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a b s t r a c t 

In situ neutron powder diffraction experiments are applied to physical, kinetic, and microstructural char- 

acterization of uranium mononitride as a promising light water reactor fuel material. The temperature- 

variable coefficient of thermal expansion and isotropic Debye Waller factors are obtained by sequential 

Rietveld refinement over 499–1873 K. Oxidation of a UN pellet (95.2% density) under flow of 11 mg/min 

D 2 O is observed to initiate above 623 K and the rate increases by a factor of approximately 10 from 673 

to 773 K, with activation energy 50.6 ± 1.3 kJ/mol; uranium oxide is the only solid corrosion product. 

Crown Copyright © 2022 Published by Elsevier B.V. All rights reserved. 

e

(

p

(

c

e

n

U

w

s

t

f  

d

b

T

o  

s

v

n

c

r

a

b

y  

c

8

U

3

a  

w

c

h

0

Uranium nitride is considered to be a long-term accident tol- 

rant fuel technology, 1 due to the high uranium atom density 

13.5 g-U/cc), high thermal conductivity that increases with tem- 

erature up to 1920 K [1] , and high melting point at 1 atm N 2 

3035 K) [2] . The high uranium density of this fuel promotes longer 

ycle lengths at the current uranium enrichment while potentially 

nabling the use of a more corrosion resistant cladding. During 

ormal operation, the enhanced thermal transport properties of 

N lead to a reduced thermal gradient across the pellet for light 

ater reactors (LWRs). Conventional UO 2 fuel has a uranium den- 

ity of 9.67 g-U/cc and a thermal conductivity that decreases with 

emperature up to 20 0 0 K [3] . 

There is growing industrial interest in the development of UN 

or use in water cooled reactor fuel, and as such, it is crucial to un-

erstand the physical and chemical behaviour of UN as a fuel for 

uilding operational models, testing, and licensing for reactor use. 

he physical properties of UN have been summarised in a series 

f work by Hayes et al. [ 2 , 4–6 ], including lattice parameter, den-

ity, and mean linear thermal expansion coefficient obtained from 

ariable temperature X-ray diffraction data. However, the limited 
∗ Corresponding author. 

E-mail address: e.obbard@unsw.edu.au (E.G. Obbard) . 
1 https://www.nrc.gov/reactors/atf/longer-term.html . 
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umber of data points in these studies result in relatively high un- 

ertainty for the reported coefficient of thermal expansion. 

The challenges to the implementation of UN fuel include the 

equirement of enriching 15 N (0.37% of natural abundant nitrogen) 

nd, as a non-oxide in accident scenarios that involve a cladding 

reach [7] , intrinsic instability in contact with the coolant. Hydrol- 

sis of UN has been reported to occur as low as 473 K under un-

ontrolled steam flow [8] . The proposed reaction mechanism up to 

73 K is: 

N + 2H 2 O → UO 2 + NH 3 + ½ H 2 , (1) 

With 

UN + 2H 2 O → UO 2 + U 2 N 3 + 2H 2 (2) 

s an intermediate reaction [ 8 , 9 ] The kinetics of the first reaction

ere studied under a steam flow of c.a. 0.1 mg/min (100 ml/min 

arrier gas and 30 torr steam partial pressure) at 613-693 K, reveal- 

ng an activation energy of 88 kJ/mol [10] . More recent research 

n the corrosion of UN with a steam rate of 100 mg/min at 673–

98 K demonstrated the effect of sample porosity on the reaction 

ate using in situ mass spectrometry of gaseous products (H 2 , NH 3 , 

 ) [11] , but did not quantify the reaction rate. 
2 
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Table 1 

Lattice parameter and U iso obtained from Rietveld refinement for the two samples 

in this study. 

a UN / Å 100 · U iso, N / Å 2 100 · U iso, U / Å 2 

Thermal 

expansion 

298 K 4.8914(1) 0.3(2) 0.1(2) 

1873 K 4.9650(2) 3.1(1) 1.9(1) 

Steam corrosion 298 K 4.897(8) 
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In situ neutron diffraction is a powerful technique to character- 

