
 

Energetics of oxidation and formation of uranium mononitride 

 
 

Vitaliy G. Goncharov1,2,3,4, Juejing Liu1,2,3, Kyle Kriegsman1,2,3, Chris Benmore5, 

Chengjun Sun5, Shelly Kelly5, Joshua T. White6, Hongwu Xu4,7*, and Xiaofeng 

Guo1,2,3* 

 

 

1 Department of Chemistry, Washington State University, Pullman, Washington 99164, United 

States 

2 Alexandra Navrotsky Institute for Experimental Thermodynamics, Washington State University, 

Pullman, Washington 99164, United States 

3 Materials Science and Engineering Program, Washington State University, Pullman, 

Washington 99164, United States 

4Earth and Environmental Science Division, Los Alamos National Laboratory, Los Alamos, New 

Mexico, 87545, United States 

5 X-ray Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, 

Illinois, 60439, United States 

6 Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, 

New Mexico 87545, United States 

7 School of Molecular Sciences and Center for Materials of the Universe, Arizona State 

University, Tempe, Arizona,  85287, United States 

 

 

* e-mails of corresponding authors: hxu@lanl.gov; x.guo@wsu.edu 

 

 

 

Submitting to Journal of Nuclear Materials 

mailto:hxu@lanl.gov
mailto:x.guo@wsu.edu


Abstract 

Uranium mononitride (UN) is an advanced nuclear fuel currently being considered for use in 

several generation IV fast and thermal neutron spectrum core designs, with additional applications 

to thermal and electric nuclear propulsion reactors. To better understand the thermal behavior and 

thermodynamic stability of UN, we investigated the bulk thermal oxidation process and 

thermochemical reactions, including the enthalpy of oxidation and standard enthalpy of formation, 

by conducting thermalgravimetric analysis – differential scanning calorimetry coupled with mass 

spectrometry (TGA-DSC-MS), and high temperature transposed temperature drop and oxide melt 

drop solution calorimetry. The bulk oxidation of UN (containing a small amount of α-UN1.5+x) in 

air was found to follow a step-wise process characterized by consecutive oxidative reactions UN-

UN1.5+x-UO2 → UO2-UO3-Nk → UO3-Nk → UO3 → U3O8. TGA results support that the UO2 – 

U2N3+x passivating layer (previously hypothesized in the literature) delays the onset of rapid bulk 

oxidation of UN in air up to 389 °C. Ex situ synchrotron X-ray diffraction and X-ray absorption 

fine structure (XAFS) analyses were performed to characterize UN and its final oxidized product. 

The standard enthalpy of formation (ΔH°f) of UN was determined to be –144.4 ± 5.9 kJ/mol·atom, 

in good agreement with previously determined enthalpies of formation of UN from Pt 

encapsulation and bomb calorimetric experiments. We also report a negative linear correlation 

between ΔH°f and the N/U molar ratio, based on the thermochemical data obtained in this work 

and those previously reported for β-UN1.5-x and α-UN1.5+x. Results obtained in this work thus shed 

light on certain thermal and thermodynamic issues associated with utilization of UN as a nuclear 

fuel in generation IV and propulsion nuclear reactors.  
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Highlights:  

• UN exhibits step-wise oxidation behavior in air 

• UN forms a protective passivating layer preventing its rapid bulk oxidation up to 389 ºC  

• Standard enthalpy of formation of UN was determined by high temperature solution and 

transposed temperature drop calorimetry at 700 ºC 



• Standard enthalpies of formation of UN, β-UN1.5-x, and α-UN1.5+x system possess a negative 

linear correlation with the N/U molar ratio. 



1. Introduction 

In recent years, advanced ceramic nuclear fuels (e.g., UN, UC, U3Si2) have received a 

considerable renewed research interest owing to their superior thermophysical properties when 

compared to traditional oxide-based (UO2) fuels.[1–11] In particular, uranium mononitride (UN) 

has been proposed as an accident tolerant fuel (ATF), due to its high uranium density (34.2 U 

atom/nm3 and 24.5 U atom/nm3
 for UN and UO2 respectively),[12] excellent thermal conductivity 

at high temperatures (4.0 W/m·°C and 2.2  W/m·°C for UN and UO2 respectively at 200 °C and 

20.0 W/m·°C versus 3.4 W/m·°C for UN and UO2 at 1000 °C respectively),[3] ~20 % reduced 

swelling rate and a ~55 % lower release of fission gasses when normalized to the swelling rate and 

fission gas release of UO2.[3,13–18] In addition, many fission products and higher actinides form 

stable nitride phases and may be incorporated into the UN matrix to form multi-component solid 

solutions,[19,20] extending the fuel’s operational life-span and stability within the reactor. 

Another advantage of UN arises from its chemical versatility,[19–22] which makes the fuel readily 

compatible with present cladding materials (such as Zr and Ni alloys), or liquid metal Na or Pb 

coolants. When enriched with 15N, UN possesses excellent neutron economy enabling operations 

in both, thermal and fast neutron reactor regimes through mitigation of the unfavorable N14(n, 

p)C14  and N14(n, α)B11 neutronic side reactions,[23] allowing UN to be an effective fuel for various 

reactor designs. [18,20,21] 

Accordingly, UN promises to be an excellent fuel candidate for a number of Generation IV 

(Gen IV) advanced reactors such as sodium-cooled (SFR),[24,25]  lead-cooled (LFR)[26] fast 

reactors,[27–31], and gas (He) cooled very-high temperature reactors (VHTR) [32]. Additionally, 

UN is being considered as the fissile component in several CERMET fuel (fissile An-containing 

ceramic particles embedded in a refractory metal structural matrix, e.g., W/UN and Mo/UN)  

designs to be used in nuclear thermal propulsion (NTP) rockets for accelerated manned missions 

to Mars.[33–35] Thus, there has been continued interest in tuning the chemistry and structures of 

novel U-based ceramic compounds for use in various advanced reactor designs.[36–38]  

However, a major drawback in using UN as the primary fuel component for Gen IV or NTP 

reactors is the limited thermophysical data describing the thermal and thermodynamic aspects of 

UNs stability in various environments.[39,40] Important thermochemical properties include 

thermal oxidation behavior, enthalpies of oxidation, and enthalpies of formation. Although 

thermodynamic properties of the uranium nitride systems such as standard enthalpies of formations 



have been previously measured,[2,41–45] ambiguity remains due to their thermal oxidation 

behavior and related non-stoichiometric thermochemistry. There have been two primary 

challenges when examining the thermodynamic behavior of UN. First, the possibility of having an 

incomplete combustion leading to phase uncertainty of the final product in a bomb calorimeter 

may lead to inaccuracies in determination of the standard enthalpy of formation of UN. The second 

challenge arises from the susceptibility of U to form uranium oxynitride layer (UNxOy) on the 

surface of UN upon its exposure to oxygen, which can further disproportionate into UO2 and 

U2N3+x during extended exposure or at temperatures > 200 °C.[46] Dell et al. proposed that such 

oxidation leads to the formation of a UO2 – U2N3+x – UN “sandwich” structure.[46] Although the 

formation of passivating layer is widely accepted,[46–48] little has been discussed about its 

implication for mitigation of the onset of bulk oxidation of underlying UN.  

