling in a similar way, as it accumulates in small
amounts interstitially or creates vacancies. It is also possible that a

Table 1 | Comparison of CTE

Source CTE×10-6 (@500 K) Technique/atmosphere

This Work 12.3(6) Diffraction, air

This Work 5.5 (6) Computational

This Work 5.9 (3) Computational, UNxOy

Liu et al. (2023)10 7.5 (01) Diffraction, vacuum

Benz (1970)54 7.6 (3) Diffraction, vacuum

Benz (1970) 7.7 (3) Diffraction, N2

Benz (1970) 9.4 (9.4) Diffraction, vacuum,UNxOy

Benz (1970) 7.6 (4) Diffraction, N2, UNxOy

Kempter and Elliot (1959)55 8.0 (1) Diffraction, N2

Carlsen and Harms (1964)84 6.5 Dilatometry

Hayes (1990)17 7.8 Dilatometry

Taylor andMcMurtry (1961)85 8.6 Dilatometry

Speidel and Keller (1963)5 7.6 Dilatometry

Silva et al. (2009)39 14.4 (2.9) Diffraction, α-U2N3

Fig. 7 | Compilation of existing diffraction results
of UN thermal expansion. Symbol color indicates
source; symbol shape indicates atmosphere (square
for vacuum, triangle for inert atmosphere, star for
computational); filled symbols indicate UN sample,
empty symbols indicate UNxOy.
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combination of N vacancies and increasing temperature are causing a dis-
tortion from the cubic rock-salt-type UN structure to a lower symmetry
phase, prior to full decomposition to the α-U2(N,O)3+x phase. This
hypothesis is bolstered by the detection of β-U2N3 during this experiment, a
non-cubic, non fcc uranium nitride phase detected at lower temperatures
than the α-U2(N,O)3+x phase. Its appearance demonstrates the possibility of
lower-symmetry phases or distortions occurring early on during the thermal
oxidation of UN, perhaps due to interstitial O or N at the correct partial
pressures, which could be responsible for the anomalous thermal expansion
detected here. Anisotropic distortion in rock salt structures is well studied,
and can be intentionally induced by the introduction of defects or cation
mixing69,70. A decrease in symmetry, for example to a tetragonal phase (I4/
mmm, chosen for simplicity) as shown in Fig. 8, can be detected by a change
in peak shape or the emergence of minor reflections71. Indeed, a subtle shift
in the slope of the peak positions was detected at around 500 K (Fig. S7),
indicating a possible distortion from the Fm-3m symmetry to the lower
symmetry I4/mmmphase.Aslightly distorted, tetragonalUNunit cellwasfit
to this data, with a similar goodness offit (Fig. 8, Table S4), as one example of
a possible lowered symmetry phase. It was noted that the molar volume of
the tetragonal phasewas consistently lower than that of the cubic phase. This
indicates that at higher temperatures, if this distortion emergedbut thephase
was considered with an incorrect higher symmetry, it could lead to the
systematicoverestimationof the thermal expansion, leading to the seemingly
anomalous CTE of UN particularly above 500 K. Future experiments con-
trolling the oxygen partial pressure or using techniquesmore sensitive to the
positionofOandNatoms, could shed light on this potential distortion and if
it is related to the early appearance of the β-U2N3 phase.

Methods
In situ high-temperature X-ray diffraction
The UN sample synthesis has been described previously in the literature,
and the same feedstockmaterial and synthesiswereused for this study33. The
carbothermic reduction and subsequent nitridation result in slight oxygen
and carbon impurities in the lattice. Based on correlations in the literature
between lattice parameter and carbon impurities, we can estimate
approximately 1000ppmofC in theUN lattice17. Sampleswere ground in an
N2-atmosphere glovebox (0.3 ppm >O2 and 0.01 ppm >H2O atmosphere)
with a mortar and pestle for XRD analysis. Given the radiological hazard
presented byU, all manipulationswere carried out in amonitored radiation
laboratory. Approximately 10mgof samplewas pressed between two pieces
of Kapton® (polyimide) tape, which was subsequently cut into thin strips,
stacked, and placed into a 2mm outer-diameter (wall thickness of 0.2mm)

quartz capillary. Quartz wool was loosely packed on either end of the
capillary to allow contact with the open atmosphere during the experiment
but constrain the sample in the center of the containment. Still, underanoxic
conditions, the sample-loaded quartz tube was sealed inMylar® (polyester)
bags for transport to the synchrotron facility. The sample was only exposed
to air for approximately 10min prior to data collection, to minimize oxi-
dation prior to measurement. In situ high-T XRD was collected at the
Canadian Light Source (CLS) Brockhouse XRD High Energy Wiggler
Beamline, using 60 keV incident X-rays with a 60-second exposure time.