ze the transient behaviour of nuclear fuel compounds under im- 

osed thermal or chemical conditions. Neutron scattering length 

nd cross section are uncorrelated to atomic number, so unlike 

or X-ray diffraction the structure factor is sensitive to the com- 

osition and atomic coordinates in a unit cell even with high-Z, 

 atoms present. A thermal neutron beam easily traverses an alu- 

inium alloy or steel sample environment apparatus, and a mini- 

uel pellet sample of high-density U compound, to provide bulk 

omposition, crystal structure, lattice parameter and quantitative 

hase analysis of the sample during an experiment. In comparison 

o thermogravimetric (TG) analysis [12] , the results cannot be con- 

ounded by accumulation of water, or loss of material from the TG 

rucible. Phase fractions are obtained directly from Rietveld refine- 

ent, which involves fewer assumptions than inferring from mass 

ain. These advantages have seen neutron diffraction applied to the 

easurement and characterization of thermal expansion, atomic 

oordinates, and steam hydriding of U 3 Si 2 [13–15] . 

In this study we apply in situ neutron diffraction to obtain 1) 

he coefficient of thermal expansion and 2) phase evolution kinet- 

cs of the reaction of UN with controlled steam flow. 

In situ neutron diffraction experiments were performed on the 

igh intensity neutron powder diffractometer Wombat [16] at the 

ustralia Centre for Neutron Scattering (ACNS). A neutron beam of 

avelength 1.6367(7) Å was employed in the thermal expansion 

xperiment and 2.4136(9) Å in the steam corrosion experiment, as 

etermined using the National Institute of Standards and Technol- 

gy La 11 B 6 660b standard reference material [17] . 

The thermal expansion experiment used a uranium mononi- 

ride (UN) sample with a theoretical density of 96%, fabricated by 

park plasma sintering (SPS) following the process outlined previ- 

usly [18] . The UN powder was synthesized by hydriding-nitriding 

ethod which involves directly hydriding uranium metal followed 

y nitriding, both via gas-solid reaction. Impurities were analysed 

n the powder state by combustion using a LECO CS440 Determi- 

ator. Carbon was under 200 ppmwt and sulphur was below de- 

ection limits. Oxygen was measured by inert gas fusion using a 

ECO TC 436DR, at < 500ppmwt. Verification of elemental analysis 

fter SPS does not reveal an appreciable change from the powder 

tate for this fabrication route [18] . 

After grinding, the 5 mm high by 5 mm diameter cylindrical UN 

ample was inserted into an alumina container and loaded into a 

hin-walled vanadium cylinder and heated using an ILL-type high 

emperature vacuum furnace. The sample was heated to 1873 K at 

 K/min followed by cooling to 499 K at 4 K/min. Diffraction data 

ere collected over 2 min periods continuously during the heating 

nd cooling process. 

The uranium mononitride sample for the steam corrosion ex- 

eriment was prepared by sintering UN powder, by the method 

mployed in [19] . The UN powder was prepared through carbother- 

ic nitridation of uranium dioxide (UO 2 ). UO 2 powder was mixed 

ith graphite powder and pressed using a 40 mm punch and die 

ollowed by high temperature treatment under vacuum to reduce 

O 2 to UC. Subsequent heat treatments in N 2 and N 2 /H 2 gas con- 

erted the UC to UN and consumed C impurities. UN powder was 

ubsequently ball milled using Si 3 N 4 milling media prior to 325 

esh sieving. Milled powders were pressed in a 5.84 mm punch 

nd die set at 150 MPa and sintered in a W-mesh element fur- 

ace at 2473 K. Pellet density was found to be 94% ± 1% using 

he ASTM B962 – 15 Archimedes principle. The carbon impurity, 

easured before sintering, was < 10 0 0 ppmwt and oxygen impu- 

ity after sintering 200 ppmwt [19] . 

For the corrosion experiment, the sample was placed in a cus- 

omized stainless steel insert housed within an ILL-type high tem- 

erature vacuum furnace that allowed a flow of steam through the 

ample, with filtration systems for the retention of solids and gas 
2 
xhaust to radioactive waste. 11 mg/min D 2 O flow was realized by 

owing pure argon gas through a 333 K bath which was controlled 

y a Hiden Isochema XCS machine. The flow rate was kept con- 

tant throughout the experiment, i.e. during heating at 10 K/min 

o 623, 673, and 773 K with 6 h isothermal holds at each temper- 

ture. Diffraction data were collected over 1 min periods continu- 

usly during the experiment. 