In this work, we aim at developing new calorimetric methodology and obtaining new results 

on the thermochemistry of UN, addressing both challenges. Specifically, thermogravimetric 

analysis and differential scanning calorimetry coupled with mass spectrometry (TGA-DSC-MS) 

was conducted to characterize the thermal oxidation behavior of UN in air from room temperature 

(RT) to 900 ºC. Two types of high temperature drop calorimetry under O2 environment, namely 

transposed temperature drop calorimetry and oxide melt drop calorimetry using molten sodium 

molybdate (3Na2O·4MoO3) solvent, were performed to determine the standard enthalpy of 

formation (Hºf) of UN. Such calorimetric methodology was adopted from previous calorimetric 

work on U-Si systems.[49,50] By using the newly obtained Hºf(UN), we examined the enthalpies 

of oxidation of UN to UO3 and U3O8 at ambient conditions, which provide new thermodynamic 

benchmarks for phase equilibrium modeling and thermodynamic stability. Lastly, we further 

established an energetic trend of U-N system with the N/U molar ratio ranging from 1.0 to 1.5+x 

by combining previously determined Hºf of α-U2N3+x and β-U2N3-x phases.[51,52] The results 

presented in this work can further our understanding of the thermodynamics of UN and advance 

its applications in future nuclear reactors.  

 

2. Methods 

 2.1 Sample synthesis 

Uranium mononitride samples were prepared using the carbothermic reduction and nitridation of 

UO2.[53] Graphite and UO2 were mixed in appropriate ratios and heated under vacuum in a W-



mesh element furnace to reduce the oxide to a carbide with oxygen impurities. Further heat 

treatments under N2 and 5% H2/N2 converts the carbide to uranium mononitride powder and 

further purifies the carbon and oxygen impurities from the nitride. Pellets were prepared from the 

UN powder by milling in a Si3N4 jar followed by sieving with a 325 mesh sieve. The sieved 

powders were then pressed using a 5.84mm punch and die set to 150 MPa and sintered under Ar 

at 1800 °C for 8h, which yielded pellets ~89% of the theoretical density of UN. All processing, 

including the furnace, was conducted in an inert glove box line maintained below 20ppm O. 

Impurities of the UN pellets were determined using inert gas fusion technique and combustion 

infrared detection to determine the oxygen and carbon content, respectively. Oxygen and carbon 

impurities of the pellets were 300 wppm ± 60 wppm, 3500 wppm ± 200 wppm, respectively. 

 

2.2 X-ray diffraction (XRD) 

The phase purity of synthesized UN, and phase identification of the oxidized post-calorimetric 

samples were determined by XRD. We used both lab-based Bruker D2 Phaser X-ray 

diffractometer (Bruker, WS, USA) and synchrotron XRD at sector 6-ID-D of the Advanced Photon 

Source (APS) at Argonne National Laboratory (ANL). An approximate 100 mg sample of UN 

(pristine starting material) was prepared into powder (from as-prepared UN ingot) in an inert Ar 

atmosphere glovebox. In the lab-XRD measurement, UN oxidized powder was fixed with vacuum 

grease to an acrylate-domed holder, which provided an inert atmosphere during the XRD 

measurement sequence. An air scatter shield was equipped on the acrylate dome to minimize its 

background signal. Measurements were collected with a 0.01° scan step and a dwell time of 4 s 

per interval. In the synchrotron XRD measurements, UN powder was sealed inside a triple-layer 

Kapton tube. All collected two-dimensional (2D) images were calibrated, masked, and integrated 

through the use of Dioptas processing software.[54] The data were analyzed by the Rietveld 

method using General Structure Analysis System software version II (GSAS-II),[55] where the 

instrument parameters were obtained using the CeO2 standard. The backgrounds were modeled by 

the Chebyshev function with 6 coefficients. The above Rietveld refinement procedures are also 

stated previously elsewhere.[56–59] Analysis of the post calorimetric sample was conducted in a 

similar manner. Collected diffraction patterns were analyzed utilizing DIFFRAC.SUITE EVA 

software package with the ICDD PDF-4+ database. ~15 mg of U3O8 obtained from oxidized UN 



(recovered from transposed temperature drop calorimetric experiments) was analyzed by a similar 

method. 

 

2.3 X-ray absorption fine structure (XAFS) 

The local structures and phase identities of UN and oxidized powder samples were also studied by 

XAFS (Figure 2), performed at the sector 20-BM of the APS at ANL. Both samples were finely 

grounded and mixed with boron nitride to prepare pallets inside an inert N2 atmosphere glovebox, 

then sealed inside a double-layer Kapton sample holder. The XAFS spectra were collected from 

16965 eV to 18665 eV in transmission mode at room temperature. Each sample was scanned 

multiple times to improve the data quality. Athena and Artemis software were utilized to process 

and fit all EXAFS spectra.[60] The energy space spectra were preprocessed and converted to K 

space (see Figure S1 in SI). The K range for generating real space (R space) spectra was from 

about 3 Å-1 to 12 Å-1. Theoretical UN and -U3O8 crystal structures were obtained from previous 

studies.[61,62] Feff 6 code was adopted to generate theoretical scatterings from these 

structures.[63] In the -U3O8 structure, U atoms occupy two different sites.[61,63] The local 

environments of these two U sites are slightly different resulting in many U-O paths with small 

coordination numbers (CN) and small distance differences. To simplify the fitting process, we 

used the aggregation function in Artemis software to generate theoretical U-O paths.[64] This 

function aggregated U-O paths with similar distances and generated averaged U-O scattering path 

lengths. The fitting range was 1 Å to 4 Å in the R space. The R-factor for two fittings was smaller 

than 0.02.  

 

2.4 Thermogravimetric analysis – Differential scanning calorimetry (TGA-DSC) 

Powdered UN sample (~3.5mg) was loaded into 1 mL alumina crucibles in an inert N2 glove box. 

The sealed crucibles were placed in a custom-built air-tight transfer carrier (Figure S2b in the 

supporting information, SI) and sealed in the glovebox. The carrier was then used to transfer the 

loaded crucibles to the TGA-DSC instrument (Setaram SetSYS-2400) to minimize the exposure 

of samples to air. Three types of TGA-DSC experiments were preformed: i) a 12-hour isothermal 

hold of UN at 27 °C in flowing synthetic air (60 ml/min), ii) a thermal oxidation of UN from 25 

ºC to 900 ºC with a heating rate of 10 ºC/min in flowing synthetic air (60 ml/min), and iii) a 5 hour 

isothermal hold of U3O8 (sample recovered from oxidized UN from high temperature transposed 



drop calorimetry experiments) at 750 °C in flowing synthetic air (60 ml/min). The sensitivity of 

the TGA-DSC system was calibrated using the thermal decomposition of CaC2O4 and melting 

cycles of various metals, full description of which may be found elsewhere [65,66]. A summary 

of the experimental mass changes and the molar stoichiometries of the calculated phases 

corresponding to thermal oxidation of UN to 900 °C is presented in Table 1. 

 

2.5 Evolved Gas Mass Spectrometry 

The gases produced during UN oxidation were analyzed by the Discovery MS (TA Instruments) 

benchtop quadrupole mass spectrometer optimized for evolved gas analysis. The mass 

spectrometer was attached to a Q600 SDT (TA Instruments) TGA-DSC instrument. UN samples 

were loaded into Q600 SDT and heated at a heating rate of 10 ºC/min from 25 to 900 ºC in a 

flowing synthetic air (60 ml/min, same as the thermal oxidative conditions of the TGA-DSC runs 

described above). The evolved gas was analyzed using high energy electrons (18 eV) and a Faraday 

detector system. The TGA-DSC results agree qualitatively with those produced by SetSYS-2400, 

and thus the MS data was combined with the thermal analyses conducted in SetSYS-2400. The 

TGA-DSC curve produced by Q600 SDT is presented in Figure S3. The primary MS signals of 

m/z = 28 (N2) and m/z =16 (O2), were deconvoluted and presented in Figure S4 and S5 respectively. 

Likewise, the minor signals of m/z = 44 (NO2) and m/z = 30 (NO) are presented in Figure S6. The 

evolved N2 and consumed O2 MS signals are plotted against the SetSYS TGA-DSC curves in 

Figures 3 and 4, respectively, and their molar (%) values are summarized in Table 2. 