The sample was heated from 273 to 773 Kwith a step of 10 K and a 15-
second thermal hold at each temperature step prior to a 60-second dif-
fraction exposure. The furnace thermocouple was in direct contact with the
primary Kapton layer. A powdered Ni sample was used a temperature
calibrant, using the same outer 2mm quartz capillary, furnace, and tem-
perature profile as the experimental sample, but without the Kapton layer,
finding an average temperature deviation of 3.7 K (Fig. S1)72. Due to the
thermal distortion of Kapton® at high temperatures ( > 575 K), the sample
movedpositionsduring the experiment and the sample stagepositionhad to
be adjusted. These adjustments took approximately oneminute to complete
and did not interrupt the heating. Temperature points 424 ~ 454 K and
706 ~ 726 K were discarded due to significant sample movement. Upon
reaching 773 K, the sample was held isothermally for 15min with XRD
patterns collected every minute, and then the sample was cooled to room
temperature with the same temperature step and scanning conditions.

Calculations of the coefficient of thermal expansion
The unit cell parameters were used to calculate the coefficient of thermal
expansion (CTE) of the UN phase during thermal expansion. The GSAS-II
software package was used to refine the XRD data and extract unit cell
parameters and crystalline phase fractions at each temperature step73. Thus,
even as the UN decomposes and thematerial becomes polyphasic, the CTE
is still calculated for only theUNphase.Using these unit cell parameters, the
mean coefficient of thermal expansion (αm) forUNwasobtainedusingEq. 6

αm ¼ L� L0
L0ðT � T0Þ

ð6Þ

where L is the unit cell parameter at temperature T, and L0 is the unit cell
parameter atT0 (300 K).Thedatawas thenfit to a 2

nd-orderpolynomialwith
an intercept at 0 (Equations S1-S2), and the temperature-dependent CTE
was extracted and described by Eq. 7:

αmðTÞ ¼ a0 þ a1ðTÞ ð7Þ

The data was fit using OriginPro74. We chose to calculate the mean
CTE rather than the instantaneous CTE to more easily compare across
different techniques, as it is more widely used53,75.

In situ high-temperature Raman spectroscopy
Raman data was collected with a Thermo Scientific DXR2xi Raman con-
focal microscope (Thermo Scientific, USA) using a 455 nm laser for exci-
tation. The spectral range was 50–3500 cm−1 with a resolution of 4 cm−1.
The laser was focused through a 50× objective. Power was adjusted to
3–6mW and the exposure time was 0.2-1 s. At least 60 scans at each time
point were averaged. High temperature spectra were collected using a
LinkamTS1500heating stage (LinkamScientific,UK), ramping to the target
temperature at 50 K/minup to1073 K,under a5mL/minflowof air. Raman
spectra were collected after heating had been paused for at least 10min, as
refocusing the Raman laser was necessary after heating. A temperature
calibration up to 673K was performed using Si standards, and found
temperatures were within 16 K (Fig. S2)76,77. The quicker ramp rate was
utilized due to the added time necessary to refocus and collect data at each
temperature.

Fig. 8 | Thermal expansion of cubic and tetragonal unit cells. Comparison of
molar volume (m3/mol) of theUNphase extracted fromXRDdata,modeled as either
a cubic phase (black) and a hypothetical tetragonal unit cell (purple), alongside the
superimposed unit cells; the black arrow shows the direction of anisotropic
expansion.
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Ab initio molecular dynamics simulations
The AIMD calculations conducted in this study are carried out using the
Vienna ab initio Simulation Package (VASP), employing the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) for the
exchange-correlation functional78–81. Projector augmented wave (PAW)
pseudopotentials are used for uranium, nitrogen, and oxygen82. The valence
electron configuration for uranium includes 6s2 6p6 6d2 5f2 7s2 (14 electrons),
while nitrogen, oxygen, and carbon have valence configurations of 2s2 2p3 (5
electrons), 2s2 2p4 (6 electrons), and 2s2 2p2 (4 electrons) respectively. To
handle partial occupancies, the first-order smearing method of Methfessel
and Paxton is applied with a smearing width of 0.1 eV83.

Ferromagnetic UN is modeled using 3 × 3 × 3 supercells (216 atoms)
with and without an oxygen and carbon impurities in a nitrogen vacancy
(i.e., ON andCN according to theKröger-Vink notation) to study the impact
of oxygen and carbon on the thermal expansion of UN. Kocevski et al.
demonstrated that this ferromagnetic ordering is an appropriate model for
UN at 0 K as well as at finite temperatures27,28. Kotomin andMastrikov have
shown thatON is themost energetically favorable oxygendefect in bulkUN,
and is, thus, expected to be themost prevalent30. It is expected that the same
is true for carbon. The plane-wave cutoff energy was set to 520 eV, and the
energy convergence criterion for electronic optimization was set to 10−4eV.
Brillouin-zone integrations areperformedat theΓpoint.The supercells have
been equilibrated within the NPT ensemble at zero pressure and tempera-
tures of 300, 500, 1000, 1500, and 2000 K for 7 ps, where the lattice constant
has been averaged over the last 5 ps.

Data availability
Data for this article, including 2Ddiffraction data are available at GitHub, at
GitHub - GuoGroupWSU/uranium_mononitride_degradation.
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