Neutron diffraction data were analysed using the General Struc- 

ural Analysis System (GSAS) [ 20 , 21 ]. A pseudo-Voigt function in- 

luding reflection asymmetry [ 22 , 23 ] was used to model peak 

hape in all data, where parameters contained combined instru- 

ental and phase contributions. Important parameters that were 

efined include the GU, GV, GW for Gaussian broadening, LX, LY for 

orentzian broadening, as well as the trns and shft sample absorp- 

ion and shift parameters, respectively. 

Diffraction data from the thermal expansion experiment were 

nalysed starting with the last dataset in the experiment, obtained 

fter cooling (at 499 K). These patterns could be described using a 

ultiphase structural model with UN ( Fm ̄3 m) , Al 2 O 3 ( R ̄3 c) and UO 2 

 Fm ̄3 m) . The background was described by a six-term Chebyschev- 

ype polynomial. Rietveld refinement was performed with peak 

rofiles described by GU, GV, GW, LY and shft for UN phase, GV, 

X, LY, and shft for Al 2 O 3 phase, and shft for the UO 2 phase. Lat-

ice parameters and weight fractions were refined. Atomic coordi- 

ates and isotropic displacement parameters ( U iso ) were refined for 

N and Al 2 O 3 phases. The remaining data from the thermal expan- 

ion experiment were analysed sequentially from this last pattern 

o the first (initial) dataset with all parameters fixed equal to those 

btained from refinement of the final dataset, except for: phase 

eight fractions, the shft, U iso , and lattice parameters for the UN 

nd Al 2 O 3 phases, and background terms. 

Data from the corrosion experiment were also analysed sequen- 

ially starting with the last dataset. Data could be described using 

 multiphase structural model with structures for UN ( Fm ̄3 m) and 

O 2 ( Fm ̄3 m) as described for the thermal expansion experiment. 

eak profile parameters were obtained by analysis using the final 

ata and fixed in the subsequent sequential refinement, except for 

he GP parameter for UN, the LY parameter for UO 2 , which were 

llowed to vary, and shft for both phases, which were constrained 

qual. The lattice parameters and phase fractions were refined, as 

as the U iso of U and N in the UN phase which was constrained to

e equal. 

Temperature-dependant in situ neutron diffraction data are 

hown as a contour plot in Fig. 1 (a). Peak position changes arise 

rom thermal expansion and peak intensity changes from the 

ebye-Waller effect [ 24 , 25 ]. All refinements had a goodness of fit 
2 of 11.0 ± 1.2. UO 2 of 0.9 ± 0.1 wt.% was found in the sam- 

le initially and increased to 1.6 ± 0.2 wt.% during the experiment, 

ossibly from reaction with the alumina holder. The lattice param- 

ter and U iso parameters for the UN phase increase with tempera- 

ure as shown in Table 1 and Fig. 1 (b). U iso measurement of U be-

omes meaningful when it exceeds its error value above 693 K. 

ure UN lattice parameter at room temperature was reported pre- 

iously as 4.8892 Å [ 26 , 27 ]. The difference of 2.2 × 10 −3 Å be-

ween this and 4.8914 Å in Table 1 is significant in terms of Ri- 

tveld parameter uncertainty but could still be due to uncertainty 

n instrument configuration for pinpointing absolute lattice param- 

ter. This has no effect on the measurement of thermal strains 
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Fig. 1. (a) Contour plot of in situ diffraction data with intensity shown in colour from lowest (blue) to highest (red) displayed as log10 scale after a constant background 

is subtracted to enhance weak peaks; arrows identify reflections arising from the minor UO 2 phase; (b) UN lattice parameter and isotropic atomic displacement parameters 

U iso ; (c) (d) Rietveld refinement profiles using data at 298 and 1873 K; intensity is shown as arbitrary units (a. u.) and the legends inset apply to both plots. 
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ith fixed instrument configuration. The measurement of impurity 

evels for the fabrication route described above and in [18] would 

uggest the discrepancy is not due to increase in UN lattice pa- 

ameter caused by carbon, or oxygen [ 4 , 27 ]. Refinement profiles at

ow and high temperatures corresponding to Table 1 are shown in 

ig. 1 (c) and (d), respectively. 