 

2.6 High temperature transposed temperature drop and oxide melt drop solution calorimetry 

High temperature calorimetric measurements were conducted using a Tian-Calvet twin 

microcalorimeter, Setaram Alexsys-1000.[67,68] UN fragments (~ 3 mg) were loaded into capped 

custom-built steel dropper scoops (Figure S2a), which were then sealed into an air-tight transfer 

carrier (Figure S2b) under an inert N2 atmosphere to protect the UN pellet from reacting with 

oxygen during transfer from the glovebox to the calorimeter. The exposure time of UN pellets to 

the ambient air was <10 seconds between opening the carrier and performing the calorimetric drop. 

Each UN pellet was dropped from RT into the calorimeter chamber maintained at 700 ºC where 

quartz crucibles contained ~15 g molten sodium molybdate solvent (3NaO⋅4MoO3) for the oxide 

melt drop calorimetry, or no solvent for the transposed temperature drop calorimetry. In both cases, 



O2 gas was continuously flushed through the calorimeter chamber at ~140 mL/min to maintain a 

constant oxidizing environment and a stable head space above the solvent. In addition, O2 gas was 

continuously bubbled through the solvent (for experiments using the oxide melt) at a rate of 20 

ml/min to assist sample dissolution and oxidation. The complete dissolution of nitrides and 

uranium containing compounds has been previously confirmed in molten sodium molybdate 

solvent.[49,69–76] The calibration, methodology, and U handling employed in the high 

temperature calorimetric measurements were also described in detail in previous works and have 

been successfully applied to U-Si intermetallic compounds.[49,50,68,77] The standard enthalpy 

of formation of UN was calculated by constructing two thermochemical cycles (Tables 3 and 4), 

which are based on i) different reactions UN underwent in the calorimeter chambers when 

performing the two types of calorimetric experiments described above and ii) their corresponding 

experimentally measured enthalpies of transposed temperature drop (Htd) and drop solution 

(Hds), shown in Tables 3 and 4, respectively. 

 

3. Results and Discussion 

3.1 XRD and XAFS characterization of as synthesized UN 

 

Synchrotron XRD pattern of pristine as synthesized UN is presented in Figure 1. According 

to our results the UN sample is largely phase pure (space group Fm3̅m) with a minor presence of 

secondary α-UN1.5+x  (space group Ia3̅) [78]. The refined unit cell parameter was determined as a 

= 4.897(1) Å and is in good agreement with previous UN studies (4.889 Å [79] and 4.907 Å [80]). 

The secondary α-UN1.5+x   may have formed on the UN powders from a disproportionation reaction 

of UN with access N supplied either by adsorbed N2 species on the UN surface [81], or by access 

N included during synthesis [79,80]. Comparison of the XRD pattern of pristine UN to that of UN 

exposed to the ambient environment for 12 hours (Figure 6) demonstrates increased formation of 

α-UN1.5+x   and β-UN1.5-x phases with prolonged exposure time. This in turn suggests that the 

formation of these secondary phases likely occurs on the UN surface and is promoted by the 

interactions of UN with oxygen.[46,47,78] However, the absence of UO2 diffraction peaks in this 

sample suggests that oxygen species present on the UN surface are likely poorly crystalline UO2 

or UNxOy.[46,47] From the XRD analysis we conclude that the UN samples used for further 

calorimetric studies are nearly phase pure UN with slight α-UN1.5+x and possible UO2 



contaminations and thus have the chemical formulas in the form of UN·UN1.5+x·UO2 with 

UN >>UN1.5+x > UO2. 

X-ray absorption fine structure was performed to characterize the local environment of U. The 

radial distribution function (RDF) of UN (Figure 2a) were retrieved from the Fourier transform of 

K space spectrum (Figure S1). In the UN RDF spectrum, the U-N 1st path peak (at ~2.0 Å) splits 

into two peaks with similar amplitudes, which implies a distortion in the first coordination shell of 

U. Detailed XAFS fitting (Figures 1b and 1c) using the rock salt structure (space group Fm3̅m, 

Figure 2c) further confirms the distortion (Table S1) from a theoretical 6-coordinated U (with a 

U-N bond length of 2.44 Å) to 2.9-coordinated U (with a U-N bond length of 2.36 Å) and 2.4-

coordinated U (with a U-N bond length of 2.44 Å). The U-U 1st path scattering contributes to the 

large peak located at about 3.2 Å, although it was fitted with only 7.3 U atoms instead of 12. 

Besides reasons such as large Debye-Waller factors, missing atoms in U-U path may also be due 

to destructive scattering interference when many sub-shells are formed with small distance 

differences so that some atoms become ‘invisible’ in XAFS fitting.[82,83] The U-N 2nd shell did 

not show missing atoms (8.0 in fitting vs. 8.0 in theory), change of distance (4.21 Å in fitting vs 

4.22 Å in theory), nor shell separation. The Debye-Waller factor of U-N 2nd path is larger than 

other paths (19.2 × 10-3 Å-2).  

Overall, the XAFS fitting result suggests degrees of distortions in various CN shells. Such 

alteration in the rock salt structure may be due to slight oxygen diffusion into the lattice or 

additional N diffusing through the structure yielding the secondary UN1.5+x phase (not accounted 

for in the EXAFS fitting), which is also implied by the synchrotron XRD result (Figure 1). It 

should be noted that the surface oxidation of UN (and the subsequent formation of UN1.5+x) may 

have occurred during the sample shipment to XAFS or XRD measurements, due to the 

susceptibility of UN to oxidation despite the preventative measures employed during sample 

loading and transport.  

 

3.2 Step-wise thermal oxidation of UN in air 

The general progression of the stepwise thermal oxidation of UN in synthetic air is depicted in 

Figure 3, from which TGA-DSC analysis was used as the primary method for the investigation of 

oxidative processes and the determination of the corresponding stoichiometric mass changes. To 

elucidate the molar ratios of products and intermediates formed during the stepwise oxidation of 



UN, MS analyses of the evolved or consumed gas were performed and exhibited in conjunction 

with the TGA result (Figure 3). From the TGA results (Table 1), the starting phase composition of 

the UN sample was calculated to have a chemical formula of UN·0.007UN1.5+x·0.0035UO2 

(normalized to one mole of UN and using UN1.5+x to represent U2N3+x[46,52]) in good agreement 

with the speculated formula from XRD analysis. Such proposed chemical composition is 

consistent with the passivating “sandwich” layer [46,47] formed on UN due to potential exposure 

to oxygen prior to the TGA-MS-DSC analysis. The TGA-derived molar ratio of the layer in 

relation to the total bulk UN sample is in qualitative agreement with previous thermal oxidation 

studies.[46] To evaluate the growth of the passivating layer under ambient handling or storing 

conditions, we performed a long dwelling (12 hours) isothermal TGA study at 27 °C in synthetic 

air (Figure S6a). The ambient isothermal TGA revealed a rapid mass gain (+0.16 wt. %) in the 

first 60 minutes, followed by a much slower mass gain (a total of +0.24 wt. %) after 12 hours, with 

the rate of mass gain fitted by an exponential decay function (Figure S7b). This result agrees with 

our XRD analysis of UN exposed to ambient environment (Figure 6) and previous surface 

oxidation experimental [47] and theoretical [81] studies of UN, which can be qualitatively 

described by the following process [46,47,81,84,85]:  

 

UNz + (y/2) O2 → UNz-xOy
‡

                                                                    (1) 

 

UNz-xOy
‡ → (1/2) UO1+y + (1/2) UNz+x + (x/4) N*                               (2) 

 

(1/2) UNz + (x/4) N* → (1/2) UNz+x                                                    (3) 

 

 

where UNz-xOy
‡ corresponds to UN surface saturation by oxygen and the formation of a surface 

uranium oxynitride,[47,81] N* refers to the displaced nitrogen by oxygen absorption and  

disproportionation of UNz-xOy
‡,[46] z and y are ~1, and x is ~0.5 (for reactions 1-3).[81] The 

corresponding molar ratio of UN·0.007UN1.5+x·0.0035UO2 after 12 hours of isothermal ambient 

treatment is approximately UN·0.008UN1.5+x·0.004UO2  (normalized to one mole of UN). 

However, it should be noted that any UO2 formed on UN during ambient oxidation is likely poorly 

crystalline according to Figure 6. This is in agreement with previous surface oxidative studies that 

surface oxidation of UN at ambient temperature is a kinetically hindered process, and the formed 

passivating layer greatly reduces the extent of bulk oxidation.[46,47,81,84] According to current 

and previous calorimetric investigations, [52] all these phases are thermodynamically stable at 



room temperature with α-UN1.5+x being the most stable. This may explain the preferentiality of UN 

to form an UO2 - UN1.5+x passivating layer during thermal oxidation processes.[46] During the 

initial stages of oxidation the surface UN layer reacts readily with oxygen forming the UNz-xOy
‡ 

surface intermediate (reaction 1) and liberating N*, which at lower temperatures (< 100° C) does 

not readily form molecular N2 but rather dissolves into the UN lattice (or the UNz-xOy
‡ - UN layer 

interphase), providing sufficient nitrogen for the conversion of rock salt UN to BCC α-

UN1.5+x.[46,47] The presence of UNz-xOy on the surface of α-UN1.5+x inhibits further absorption of 

O2, greatly hindering further oxidative progression at room temperature (Figure 6 and Figure 

S7a).[47]  

A previous surface oxidation study of non-stoichiometric uranium nitrides demonstrated that 

the UNz-xOy phase is primarily found on UN1.66 oxidized films.[47] At higher temperatures (or 

prolonged exposure) UNz-xOy has been shown to disproportionate into the epitaxially oriented 

UO2·UN1.5+x passivating layer described by Dell.[46] The formation of the passivating layer and 

its protective properties can further be understood from the crystallographic viewpoint. UN 

possesses a rock salt structure (space group Fm3̅m) where U atoms are in the face-center cubic 

(FCC) sublattice (U-U pair distance at 3.46 Å).[86] In the converted phases, α-UN1.5+x (space 

group Ia3̅) and UO2 (space group Fm3̅m) also have FCC arrays of U atoms, although with slightly 

increased distance of the U-U pairs with interatomic distances of 3.76 Å and 3.87 Å, 

respectively.[46,87] Thus, the conversion from UN to its alteration phases will have small shear 

resistance from the metal sublattices with only oxygen diffusing into the anion sublattices for 

reconstruction. Such crystallographic continuation may promote cohesive growth of the 

passivating UO2·UN1.5+x layer that allows retention of macroscopic integrity and minimal cracking 

that may slow down further oxidation.[46,88] It is worth noting that the reason of discussing UN 

surface oxidation here was for interpreting our thermogravimetric analysis results, while previous 

studies focused on quantitative kinetic analyses.[46,47,81,84,85] 

The bulk oxidation of UN·0.007UN1.5+x·0.0035UO2 has an onset temperature of 389 °C 

(Figure 3), accompanied by a rapid mass gain and a strong exothermic heat effect. Such onset 

temperature is higher than previously reported (250 °C [39] and 290 °C [47] in oxygen). The 

enhanced resistance to thermal oxidation may be due to the gradual growth and thickening of the 

previously mentioned UN1.5+x·UO2 passivating layer formed in air during progressive temperature 

increase in the TGA-DSC experiment, where +2.37 wt. % was recorded between 30 °C to 389 °C 



(Table 1 and Figure 3). The gradual growth of the passivating layer was also suggested by the lack 

of accompanying heat signals. Thus, at 389 °C prior to rapid bulk oxidation, the chemical 

composition of the sample was approximated to be UN·0.022UN1.5+x·0.011UO2. Moreover, the 

growth rate of the passivating layer has an acceleration at around 230 °C, in agreement with a 

previous oxidative study of UN by Dell et al.,[46] where the formation of UO2 and α-UN1.5+x on 

the UN surface were revealed by XRD but only after heat treatments at temperatures of ≥280 °C, 

our results on ambient oxidation of UN (Figure 6) demonstrated that crystalline α-UN1.5+x and β-

UN1.5-x forms on UN even at ambient temperatures, while any oxides formed likely require higher 

temperatures (≥280 °C) to achieve sufficient crystallinity. 

In situ MS analysis reveals that the bulk oxidation of UN·0.007UN1.5+x·0.0035UO2 between 

360 °C and 460 °C was accompanied by rapid release of various gases with the amount N2 >> 

NO2 > NO, corresponding to m/z =28, m/z = 44, m/z = 30, respectively, and the concurrent 

consumption of O2 (m/z = 16 signal) (Figures 3 and S5). Because the N2 signal is several orders of 

magnitude higher than those of the NO2 and NO signals (Figure S6), N2 was used as the primary 

nitrogen species for sequential MS analyses (Table 2). To further evaluate the mechanism of the 

thermal oxidation of UN·0.007UN1.5+x·0.0035UO2 and the chemical stoichiometries of its 

intermediate products, we preformed Gaussian deconvolution on the TGA, MS (N2 and O2), and 

heat flow profiles (Figure 4), where three temperatures of interest were specifically marked for 

389 °C, 414 °C, and 464 °C, corresponding to the onset temperatures for the subsequent 

UN·0.022UN1.5+x·0.011UO2 oxidative processes (steps 3 and 4 in Table 1 from TGA results, and 

1 and 2 in Table 2 from MS results). From 389 °C to 414 °C, UN·0.022UN1.5+x·0.011UO2 

underwent a rapid mass increase of +9.98 wt. % (step 3 in Table 1). The Gaussian deconvolution 

analyses of the first derivate of mass gain with respect to temperature, the DSC heat flow, and the 

MS m/z =28 signal suggest two simultaneously occurring oxidation processes. The first reaction 

can be described by the following:  

 

(1 –1.5y)UN·(y)UN1.5+x·(y/2)UO2 + (3 – z – y) O2 → (z)UO2·(1 – z)UO3·Nk + (1 – k)/2 N2     (4) 

 

in which x, y, z, k denote molar non-stoichiometric coefficients unique to the nature of the starting 

UN sample (surface area, impurities, preparation methods),[39,46,89] the amounts of oxygen and 

nitrogen present in the oxidative environment,[90] and the thermal condition governing the 



oxidative process (e.g., heating rate and temperature profile).[46,48] Additionally, the description 

of the oxidative process using non-stoichiometric coefficients may be useful in the estimation of 

dependent chemical disproportionation. Thus, experimentally quantifying one of the specie’s 

coefficients may yield insights to the concentrations of other components during the oxidative 

process. The formation of possibly concurrent UO2 and UO3 was suggested by previous oxidation 

studies on UN and uranium oxides,[39,46,91] and their thermal stabilities. From the quantitative 

analyses provided in this work, we estimated y ≈ 0.022, z ≈ 0.30, k ≈ 0.33 using TGA to calculate 

the approximate y and z values and MS signal integration and partition to estimate the k value 

(Tables 1 and 2). The obtained y, z, and k parameters are in general agreement with TGA, DSC, 

and MS results. The x coefficient was set to 0 for simplicity, which would not significantly 

influence the results as long as it fell in the range of 0 < x < 0.2.[52] The second oxidation process 

occurred between 414 °C and 464 °C corresponding to a release of N2 and a consumption of O2 

along with a gradual increase in mass (+1.10 wt. %) (Figure 4, Tables 1 and 2), as a result of further 

oxidation of UO2 to UO3 [39,46]: 

 

(z)UO2·(1 – z)UO3·Nk + (z/2) O2 → UO3Nk–l + (l/2) N2                                                     (5) 