Coefficients of thermal expansion (CTE, α) were obtained by an 

xpression describing the unit cell volume (V) over the tempera- 

ure (T) [28] : 

( T ) = 

∂ ln ( V ) 

∂T 
= α0 + α1 T + α2 /T 

2 (3) 

With the integration form: 

n 

(
V T 
V T 0 

)
= α0 ( T − T 0 ) + 

1 

2 
α1 

(
T 2 − T 2 0 

)
− α2 

(
T −1 − T −1 

0 

)
(4) 

The weighted least square fitting was carried out by taking into 

ccount errors associated with both y = ln ( 
V T 
V T 0 

) and T, temperature 

eadings [29] . Inverse variance σ−2 
y weighted least square fitting 

as conducted followed by iteration of ( σy + α( T ) σT ) 
−2 

weighted 

east square fitting until the differences of α0 , α1 , α2 between 

onsecutive steps of iterations are smaller than their errors. In our 

ase, the convergence can be achieved in 2–4 iterations. 

Fig. 2 (a) and (b) presents the fitting results for UN using 

 0 = 499 K with α0 (linear model) and with α0 and α1 (quadratic 

odel) for the heating and cooling ramps, respectively. Fitting a 

ubic model with α0 , α1 , and α2 gave zero α2 values within error, 

quivalent to the quadratic model. The quadratic model improves 

n the linear model in both cases in terms of χ2 . The discrepancy 

etween heating and cooling process may come from the vacuum 
3 
eating environment which produces non-stoichiometric uranium 

itride within a narrow composition range [30] . Combining heating 

nd cooling process data, we give our best quadratic fitting with 
2 = 5.64 for temperature range 499–1873 K: 

( T ) = 

∂ ln ( V ) 

∂T 
= 1 . 97 ( 1 ) × 10 −5 + 8 . 4 ( 1 ) × 10 −9 · T (5) 

To compare with the results by Hayes et al. ( a = 4 . 879 +
 . 264 × 10 −5 T + 6 . 889 × 10 −9 T 2 with the standard deviation of 

0.026% with respect to experimental data) [ 4 , 31 , 32 ], we fitted

he lattice parameter correlation with temperature as shown in 

ig. 2 (c). Our linear model shows a standard deviation in lattice 

arameter of ±0.023% while the quadratic model that of 0.009%. 

he quadratic is: 

 = 4 . 89 ( 1 ) + 3 . 05 ( 4 ) × 10 −5 T + 7 . 8 ( 2 ) × 10 −9 T 2 (6)

We now move to discussion of the steam corrosion experiment. 

 selection of in situ neutron diffraction data from the start of 

23 K isotherm till the end of cooling are shown as a waterfall plot 

n Fig. 3 (a) with the following data density: every 20 min during 

sothermal periods, every 10 min during cooling, and every 1 min 

uring heating. 

Typical Rietveld refinement profiles using data at room tem- 

erature and at the end of 773 K hold are presented in Fig. 3 (b)

nd (c). Three UN reflections (indexed red in Fig. 3 (a)) are iden- 

ified as well as three broad reflections from UO 2 (indexed black 

n Fig. 3 (a)). Table 1 includes the initial lattice parameter of this 

N sample, which is within its error range of both the literature 

alues and the first sample in this study. No U 2 N 3 product as de- 

cribed by earlier research [ 8 , 10 ] is observed within our detec- 

ion limit. This supports recent findings [33] of very little or no 
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Fig. 2. Fitting coefficient of thermal expansion of UN as a linear equation ln ( V T 
V T 0 

) = α0 ( T − T T 0 ) and quadratic equation ln ( 
V T 
V T 0 

) = α0 ( T − T T 0 ) + 

1 
2 
α1 ( T 

2 − T 2 T 0 ) above 499 K 

with T 0 = 499 K for data obtained during heating (a) and cooling (b); blue line indicates the lower temperature boundary for the fitting; (c) fitting lattice parameter of 

UN with temperature as a linear equation a = a 0 + a 1 T or as a quadratic equation a = a 0 + a 1 T + a 2 T 
2 above 499 K with data during both heating and cooling. The blue line 

indicates the lower temperature boundary for the fitting; the insets show fitting parameters and χ2 = 

1 
N obs −N par 

∑ 

i 

( y cal 
i 

− y obs 
i 

) 
2 
/σ 2 

i , y 
;(c) includes data points from [ 31 , 32 ]. 
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 2 N 3 present at any point during hydrothermal oxidation. Simu- 

ated neutron powder diffraction data based on our instrumental 

rofile shows stronger peaks for U 2 N 3 phase than for UO 2 phase, 

o it should be possible to identify, if present at a few tenths per-

ent volume. 