 

The coefficient l, the nitrogen released, was derived to be around 0.15 from our MS analysis, 

yielding UO3N0.18 at 464 °C, which corresponds to a total mass gain of +13.45 wt. %. This result 

is in excellent agreement with a previous study by Dell et al. which yielded UO3N0.2 to UO3N0.4 as 

the final product from the isothermal oxidation of UN.[46] Here the nitrogen, hypothesized to be 

dissolved in the UO3 structure, has excellent thermal stability.[46] This was confirmed by our MS 

analysis indicating that the remaining nitrogen was fully evolved at 562 °C (Figures S4 and 3) 

corresponding to a mass loss of -0.31 wt. % due to the following reaction: 

 

UO3Nk–l → UO3 + (k – l)/2 N2                                                 (6) 

 

Above 562 °C, a continuous mass loss was observed with a concurrent broad MS O2 release signal 

(Figure S5) and a broad heat flow (Figure 3), suggesting the decomposition of UO3 to U3O8[72,92]: 

 

UO3 → (1/3) U3O8 + (1/6) O2                                                  (7) 

 



However, according to the TGA result (Table 1, Figure 5), the measured mass loss at 900 °C (-

0.93 wt. %) is significantly lower than the expected mass loss (-1.95 wt. %), meaning that the 

decomposition was not fully complete at 900 °C, consistent with its sluggish reaction nature.  

We further compared the oxidative processes of UN·0.007UN1.5+x·0.0035UO2  with that of 

UO2[93] in Figure 5. Both data were collected on the same instrument (SetSYS 2400) and the mass 

change signal was normalized to reflect molar mass of analyzed samples using 

UN·0.007UN1.5+x·0.0035UO2 molar ratio (254.54 g/mol) as the initial molar mass of UN and 

270.03 g/mol as for UO2. The onset temperatures of bulk oxidations are 349° C and 389° C for 

UO2 and UN·0.007UN1.5+x·0.0035UO2, respectively (Figure 5), suggesting that UN possesses 

greater resistance to bulk oxidation than UO2 under a flowing air atmosphere. Further difference 

between the oxidation processes of UN and UO2 can be noted by the molar masses of the final 

products formed during the oxidation reactions. At 900 °C, the oxidation product of UO2 possesses 

a molar mass of 280.25 g/mol, close to that of U3O8 (280.70 g/mol normalized to one mole of U), 

while the final product from the UN·0.007UN1.5+x·0.0035UO2 oxidation possesses has a molar 

mass of 285.62 g/mol corresponding to 0.88UO3·0.12U3O8, i.e., a mixture of UO3 and U3O8. 

Nevertheless, it should be noted that at 900 °C in air, the mass change of UO2 is approximately 

constant, indicating continuous oxidation of U(IV)O2 to U3O8. On the other hand, the reduction of 

pentavalent U oxide phase (from the bulk oxidation of UN·0.007UN1.5+x·0.0035UO2) did not lead 

to a full conversion to U3O8, suggesting a gradually process which could also be kinetically 

hindered.[91] Additionally, our ex situ synchrotron XRD results conducted on UN oxidized to 

900 °C (Figure 6) using similar conditions to that of our TGA experiments indicated that the final 

product of UN oxidation is a poorly crystalline mixture of α -U3O8 and β-U3O8 [94]. This indicates 

that if UO3 is present at 900 °C it is highly amorphous and is likely a resultant of the kinetically 

hindered nature of the reaction. Future in situ high temperature XRD studies of UN oxidation are 

required to derive the phase relationships and thermal oxidation mechanisms indicated by TGA-

MS analyses. 

 

3.3 High Temperature Drop Calorimetry 

Two types of high temperature drop calorimetric measurements were performed on UN 

samples. Since loading the UN samples for TGA-MS-DSC analysis required similar duration of 

time (exposure of the samples to air) as dropping the samples into the calorimetric chambers, the 



UN·0.007UN1.5+x·0.0035UO2 molar ratio formula (determined from TGA) was used as the starting 

composition of the UN samples.  

The first type of experiment preformed was high temperature transposed temperature drop 

calorimetry (under continuously flowing oxygen), with its results shown in Table 3. XRD and 

XAFS was conducted on the oxidized UN samples (Figure S8 and Figure 2 respectively) recovered 

from the transposed temperature drop calorimetry to check the phase as in the final product used 

in the thermochemical cycles (Table 3). α-U3O8 was identified as the dominant phase with minor 

presence of β-U3O8, in agreement with our TGA-DSC analysis (however conducted under air) and 

consistent with previous transposed drop calorimetric studies on USi, U3Si2, and U3Si5.[49,50] The 

benchtop XRD results (Figure S8) are likewise consistent with that obtained from the synchrotron 

on UN oxidized to 900 °C in air (Figure 6). To further examine the U3O8 phase formed during UN 

oxidation experiments, we collected XAFS spectrum of the sample oxidized to 900 °C (Figures 2d 

and 2e), which is similar to the spectrum of previously reported -U3O8.[61,95] Using the -U3O8 

structural model (Figure 2e) generates sufficient XAFS fit (Table S2), matching all 5 theoretical 

U-O paths with distance differences between all theoretical and experimental U-O paths being 

only 0.05 Å. To further understand the structural characteristics of oxidized UN sample, it is 

important to investigate all U-U paths. However, similarly to XAFS of U, missing U-U CNs were 

likewise identified, suggesting the phase formed during UN oxidation possesses -U3O8 long-

range ordered structure with distortions in the local coordination environment of U atoms. 

The formation of U3O8 as the final oxidation product was further confirmed by heating the 

recovered samples isothermally at 750 °C for 5 hours in air and yielded only a slight drift of the 

mass variance (Figure S9), with no changes in the heat flow signal, suggesting no further reaction 

or transformation. Lastly, the quartz crucible used for transposed calorimetric experiments (Figure 

S10a) showed black pulverized spots on the inner quartz lining, again confirming the presence of 

U3O8.[96] With UN·0.007UN1.5+x·0.0035UO2 and U3O8 as the starting and final phases 

respectively in the transposed drop calorimetric experiments, we directly measured the enthalpic 

change corresponding to the thermal oxidation of UN·0.007UN1.5+x·0.0035UO2 at 700 °C (reaction 

1 in Table 3), which was also denoted as enthalpy of transposed drop, ΔHtd = – 865.4 ± 13.8 kJ/mol. 

Such enthalpic value was used in the thermochemical cycle (Table 3) to derive the enthalpy of 

oxidation of UN to U3O8 (ΔHox,U3O8) at ambient condition to be ΔHox,U3O8 = – 455.3 ± 6.9 

kJ/mol·atom. This value is in excellent agreement with the enthalpy of ignition of UN to U3O8 (at 



room temperature) which was estimated by Dell et al. to be – 447.7 kJ/mol·atom (sign inverted 

from the original work to correspond with the standard notation and normalized per mole atom of 

UN).[46] Lastly, the newly determined ΔHox,U3O8 was used to calculate the standard enthalpy of 

formation of UN from its elements (ΔH°f) to be – 138.8 ± 6.9 kJ/mol·atom (Table 3). This value 

is slightly more endothermic compared with the accepted standard enthalpy of formation of UN: 

–145.0 ± 1.5 kJ/mol·atom (selected value from the thermochemical review of uranium compounds 

[52]). This may be due to the incomplete oxidation of UN to U3O8 in an oxygen environment at 

700° C, with the final product likely containing small amounts (< 4 wt. %) of incompletely 

oxidized U3O7, U4O9+x and other related phases  [49,50,52,93] undetectable by lab-based XRD due 

to their relatively low abundances. To address any concern of the incomplete oxidation of uranium 

oxides in the final product, we performed a second type high temperature drop calorimetric 

experiment using sodium molybdate oxide melt as solvent (high temperature oxide melt drop 

solution calorimetry). The dissolution of intermetallic uranium compound in the molten 

3NaO⋅4MoO3 solvent led to its oxidation to the hexavalent state, [49,50] a definitive final state to 

be used in the thermochemical cycle. Figure S10b shows the quartz crucible containing the molten 

solvent and the oxidized UN·0.007UN1.5+x·0.0035UO2 product dissolved within upon immediate 

removal from the calorimeter’s reaction chamber (700 °C). The molten salt has a transparent 

orange color indicative of the full dissolution of UN. Thus, dissolved hexavalent uranium was 

chosen as the final state of UN·0.007UN1.5+x·0.0035UO2 after calorimetry. The enthalpy of drop 

solution (ΔHds) was measured directly as ΔHds = – 944.4 ± 11.5 kJ/mol (for reaction 1 in Table 4), 

which was then used in the thermochemical cycle in Table 4 to derive the enthalpy of oxidation of 

UN to UO3 at ambient conditions, ΔHox,UO3 = – 465.8 ± 5.8 kJ/mol·atom. Using the newly obtained 

ΔHox,UO3 and ΔHox,U3O8 values, we calculated the enthalpy of oxidation of U3O8 to UO3 at room 

temperature, expressed by the reaction: 

1/3 U3O8 (s, 25° C) + 1/6 O2 (g, 25° C) →  UO3 (s, 25° C)                                    (8) 

 

yielding ΔHox,U3O8→UO3 = –21.0 ± 12.5 kJ/mol. This value is less exothermic compared with the 

published value ΔHoxU3O8→UO3 = –32.3 ± 2.6 kJ/mol, determined from previous calorimetric 

measurements of metastudtite ((UO2)O2(H2O)2) [65]. The origin of high error on the newly 

calculated ΔHox,U3O8→UO3 value stems from propagation of uncertainty from the highly exothermic 

signals (ΔHtd, ΔHds) of UN oxidation. Additionally, the newly calculated value is slightly 

endothermic compared to that extracted from previous calorimetric measurements [65]. As 



discussed above, this may likewise be due to the incomplete oxidation of uranium oxides by 

transposed temperature drop calorimetry at 700 °C.  

The standard enthalpy of formation from the elements was calculated for UN using the value 

of ΔHox,UO3, yielding ΔH°f = – 144.4 ± 5.9 kJ/mol·atom, which is consistent with that from the 

first type calorimetry and particularly in excellent agreement with previously reported ΔH°f of UN 

(normalized per mole atom of UN from the original work) to be – 145.2 ± 1.1 kJ/mol·atom 

obtained by fluorine bomb calorimetry [51] or – 147.7 ± 2.1 kJ/mol·atom by transposed drop 

calorimetry with Pt sample encapsulation [97]. Thus, ΔH°f = – 144.4 ± 5.9 kJ/mol·atom is chosen 

as the new benchmark enthalpy value for UN. A correction to the ΔHox,U3O8→UO3 value can now be 

made assuming that the enthalpy contribution from the incomplete oxidation of minor oxides with 

the U3O8 (formed during transposed drop calorimetric measurements) is proportional to the 

difference between the ΔH°f  values obtained from transposed drop (incomplete oxidation) and 

drop solution (complete dissolution and oxidation), ΔH°f,UO3 - ΔH°f ,U3O8 = – 11.2 kJ/mol. Applying 

this enthalpic correction to the ΔHox,U3O8→UO3 yielded the corrected value of – 32.2 ± 18.0 kJ/mol, 

in excellent agreement with value extracted from previous calorimetric measurements by Guo et 

al. [65]. The agreement between the two independently determined ΔHox,U3O8→UO3 values further 

validates the concurrent use of transposed temperature drop calorimetry and drop solution 

calorimetry for the determination of enthalpies of interest.  

The advantages of using high temperature transposed drop and drop solution calorimetry for 

the study of uranium intermetallic compounds are as followed. First, both of these techniques can 

be used independently to measure the enthalpies of oxidation/transformations of uranium 

compounds to different final oxidative states.[49,50,65] Transposed temperature calorimetry 

performed in an oxidative environment prefers the formation of U3O8 or similar phases with non-

stoichiometric oxygen defects depending on the oxygen partial pressure in the calorimeter reaction 

chamber).[49,50] On the other hand, drop solution calorimetry favors the complete dissolution of 

the uranium oxides and the conversion of lower-valence U to the hexavalent state.[49,69–71,73] 

Thus, drop solution calorimetry may be used as an effective method to calculate enthalpies of 

formation of uranium compounds when the formation of stoichiometric U3O8 is ambiguous. 

Furthermore, the ability to directly measure the enthalpies of U oxidation to different final states 

allows extrapolation of other intermediate reactions, which is typically difficult to obtain directly. 

Lastly, both high temperature drop calorimetry are highly adaptable and can be applied to a wide 



variety of uranium compounds with relative ease, allowing rapid and accurate accumulation of 

thermal data, which can help fill thermochemical data gaps and confirm/update enthalpic values 

obtained by other methods.  

The effects of nitrogen non-stoichiometry on the standard enthalpy of formation of UN (and 

related UN1.5±x phases) were exhibited in Figure 7 by combining the present and previously 

published ΔH°f values[52]. A negative linear correlation exists between ΔH°f and the N/U molar 

ratio. The origin of this trend is likely due to structural changes experienced by U-N phases upon 

incorporation of nitrogen, as discussed above (section 3.2), primarily being driven by the 

thermodynamic stability of the body-center cubic (BCC) α-UN1.5+x phase in relation to the rock 

salt-type phase of UN and the La2O3-type β-UN1.5-x.[46,98,99] This suggests that a slight hyper-

stoichiometry of nitrogen may be stabilized in the UN matrix due to thermodynamically favorable 

effects of N* incorporation into the UN aristotype structure thus explaining the presence of α-

UN1.5+x within the pristine UN sample, and its continuous formation on UN surface upon prolonged 

exposure to ambient environment. 

Lastly, we compared the thermodynamic stabilities of several intermetallic nuclear fuel 

candidates, including UC, USi, U3Si5, and U3Si2 (Table 5). The enthalpic values of uranium 

silicides were recently determined by high temperature drop calorimetric measurements.[49,50] 

The values for UC were previously obtained from bomb calorimetry.[46,100] The enthalpies of 

oxidation at standard condition are normalized per mole atom and follow the trend: U3Si2 < USi < 

U3Si5 < UC < UN, while the standard enthalpies of formations follow an inverse trend: UN < UC 

< U3Si5 < USi < U3Si2. This demonstrates that UN is least susceptible to oxidation and has the 

highest thermodynamic stability among the intermetallic fuel candidates. This does not imply that 

uranium silicides or carbides should be excluded from consideration for the next generation 

nuclear reactors, since each compound possesses unique advantages in fuel fabrication, neutronic, 

thermophysical properties and chemical compatibilities. Rather, mixed intermetallic phases or 

enhanced intermetallic fuels doped with various elements may likely be the solution, which, 

however require further studies in the future.[101–104] 

 

4. Conclusions 

In this work, bulk thermal oxidation of UN was examined using in situ TGA-MS-DSC, and 

high temperature transposed drop and oxide melt drop solution calorimetry. Our results indicate 



that UN can be effectively protected from extended oxidation presumably due to the formation of 

a thin passivating layer, suggested by a prolonged ambient oxidation TGA. The passivating layer 

was hypothesized to greatly hinder the onset of the bulk oxidation up to 389 °C. From 389 °C to 

414 °C, UN undergoes a highly exothermic reaction resulting in a significant mass gain. This 

process was determined by TGA-MS to correspond to the bulk oxidation of UN to 

0.30UO2·0.70UO3·0.33N followed by a gradual conversion to UO3 (completed at 562 °C) and 

release of nitrogen. UO3 was then sluggishly decomposed to U3O8. A full conversion of UO3 to 