The intensity of UO 2 reflections increase due to reaction with 

team following the 773 K hold. The wt.% of UN phase as a func- 

ion of time is presented in Fig. 3 (d). Three linear sections are ob-

erved, with the first revealing no statistically significant consump- 

ion of UN at 623 K. Increasing temperature from 673 to 773 K, UN 
4 
s consumed with the rate increasing by a factor of ten. These three 

ates of reaction ( k 1 , k 2 , and k 3 ) are used to estimate an activation

nergy for the process (E a ) of 50.6 ± 1.3 kJ/mol based on an Arrhe- 

ius relation k ∼ e −E a /RT (where R is the universal gas constant). 

his value is lower than the 88 kJ/mol previously reported where 

N powder was used with a much lower steam rate (0.1 mg/min) 

10] . 

No peak shift besides thermal expansion, nor peak broaden- 

ng, was observed during isothermal hold time, which excludes the 

ossibility of steam hydriding as was observed for U 3 Si 2 [15] . The 
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Fig. 3. (a) In situ neutron diffraction data from the UN corrosion experiment; intensity in colour from blue (lowest) to red (highest); (b) and (c) Rietveld refinement of 

neutron diffraction data of the UN sample at different stages of corrosion; the goodness of fit χ 2 is: (b) 2.350 and (c) 1.759; legend in (b) applies to (c) alike and peaks 

from steel container are omitted; (d) weight fraction of UN with temperature and time under constant steam delivery; three linear sections of the evolution of the UN phase 

fraction are identified as marked and fitted linearly with slopes k 1 , k 2 , and k 3 ; dashed lines through the temperature points are a guide to the eye. 
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N material displays a linear, and kinetically retarded oxidation 

rend, in comparison to U 3 Si 2 which shows rapid degradation at 

emperatures less than 673 K due to the combination of oxidation 

nd hydride formation in water containing atmospheres [ 12 , 34 ]. 

The UN sample tested in this work displays a similar onset of 

egradation temperature in steam with those previously reported 

n [ 30 , 33 ]. Microstructural analysis of UN corroded in autoclave un- 

er steam at 573 K / 9 MPa [35] showed grain boundary corrosion 

ith presence of UO 2 and a suggested mechanical disintegration 

f the pellet driven by increased volume of UO 2 compared to UN. 

ased on the current diffraction results, this is a 40% volume ex- 

ansion when UN (29.1 Å 

3 /U) transforms to UO 2 (40.875 Å 

3 /U), hy- 

othesized to disintegrate the pellet from grain boundary cracking. 

The temperature range 623–773 K studied here coincides with 

he temperatures at the fuel-clad interface typical of a light water 

eactor, holding promise for UN as LWR nuclear fuel material, if 

rotected from steam. In the event of steam ingress to pellets, ox- 

dation proceeds from surfaces and near-surface grain boundaries, 

esulting in pellet fragmentation. 

We demonstrated in this work how in situ neutron diffraction 

n a range of sample environments assists study of nuclear fuel 

aterials with readily controlled radiation/contamination risks un- 
5 
er practical conditions: high temperature, and/or steam corrosive 

nvironment. By sequential Rietveld refinement on diffraction data 

f a UN pellet sample under vacuum heating and cooling, we de- 

ived the coefficient of thermal expansion (CTE) over the tempera- 

ure range 499–1873 K in Eq. (5) . 

Compared with earlier CTE derived from diffraction method, we 

btained much higher data density across the temperature range, 

iving more reliable fitting and precise characterization of instan- 

aneous CTE. 

From the diffraction data on a UN pellet sample under 

1 mg/min steam flow and elevated temperatures, we found that 

he onset of corrosion is between 623 and 673 K. At 773 K the 

orrosion accelerates up to 10 times compared with that at 673 K. 

nlike U 3 Si 2 , no hydride was formed as the corrosion of UN is dic-

ated by the diffusion of lattice oxygen instead of more mobile hy- 

rogen. This means that UN could offer a promising high-U density 

uel solution when the temperature at the fuel-cladding interface 

an be controlled under 623 K for normal operating temperatures, 

o that any steam ingress would not lead to chemical reaction. 

Water/steam ingress at higher temperatures, will require fur- 

her research to investigate the effects on nuclear fuel integrity. 

n situ neutron diffraction, embodied by two examples presented 
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ere, is a promising technique for accelerating the development 

nd licensing of nuclear fuels because it efficiently combines ther- 

ophysical, kinetic and microstructural characterization, under 

epresentative core conditions, with minimal handling of radioac- 

ive materials. 
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