U3O8 was not complete at least up to 900 °C. The energetics of formation of UN was investigated 

by high temperature transposed drop and oxide melt drop solution calorimetric measurements. UN 

was demonstrated to be thermodynamically favorable to be oxidized to both UO3 and U3O8 at 

ambient conditions. The standard enthalpies of formation for UN were determined by both types 

of calorimetric methods, yielding – 138.8 ± 6.9 kJ/mol·atom (from transposed drop experiments) 

and – 144.4 ± 5.9 kJ/mol·atom (from oxide melt drop solution experiments), the latter of which 

we consider as the new experimental benchmark value. Both values are consistent with previously 

determined standard enthalpies of formation of UN based on high temperature oxidative 

dissolution experiments. Combining the enthalpy value of UN from this work with those 

previously determined for β-UN1.5-x, and α-UN1.5+x, the energetic landscape of the U-N system 

emerges, revealing a negative linear correlation between the standard enthalpies of formations and 

the N/U molar ratio. Lastly, the thermodynamic stability of UN was demonstrated to be better than 

other intermetallic nuclear fuels of interest.  
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Tables: 

 

Table 1 TGA mass changes (%) of UN under a flowing air atmosphere compared with theoretical 

values expected for the simplified oxidative reactions  

Oxidation steps Temperature 

(°C) 

Experimental 

Mass Change (%) 

Theoretical Mass 

Change (%) 

Difference 

(%)* 

(1) UN → UN·0.007UN1.5+x·0.0035UO2 
 

30 +1.00 +1.09 0.09 

(2)  UN·0.007UN1.5+x·0.0035UO2 → 

UN·0.022UN1.5+x·0.011UO2 
 

30 – 394 +2.37 +2.32 0.05 

(3) UN·0.022UN1.5+x ·0.011UO2 → 

0.30UO2·0.70UO3·0.33N 

 

389 – 414 +9.98 +9.72 0.26 

(4) 0.30UO2·0.70UO3·0.33N → 

UO3·0.18N 
 

414 – 464 +1.10 +0.97 0.13 

(5) UO3·0.18N → UO3 

 

464 – 562 -0.31 – 0.87 0.56 

(6) UO3 → U3O8 

 

≥562 -0.93 – 1.95 1.02 

* Difference = experimental mass change - theoretical mass changes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Evolved gas MS analysis for the corresponding UN oxidation steps.  

Oxidation Steps Temperature 

(°C) 

Nitrogen Fraction (mol %)* Oxygen Fraction (mol %)* 

Exp. Theo. Diff. %† Exp. Theo. Diff. %† 

(1) UN·0.022UN1.5+x 

·0.011UO2 → 

0.30UO2·0.70UO3·0.33N 
 

394 – 414 –66.37 –67.00 0.63 +83.43 +89.27 5.84 

(2) 0.30UO2·0.70UO3·0.33N 

→ UO3·0.18N 

 

414 – 464  –15.12 –15.00 0.12 +16.57 +10.73 5.84 

(3) UO3·0.18N → UO3 
 

464 – 562 –18.51 –18.00 0.51 –  –  –  

(4) UO3 → U3O8 

 

≥562 –  –  –  –14.54 –11.11 3.43 

* Mol % of evolved gasses were determined from the ratio of integrated gas signals through the 

temperature range of the corresponding reactions, and the summation of the total integrated gas 

signal for each gas; † Diff. represents the absolute % difference between the theoretical and 

experimentally determined integrations of gas signals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3. Thermochemical cycles used for calculations of the standard enthalpy of formation of 

UN (ΔH°f) based on the transposed temperature drop calorimetric data of UN under flowing 

oxygen at 700 ºC. 

Reaction  ΔH (kJ/mol) 

(1) UN(s, 25 °C) + 0.0035UO2(s, 25 °C) + 0.007 UN1.5(s, 25 °C) + 1.330 O2(g, 700 °C) 

→ ⅓ U3O8(s, 700 °C) + ½ N2(g, 700 °C) 

ΔH1 = ΔHtd = –865.41a ± 

13.80b (4)c 

(2) O2(g, 25 °C) → O2(g, 700 °C) ΔH2 = 21.8[105] 

(3) N2(g, 25 °C) → N2(g, 700 °C) ΔH3 = 20.7[106] 

(4) U3O8(s, 25 °C) → U3O8(s, 700 °C) ΔH4 = 191.5[50] 

(5) U(s, 25 °C) + ¾ N2(g, 25 °C) → UN1.5(s, 25 °C) ΔH5 = –366.5 ± 5.0*[52] 

(6) U(s, 25 °C) + O2(g, 25 °C) → UO2(s, 25 °C)   ΔH6 = –1085.0  ± 

1.0[107] 

(7) U(s, 25 °C) + 4/3 O2(g, 25 °C) → ⅓ U3O8(s, 25 °C) ΔH7 = –1191.6 ± 0.8[50] 

Enthalpy of oxidation of UN per mol atom to U3O8 and N2: 

 

 

UN(s, 25 °C) + 0.00 35UO2(s, 25 °C) + 0.007 UN1.5(s, 25 °C) + 1.33 O2(g, 25 °C) → ⅓ 

U3O8(s, 25 °C) + ½ N2(g, 25 °C) 

 

 

ΔHox,U3O8(UN) =  (ΔHtd + 1.33 ΔH2  –  ½ ΔH3 – ⅓ ΔH4 ) / 2  

                         = – 455.3 ± 6.9 kJ/mol·atom 

 

 

Standard enthalpy of formation of UN per mole atom: 

 

 

0.9895 U(s, 25 °C) + 0.4948 N2(g, 25 °C) → 0.9895 UN(s, 25 °C) 

 

 

ΔH°f (UN) = ((– 2ΔHox(UN) –  0.007 ΔH5 –  0.0035 ΔH6 + ΔH7 )/0.9895)/2  

                  = –138.8 ± 6.9 kJ/mol·atom 

 

aAveraged value; bTwo standard deviations of the average value; cNumber of measurements  
*value for UN1.5 extrapolated from ref [52]. 

 

 

 

 

 

 

 



 

 

Table 4. Thermochemical cycles used for calculations of the standard enthalpy of formation of 

UN (ΔH°f) based on drop-solution calorimetric data of UN in molten sodium molybdate at 700 ºC.  

Reaction  ΔH (kJ/mol) 

(1) UN(s, 25 °C) + 0.0035 UO2(s, 25 °C) + 0.007 UN1.5(s, 25 °C) + 1.497 O2(g, 700 °C) 

→ UO3(sln, 700 °C) + ½ N2(g, 700 °C) 

ΔH1 = ΔHds = –944.40a ± 

11.49b (4)c 

(2) O2(g, 25 °C) → O2(g, 700 °C) ΔH2 = 21.8[105] 

(3) N2(g, 25 °C) → N2(g, 700 °C) ΔH3 = 20.7[106] 

(4) γ-UO3(s, 25 °C) → UO3(sln, 700 °C) ΔH4 = 9.5 ± 1.5 [73,91] 

(5) U(s, 25 °C) + ¾ N2(g, 25 °C) → UN1.5(s, 25 °C) ΔH5 = –366.5 ± 5.0*[52] 

(6) U(s, 25 °C) + O2(g, 25 °C) → UO2(s, 25 °C)   ΔH6 = –1085.0  ± 

1.0[107] 

(7) U(s, 25 °C) + 3/2 O2(g, 25 °C) → UO3(s, 25 °C) ΔH7 = –1223.8 ± 

0.8[108] 

Enthalpy of oxidation of UN per mol atom to UO3 and N2: 

 

 

UN(s, 25 °C) + 0.0035 UO2(s, 25 °C) + 0.007 UN1.5(s, 25 °C) + 1.497 O2(g, 25 °C) → 

UO3(s, 25 °C) + ½ N2(g, 25 °C) 

 

 

ΔHox,UO3(UN) =  (ΔHds + 1.497 ΔH2  – ½ ΔH3 – ΔH4) / 2  

                                   = – 465.8 ± 5.8 kJ/mol·atom 

 

 

Standard enthalpy of formation of UN per mole atom: 

 

 

0.9895 U(s, 25 °C) + 0.4948 N2(g, 25 °C) → 0.9895 UN(s, 25 °C) 

 

 

ΔH°f (UN) = (– 2ΔHox(UN) – 0.007 ΔH5 – 0.0035 ΔH6 + ΔH7 )/0.9895)/2  

                  = –144.4 ± 5.9 kJ/mol·atom 

 

aAveraged value; bTwo standard deviations of the average value; cNumber of measurements   

* value for UN1.5 extrapolated from ref [52]. 

 

 

 

 

 

 

 



 

 

Table 5. Enthalpic values of interest for the selected intermetallic fuel compounds. 

Compound Final oxide‡  ΔHd (kJ/mol) ΔHox (kJ/mol·atom) ΔH°f 

(kJ/mol·atom) 

UN 

 

 

U3O8 (s, 700° C) –865.41 ± 13.80 –455.3 ± 6.9 –144.4 ± 5.9 

UO3 (sln, 700° C) –944.40 ± 11.49 –465.8 ± 5.8 

UC 

[46,100] 

 

 

U3O8 (unspecified) – –748.9[46] –48.5 ± 2.0§[100] 

– – – 

U3Si5 [50] 

 

 

U3O8 (s, 700° C) –6508.02 ± 58.03† –836.42 ± 7.25† –43.8 ± 9.0* 

– – – 

USi [50] 

 

 

U3O8 (s, 700° C) –1957.58 ± 12.29 –1007.03 ± 3.08 –43.2 ± 6.2 

– – – 

U3Si2 [49] U3O8 (s, 700° C) –5082.26 ± 15.18 –1046.0 ± 3.0 –33.2 ± 3.1 

UO3 (sln, 700° C) –5366.20 ± 133.7 –1068.1 ± 26.8 
†Values for a mixture of 0.805 U3Si5.07 – 0.195 o-USi  *Value for U3Si5.07  

§Determined by 

combustion calorimetry. ‡Conditions of the measurements are indicated in the parenthesis, sln 

denotes oxide dissolved in sodium molybdate, s indicates solid oxide in oxygen gas atmosphere. 

Drop calorimetric enthalpies (ΔHd) correspond to enthalpies of drop solution in sodium 

molybdate solvent (for UN, U3Si2) and transposed temperature drop values in O2 (for USi, 

U3Si5), all at 700 °C. Enthalpies of oxidation (ΔHox) correspond to ambient reactions 

(determined through utilization of appropriate thermochemical cycles) with the final state of  

UO3 for UN and U3Si2 and of U3O8 for USi, U3Si5. Standard enthalpies of formation per mol 

atom (ΔH°f) are calculated from calorimetric data obtained by high temperature drop calorimetry 

(for UN, USi, U3Si5, U3Si2) and other calorimetric techniques (UC). 
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Figure 1. Fitted synchrotron XRD pattern of pristine UN collected at ambient temperature. Data 

are shown as blue circles and the solid yellow curve is the best fit to the data. The green dashed 

curve represents the difference between the observed and calculated profiles. The red tick marks 

above the x-axis indicate the positions of allowed diffraction maxima of the UN rock-salt structure. 

Additional diffraction peaks are identified as α- UN1.5+x no other secondary phases were detected.    

 

 

 

 



 

Figure 2. XAFS analysis of pristine UN and oxidized product. (a) radial distribution functions of 

pristine UN and oxidized phase (U3O8). (b) and (c): fitting of pristine UN in the R space. (d) and 

(e): fitting of the oxidized phase using -U3O8 model in the R space. 



 

Figure 3. TGA-DSC-MS curves of UN from 25 to 900 ºC in air using a heating rate of 10 ºC/min 

and an air flow rate of 60 ml/min. (a) The green TG curve represents the change in the mass % of 

the sample, the dashed black DSC curve indicates the corresponding heat flow with the upward 

direction being exothermic. (b) The blue MS curve represents the ion current signal of m/z = 28 

corresponding to the primary mass ratio of N2. The red dashed MS curve represents the ion current 

m/z = 16 corresponding to the mass ratio of O2. 



  



Figure 4. TG-MS-DSC profiles of UN from 360 to 460 ºC deconvoluted using two step Gaussian 

fits (dashed curves) with a general form of y = y0 + [A·e -(z·((T–μ)/σ)^2]/[σ·√(π/z)], where T is the 

corresponding temperature and z = 4·Ln(2). Black dashed curves represent the cumulative 

distribution from the normal fits. (a) Gaussian deconvolution of the differential of mass change 

(dTG) with respect to temperature (black); TG mass % curve is from Figure 1 (green). (b) Gaussian 

deconvolution of the MS signals of released N2 (blue) and absorbed O2 (red) gases. (c) Gaussian 

deconvolution of the DSC heat flow curve (orange). Full description of the deconvolution 

equations used can be found at the end of the S.I. Indices 1,2,3 denote the temperatures of interest 

corresponding to 389, 414, and 464 °C, respectively. 

 

 

 

 

 

Figure 5. Comparison of TGA profiles between UN (current work) and UO2 [93] upon oxidation. 

Black curve represents the experimental mass change of UN with the starting composition of 

UN·0.007UN1.5+x·0.0035UO2 (254.55 g/mol), while red curve represents that of UO2 [93]. For ease 

of comparison, the mass change data have been normalized on a basis of per mole of U. Dashed 



magenta, blue, and red curves represent the molar masses of UO3 (286.29 g/mol), 1/3U3O8 (280.70 

g/mol) and UO2 (270.03 g/mol) respectively. The faded dotted lines (red and black corresponding 

to UO2 and UN, respectively) represent the tangents of mass change used to calculate the onset 

bulk oxidation temperatures. 

 

 

  

Figure 6. (a) 2D synchrotron diffraction patterns of UN exposed to an ambient atmosphere for 12 

hours (left top) and pristine UN (left bottom). Orange dashed arrows indicate the primary 

diffractions of α-UN1.5+x and solid peach-colored arrows indicate detected diffractions of β-UN1.5-

x; indexed in the adjacent subfigure by dashed and solid lines respectively. (b) 1D synchrotron 

diffraction patterns of pristine UN (indexed by black dashes), UN exposed to ambient atmosphere 

for 12 hours (α-UN1.5+x  and β-UN1.5-x   indexed by orange triangles and peach-colored diamonds 

respectively), and UN oxidized in an air atmosphere using a heating rate of 10 °C/min up to 900 °C 

(simulating TGA conditions in Figure 3) indexed by α-U3O8 (light red dashes) and β-U3O8 (grey 

dashes). 

 



 

Figure 7. Standard enthalpy of formation of uranium nitrides vs N/U molar ratio. Red square 

represents the experimental value determined in the current work, black triangle (covering the 

square) represents the selected enthalpy of formation value for UN from a thermodynamic review 

[52], based on the weighted average of previous calorimetric studies [51,109],blue triangle and the 

magenta circles represent values for the β-UN1.5-x and α-UN1.5+x, respectively, determined by 

previous calorimetric methods [52]. Open magenta circles indicate previously extrapolated values 

for α – UN1.5+x at the corresponding compositions. The data are fitted by ΔH°f (kJ/mol) = – (151.2 

± 2.0)·[U/N] – (139.3 ± 2.9) with an adjusted R2 = 0.9989. 
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